
The human microbiome represents all host- associated 
microorganisms that reside at accessible epithelial bar-
riers, such as the outer skin, respiratory and intestinal 
and genital epithelia. The microbiome includes the bac-
terial microbiome, the archaeal microbiome, the virome, 
the mycobiome and the meiofauna. These living commu-
nities are acquired postnatally by vertical transmission and 
are continuously shaped by environmental exposures 
throughout life. The microbial ecosystems that exist 
on and inside the human body are increasingly recog-
nized as an integral element that contributes to health 
and disease1 (Fig. 1). Technical progress in microbiota 
16S ribosomal RNA (rRNA) pyrosequencing has provided 
unexpected insights into the intraindividual microbi-
ota dynamics that occur throughout an individual’s life 
and in response to changes in diet, medication or health 
status2,3 (Box 1). Patients with diabetes mellitus, obesity, 
heart failure, atherosclerotic cardiovascular disease or 
liver disease demonstrate substantial differences in their 
intestinal microbiome composition, metabolic activity 
and immunogenicity compared with healthy controls4–6. 
Experimental studies in animals and humans suggest 
that these changes are causally related to disease phe-
notypes, complications and outcomes7–12. Although data 
in patients and models of chronic kidney disease (CKD) 
are limited, available evidence suggests a similar rela-
tionship between microbial composition and outcome in 

patients with CKD13–17. However, the challenge remains 
to identify general patterns among the great diversity of 
microorganisms and complex individual host factors 
that contribute to renal outcomes2. The identification of 
such patterns might lead to the development of therapies 
to improve outcomes for patients with CKD; however, 
it seems unlikely that a single microbiome- targeted 
intervention might improve quality of life or outcomes 
for all patients with CKD given the complexity of  
microbial–host interactions.

Because the microbiota forms ecosystems within the 
human body, it might be conceptually useful to take an 
ecological approach to understand their interactions and 
dynamics in response to the surrounding environment. 
The composition of the gut microbial ecosystem has 
been graphically depicted as a 3D plane with stability 
basins that represent favourable community structures, 
interspersed with inclined areas representing instabi-
lity18,19 (Fig. 2). Disturbances can occur in this ecosystem 
in response to direct- acting factors, such as antibiot-
ics that differentially suppress community members. 
Alternatively, disturbances can occur indirectly as a result 
of alterations in environmental factors, such as nutrient 
availability and immunomodulation18. These distur-
bances can alter areas of instability within the ecosystem 
and thereby facilitate a shift towards a different stability 
basin. The living organisms and non- living components 
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of ecosystems are linked by nutrient cycles and energy 
flows. The living organisms — including the intestinal 
epithelia, mucosa- related immune cells and various 
microbial cells — interact with each other and together 
respond to changing environments19. External influences 
(such as a change in diet or drug therapy2) as well as inter-
nal factors (such as physiological changes in response to 
a disease process) can both induce shifts in microbiota 
composition and function, thereby affecting the intestinal 
ecosystem19. CKD induces numerous changes in external 
and internal factors that have the potential to influence 
microbiota composition. For example, azotaemia, urae-
mia, intestinal congestion as a result of hypervolaemia, 
dietary changes and exposure to numerous medications 
could all affect microbial ecosystems. The fitness of each 
microbial species determines its capacity to adapt to the 
impact of CKD- related factors17,20 (Box 2).

In this Review, we take an ecological approach to 
describe the impact of CKD- related factors on the fit-
ness of different physiological systems and the effects 
of these changes on microbiota composition. This 
approach incorporates the general theories of symbiosis 
and the different types of interactions that can occur 
between two symbionts (in this case, the intestinal micro-
biota and the human body), which range from mutual 
benefit to competition (Fig. 3). From an ecological per-
spective, CKD might be considered a selection pressure 
that favours microorganisms that demonstrate fitness 
for uraemic conditions. We discuss how the resulting 
shifts in microbiota composition change the normally 
symbiotic intestinal microbiota into a pathogenic fac-
tor with adverse effects on kidney function and the 
complications of CKD. Finally, we discuss the current 
status, perspectives and promising areas of research for 
microbiota- targeted therapeutic interventions.

The microbiome as a fitness regulator
Symbiosis between the gut microbiome and its mamma-
lian host has the potential to promote collective fitness of 
both the host and microbial community21. For example, 
the host ensures delivery of necessary nutrients and pro-
vides a favourable and homeostatic habitat for microbial 
species. Conversely, the trillions of microorganisms that 

reside in the gut supplement host physiology by har-
vesting energy, nutrients and vitamins from otherwise 
inaccessible dietary sources; provide immune signals to 
the host immune system; and contribute to the defence 
against pathogens22 (Fig. 1).

The fitness of gut microorganisms refers not only to 
their reproductive, metabolic and immunological activ-
ities but also to the capacity of the gut microbiome to 
rapidly adapt to changing environments. Various pro-
cesses are thought to drive the assembly of an indivi-
dual’s microbiome18 and thus contribute to α-diversity  
and ß-diversity.

Host effects on microbial composition
The host is the most important factor in driving micro-
biome assembly. Host genetic factors affect microbial 
diversity23, but this effect is superseded by host nutrient 
intake24,25. The interactions between nutrient availabil-
ity and microbial composition are complex. In the short 
term, the α- diversity (that is, the variety and abundance 
of the microbial species within a sample) ensures suf-
ficient plasticity to respond to variations in nutrient 
intake26. Short- term changes in nutrient intake thus 
lead to relative changes in the microbial composition 
as adaptation to changed nutrient availability. In most 
cases, however, microbial composition regresses to its 
original status following restoration of the usual diet26. 
Plasticity, however, is not maintained in the long term. 
Animal experiments demonstrate that a gradual loss of 
α- diversity occurs over several generations of the host 
in response to persistent restricted intake of certain  
nutrients, including carbohydrates27.

The gut microbiome is responsible for a complex 
array of overlapping metabolic processes. Therefore, the 
variation in α- diversity in response to short- term and 
long- term changes in nutrient intake clearly has conse-
quences for microbial metabolism. An analysis of the 
faecal metabolome of 786 individuals from a population- 
based twin study indicated that the β- diversity of the 
microbiome was one of the most important determi-
nants of intestinal microbial metabolism28. Although 
data are limited, these data suggest that short- term 
fluctuations in nutrient availability will have limited 

Key points

•	The intestinal microbiota is a highly versatile ecosystem that contributes to host physiological processes, including 
intestinal barrier integrity, immunological fitness and metabolic fitness, and responds dynamically to intrinsic and 
extrinsic challenges.

•	Crosstalk between the gut microbial ecosystem and human physiological systems is context- dependent; nutrient 
intake and drug therapy are the most important exogenous modifiers of this crosstalk.

•	CKD can induce changes in both the composition and metabolic activity of gut microbiota (dysbiosis), with 
consequences for various physiological processes.

•	CKD and related changes in the microbiota impair intestinal barrier fitness and promote translocation of bacterial 
components into the circulation, which impairs immunological fitness by driving persistent systemic inflammation and 
immune paralysis.

•	CKD and related changes in the microbiota also impair metabolic and cardiovascular fitness by secreting metabolites 
that favour insulin resistance, obesity, endothelial dysfunction and cardiovascular ageing.

•	Faecal transplantation, specific microorganism- targeted interventions or the use of prebiotics, probiotics or dietary 
interventions are potential strategies to correct or manipulate CKD- related changes in the intestinal microbiota that 
contribute to uraemia, as well as the progression of CKD and CKD complications.

Archaeal microbiome
Archaea are single- cell 
microorganisms with metabolic 
and biochemical properties 
that distinguish them from 
bacteria. The archaeal 
microbiome is the community 
of archaea residing within a 
host.

Virome
The collection of nucleic acids 
(RNA and DNA) that define the 
viral community inside or on 
multicellular organisms.

Mycobiome
Fungal communities inside or 
on multicellular organisms.

Meiofauna
Small invertebrates including 
unicellular protozoa and 
helminthic worms (for example, 
Entamoeba, Trichomonas or 
Schistosoma).

Vertical transmission
Transmission from mother  
to child.

16S ribosomal RNA (rRNA) 
pyrosequencing
A method of DNA sequencing 
in which the sequencing is 
performed by detecting the 
nucleotide incorporated by a 
DNA polymerase, which 
releases pyrophosphate. This 
method is frequently used in 
microbiome genotyping.

Intestinal congestion
oedema of the intestinal wall 
due to volume overload and/or 
vascular barrier dysfunction.

Symbiosis
A close and long- term 
biological interaction between 
two different biological 
organisms, the symbionts; the 
interaction can be mutualistic, 
commensalistic or parasitic.

Symbionts
organisms that live in a 
symbiotic relationship with 
their host, for example, 
Escherichia coli in the human 
intestinal tract.

α- Diversity
Mean species diversity in a 
single environment (that is, 
within a single location).
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effects on longer- term metabolic capacities, but will have  
clear short- term effects on the relative contribution of 
different metabolic pathways.

Intestinal barrier integrity
The intestinal barrier has dual functions, acting as  
both as a barrier to separate microbial components in the  
gut lumen from the host circulatory system and as a 
gateway to enable bilateral passage of numerous meta-
bolites and immune signals between the gut and circu-
lation via transcellular transport and paracellular transport 
mechanisms8,29,30 (Fig. 4). The main component of the 
intestinal barrier is a single epithelial cell layer com-
prised predominantly of enterocytes interspersed with  
specialized cell types such as neuro endocrine cells 
and goblet cells31,32. Apical epithelial cell–cell adhe-
sion is dependent on several families of tight junction  
proteins, which prevent the non- selective transport 
of substances across the barrier. This cellular barrier 
is supplemented by a chemical barrier composed of 
mucous glycoproteins, of which the gel-forming MUC2 
mucin is the most abundant32,33. The mucus outer layer 
contacts the gut lumen directly and provides a habitat 
for the complex indigenous microbial communities, 
whereas the inner layer shields the epithelial cell layer 
from direct contact with the microbiome33,34 (Fig. 4).  

In addition, myeloid and lymphoid immune cells in the 
intestinal wall control and shape the gut microbiota by 
secreting regulatory molecules such as defensins and 
secretory igA — a process that is essential in maintaining  
microbial homeostasis35,36.

From an evolutionary perspective, it seems that 
changes in the composition of the mammalian intes-
tinal barrier have affected microbial colonization. The 
gut of primitive chordates, for example, is radially com-
partmentalized and the gut epithelial barrier is shielded 
from direct contact with the gut microbiome by a mem-
branous chitin layer ecosystem37. The stepwise evolu-
tionary genesis of a mucus layer and subsequent loss  
of the less permeable chitin is thought to have provided 
the mammalian intestinal ecosystem with the ability to 
house and govern a more diverse indigenous microbial 
ecosystem37.

Symbionts and the mucus layer both contribute to 
the host defence against pathogens. Dysbiosis of the 
gut microbiota can lead to an increased presence of 
pathobionts, such as Escherichia coli and Entamoeba 
histolytica38–40. The interplay between the mucus layer 
and dysbiosis is complex. Antibiotic- induced dysbiosis 
was found to induce a reduction in thickness of both 
the inner and outer mucus layer, suggestive of increased 
intestinal permeability, inflammation and impaired 
nutrient absorption41.

Effects on immunological fitness
Host fitness critically relies on the immune system to 
prevent pathogen entry and infection. The microbiota 
that resides along the outer and inner barrier surfaces of 
the host provides important stimuli to aid the develop-
ment of a mature and complex immune system42,43. The 
adaptive immune system of newborns is immature6,44, 
and Peyer’s patches, lymph nodes and other secondary 
lymphoid structures develop only once microbial eco-
systems settle along the body’s outer surfaces including 
the intestinal tract45. In the first years of life, ongoing 
exposure to bacteria, viruses and parasites provides  
the necessary stimuli to induce further maturation of the  
adaptive immune system, which is important not only 
for controlling the immune response to subsequent 
pathogen exposures but also for preventing excessive 
activation of immunity later in life44. Accordingly, lab-
oratory mice kept under sterile or specific pathogen- 
free housing conditions with no or limited microbial 
exposures display no more than an immature com-
position of secondary lymphoid organs and adaptive 
immune system46. By contrast, the immune system 
of wild or pet shop mice that have broad microbial 
exposures better mimics that of adult humans46. 
Transfer of ileocaecal microbial communities from 
wild mice into laboratory mice reduced lung inflam-
mation and increased survival following influenza  
virus infection46.

Exposure of the microbiome to intestinal helminths 
helps maintain a healthy balance between T helper 2 (TH2) 
immune responses that favour humoral immunity (such 
as those involved in allergies) and TH1 or TH17 immune 
responses that favour macrophage-dependent inflam-
mation and granulomatous diseases30,47. This training 

Small intestine
• pH 5.5–7.0
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Fig. 1 | Mutual benefits between the host and intestinal microbiota. The intestinal 
microbiota is present along the gastrointestinal tract where different microenvironments 
create different microbial ecosystem diversities. These diversities oscillate within a 
physiological range within thresholds defined by circadian rhythms, food intake and 
dietary rhythms, body growth and ageing and partnership interactions. Mutual benefits 
for human physiology are usually maintained during these oscillations, although sudden 
diet changes, Zeitgeber time shifts (that is, jet lag), intercurrent acute illnesses or use of 
antibiotics can lead to transient changes in the microbiome composition. Permanent 
dietary changes, exposure to certain drugs, gastrointestinal diseases or surgeries as well 
as exposure to certain chronic diseases, including chronic kidney disease, can lead to 
permanent disruptions of the host–microbiota interactions. The numbers indicate the 
numbers of bacteria per gram of intestinal fluid.

β- Diversity
The number and variability of 
local niches in larger 
environments (for example, the 
diversity of species between 
samples taken from different 
locations within a single host 
or the diversity of species 
between different hosts), which 
contribute to species diversity 
at a larger scale.

Transcellular transport
Transport across cellular 
barriers through cells.

Paracellular transport
Transport across cellular 
barriers between cells.

Secretory IgA
igA secreted by plasma cells of 
the gut- associated lymphoid 
tissue into the lumen of the 
intestinal tract. Secretory igA is 
one of several intrinsic 
regulators of the intestinal 
microbiome.
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function of the microbiota is not limited to single bacterial 
strains; rather, the microbiota in its entirety is essential for 
building and educating the local, regional and systemic 
innate and adaptive immune system to respond appro-
priately to its environment42,43,48. Therefore, permanent 
alterations in the microbiota likely have consequences 
for host defense48.

Conversely, the local immune system has a profound 
influence on the composition of the microbiota and 
barrier function, for example, by regulating the traffick-
ing of intestinal bacteria to mesenteric lymph nodes49. 
As another example, secretory IgA alters the micro-
bial expression of bacterial polysaccharides in mucus- 
resident symbionts, which facilitates their symbiosis 
with Firmicutes. This interaction protects the intesti-
nal epithelium from toxic injuries and hence promotes  
barrier function50.

Effects on metabolic fitness
A healthy gut microbiome contributes to host metabolic 
fitness through its ability to harvest energy and nutri-
ents out of the fraction of host diet that is indigestible by  
the digestive system. Host metabolism is therefore sup-
plemented by the production of microbial metabolites, 
some of which are foreign to mammalian metabolism51–53.  
The host responds to the microbial metabolome through 
activation of a phase ii metabolism response to pro-
duce microbial–host co- metabolites that further expand 
the array of metabolites in the human body51,53. The 
mutual benefits of these co- metabolites for both host 
and the gut microbial ecosystem are complex54–56. The 
host benefits through greater access to nutrients and 
energy. However, the mutualism is not free of cost19. 
Not all gut- derived metabolites (for example, indoxyl 
sulfate and p- cresyl sulfate) are useful to the host and 
require active elimination by the kidneys, which is an  
energy- intensive process57–59.

Metabolic fitness is a product of energy efficiency, the 
time needed to adapt to changes in energy requirements 
and the robustness of metabolic processes60. The gut 
microbiome excels at all three of these factors. The evo-
lution of the human diet61 from that of hunter- gatherers 
to an agriculture- based diet62, and more recently to a 
Western- style diet, which lacks diversity and dietary 
fibre but is rich in energy, saturated fats and animal 
protein, has had a profound impact on the microbiome. 

Over this time, the composition and level of nutrients 
entering the microbial ecosystem has changed from 
being unpredictable and fluctuating according to the sea-
sonal availability of nutrients to a steadier but less diverse 
flow of nutrients. This change is reflected in the marked 
differences in microbiomes of hunter- gatherer popula-
tions compared with those of individuals from Western 
countries63,64. For example, the Hadza, a community 
of hunter- gatherers living in Tanzania, have a higher 
microbiome α- diversity than individuals from Western 
populations65. Striking differences in microbiome com-
position in Hadza compared with Western populations 
include the absence of Bifidobacterium, enrichment in 
Prevotella and unclassified Bacteroidetes and a different 
arrangement of Clostridiales65. It is hypothesized that 
this particular microbial ecosystem is adjusted to the 
available food sources, which consists mainly of fibrous 
plants. As with the Hadza, the microbiomes of hunter- 
gatherers and traditional agriculturalist communities 
in Peru differ substantially from those of Westernized 
controls and are characterized, for example, by an abun-
dance of Treponema spp.66, demonstrating similarities 
in the microbiome of human popu lations that consume  
non- Western diets but reside in different continents.

The extent to which the gut microbial ecosys-
tem contributes to the metabolic fitness of the host is 
context- dependent. The presence of a gut microbial eco-
system is not essential to life, as total colonic resection 
is compatible with life and, at least in adults, does not 
apparently confer major health risks. The presence of  
a functioning gut microbial ecosystem seems to be  
of greater importance during development, as suggested 
by a retrospective case series of toddlers who received 
total colectomy for total colonic aganglionosis, a rare 
variant of Hirschsprung disease. Although all children 
survived, the majority of them failed to thrive67.

The context- dependency of the contribution of the 
gut microbial ecosystem to metabolic fitness is further 
illustrated by the putative contribution of individual 
microbial species to the metabolic syndrome and insulin 
resistance7,68. A 2016 study demonstrated an association 
between Prevotella copri and Bacteroides vulgatus and 
insulin resistance. Mice fed a high- fat diet and gavaged 
with P. copri developed insulin resistance and more severe 
glucose intolerance than sham- gavaged mice fed the same 
diet69. At odds with this observation, however, another 
study showed that P. copri protected mice against glucose 
intolerance and was associated with improved glucose tol-
erance following a fibre- rich diet70. These studies differed  
in the background diet given to the mice (low in branched 
amino acids (BCAAs) in the former study and high in 
BCAAs and fibre and low in fat in the latter study). How 
and to what extent these differences in chow composition 
modulate the effects of P. copri on glucose intolerance are 
not well understood.

Effects on cardiovascular fitness
The cardiovascular system allows the transport of nutri-
ents, metabolic waste products, hormones and blood 
cells throughout the body and is therefore crucial for 
maintaining homeostasis. In the 1970s, studies showed 
that rodents reared under germ- free conditions exhibited 

Chordates
A large group of bilateral 
symmetric animals sharing the 
anatomical structure of a stiff 
rod of cartilage that extends 
along the inside of the body.  
All vertebrates are chordates, 
but chordates also include also 
non- vertebrate species such as 
sea squirts and lancelets.

Chitin
A long- chain polymer made of 
N- acetylglucosamine that is 
the primary component of cell 
walls in fungi, the exoskeleton 
of crustaceans and insects and 
the scales of fish.

Dysbiosis
Microbial imbalance or 
maladaptation on or inside  
the body, turning a previous 
mutual, commensal or neutral 
symbiosis into a harmful of 
dysfunctional form of 
symbiosis.

Pathobionts
Any potentially disease- 
causing organisms that,  
under normal circumstances, 
live as symbionts.

Peyer’s patches
organized lymph follicles that 
are part of the gut- associated 
lymphoid tissue. in humans, 
Peyer’s patches are mainly 
found in the small intestine.

Metagenomic studies
Microbiome characterization 
by DNA sequencing.

Culturomics
High- throughput culture- based 
approaches to enable 
extensive assessment of 
the microbial composition.

Box 1 | Research tools to study the microbiota in the context of kidney disease

•	Advances in sequencing technologies have improved our ability to determine 
α-diversity. Metagenomic studies typically use 16S ribosomal RNA (rRNA)-based high- 
throughput sequencing of gene amplicons and shotgun DNA sequencing of patient 
stool samples to determine the microbiota species and their abundance within a sample.

•	matrix- assisted laser desorption/ionization–time- of-flight (mAlDI- ToF) mass 
spectrometry used alone or in combination with 16S rRNA sequencing can determine 
further microbial species beyond standard metagenomics analysis.

•	The development of new culture media and culturomics has enabled the detection 
of anaerobic bacteria, methanogenic oxygen- sensitive archaea and slowly growing 
populations that cannot be cultured using standard approaches.

•	experimental studies in rodents are of limited value as their specific pathogen- free 
housing conditions do not adequately mimic the interaction between unrestricted 
microbial exposures and a fully mature immune system.
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cardiovascular and haemodynamic imbalances71. More 
recently, gut dysbiosis and a disrupted gut epithelial 
barrier have been linked to hypertension and cardio-
vascular disease72–74. One study reported an increased 
Firmicutes:Bacteroidetes ratio in several animal models 
of hypertension and in a small group of humans with 
essential hypertension75. The deleterious effect of a high 
salt diet on blood pressure control and cardiovascular 
health is therefore at least in part mediated by shifts in 
the composition of the microbiome and by disruption  
of the gut barrier76,77. The notion that the gut and its con-
tents influence the cardiovascular system and especially 
blood pressure is supported by several lines of exper-
imental evidence78 and might involve disturbances in 
the immune and (autonomic and enteric) nervous sys-
tems, increased gut permeability and inflammation78,79. 
Altered microbial metabolism might also modulate  
cardiovascular risk and blood pressure through both 
direct effects (discussed below) and indirect effects, for 
example, through the modulation of epigenetic pro-
cesses, such as DNA methylation and histone acetyla-
tion, oxidative stress and inflammation80–83. Short- chain  
fatty acids (SCFAs), produced by microbial species, can 
regulate blood pressure by activating G protein- coupled 
receptor (GPCR) 43 (GPR43; also known as free fatty 
acid receptor 2 (FFAR2)), GPR41 (also known as free 
fatty acid receptor 3 (FFAR3)) and olfactory receptor 78 
(OLFR78), which are expressed in blood vessels, includ-
ing in renal arteries. The increase in blood pressure 
caused by SCFA- induced renin release from the afferent 
arteriole is mediated by OLFR78 and can be counter-
acted by GPR41-mediated vasodilation84. In addition, the 
end products of choline, carnitine and protein fermen-
tation (including trimethylamine- N-oxide (TMAO),  

p- cresyl sulfate, indoxyl sulfate and phenylacetyl-
glutamine) confer cardiovascular and renal toxicity64,85–88, 
through various mechanisms, with increased intra-
cellular oxidative stress having a central role81,86,89. Faecal 
transplantation from atherosclerosis- prone C57BL/6J 
mice fed a choline- rich diet into female C57BL/6J 
Apoe−/− mice induced development of atherosclerosis 
in association with increased TMAO levels90. Indeed, 
high circulating levels of TMAO have been repeatedly 
associated with poor cardiovascular and renal outcomes 
both in the general population91 and in patients with 
CKD87,92, although their relationship to hypertension is 
less clear81,93.

Effects of CKD on the gut microbiome
The development and progression of CKD has profound 
effects on a number of physiological systems, including 
the gastrointestinal tract with consequences for gastro-
intestinal assimilation, permeability and motility94–96. 
CKD supports the expansion of bacteria containing ure-
ase and uricase within the gastrointestinal tract, which 
increases the production of two classic uraemic toxins — 
urea and uric acid97. In addition, the high pill burden of  
CKD97,98 likely also has extensive effects on the gut micro-
biome, as non- antibiotic drugs, as well as antibiotics, can  
extensively affect human gut bacteria99.

Changes in gut microbiome composition have been 
demonstrated in different populations of patients with 
CKD17,100. These changes reflect the aggregate conse-
quences of CKD — that is, the effects of kidney dys-
function combined with the effects of therapeutic 
interventions and dietary modifications. The use of 
experimental models enables the effects of CKD to be 
separated from those of therapeutic interventions and 
shows that renal dysfunction itself induces profound 
changes in the gut microbiome with loss of α- diversity, 
characterized by increased abundance of Clostridia and 
reduced abundance of Bacilli14,101,102.

These observed changes are in alignment with 
changes in intestinal motility98,103 and with changes in 
gut microbial metabolic activities consistently observed 
in animal models and patients with CKD. Metabolomics 
studies show clear differences in levels of faecal meta-
bolites (that is, in levels of phenols, indoles, furans, ben-
zenes and medium- chain length aldehydes) between 
patients with CKD and healthy controls16. Of interest, 
the differences in faecal metabolite profiles were greater 
between patients on haemodialysis and unrelated  
healthy individuals than between patients on haemodia-
lysis and household members exposed to the same diet97. 
Although it is difficult in observational human studies to 
disentangle the effects of kidney dysfunction from those  
induced by dietary differences, the findings from  
this study suggest that both nutrient intake and the 
intrinsic loss of kidney function independently alter gut 
microbial metabolism and might promote the genera-
tion of uraemic retention solutes such as p- cresyl sulfate 
and indoxyl sulfate. Other studies have shown that gut 
microbial production of the SCFAs butyrate and pro-
pionate, which are known to regulate the immune sys-
tem104 and the intestinal barrier55, is almost completely 
suppressed in humans and animal models of CKD, 
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Fig. 2 | The adaptive landscape of the gut microbial ecosystem. The microbiome 
habitat can be graphically depicted as a 3D plane, with height (z- axis) representing the 
degree of instability of a microbial ecosystem. Stability basins that represent favourable 
community structures are interspersed with inclined areas representing instability.  
Host and environmental factors (the x- axis and y- axis) may change and challenge the 
microbial ecosystem by moving the microbial ecosystem away from a stability basin.  
The deeper and wider the stability basin is, the more robust is the microbial ecosystem  
to resist changes. Important changes in host and environmental factors, however, push 
the microbial ecosystem away from its status quo ante, which might result in instability  
(at peak areas) or bring the microbial ecosystem to an alternative stability basin. Microbial 
communities residing in a wide and deep stability basin typically also show high 
α-diversity , whereas α-diversity is reduced in areas of instability. Adapted with 
permission from REF.19, Springer Nature Limited.

Phase II metabolism
The metabolism of xenobiotics 
aims to detoxify molecules that 
are foreign to mammalian 
metabolism, for example, 
microbial metabolites. Phase i 
reactions are chemical 
reactions that modify the 
molecular structure (including 
oxidation, reduction and 
hydrolysis) and often increase 
the reactivity of the metabolite. 
Phase ii reactions involve 
conjugation of the xenobiotic 
to sulfate, glucuronide or 
glycine, which typically reduces 
the reactivity of the xenobiotic.

Microbial–host  
co- metabolites
The transformation of microbial 
metabolites by phase i and ii 
metabolism results in a wide 
array of derivatives. These 
metabolites require the 
combined action of both 
microbial and mammalian 
metabolism.

Hirschsprung disease
A congenital disorder 
characterized by the absence 
of nerves from parts of the 
intestinal tract, causing 
intestinal symptoms and 
growth retardation.
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indicating a shift away from saccharolytic fermentation 
and towards proteolytic fermentation105,106.

CKD therefore has a profound impact on the gut 
microbiome; however, the extent to which the resultant 
adaptations affect host fitness remains an open question. 
Adaptation of an organism to a new environment occurs 
via a multistage process, in which phenotypic plasticity 
is followed by genotypic adaptation107. Available data 
suggest that both types of adaptation occur in the con-
text of CKD. Of note, however, CKD is not a static ail-
ment but continuously evolves — a process that is not 
adequately captured by the majority of studies, which 
typically provide single snapshots of microbial commu-
nity structure and/or metabolism. Longitudinal data 
are therefore required to provide greater insight into the 
microbial changes that occur with disease progression. 
A 2018 study that collected faecal and serum samples 
from 17 patients with end- stage renal disease (ESRD) at 
eight time points over a 4-month period identified six 
taxa that might contribute to high uraemic toxin con-
centrations in CKD15. However, further data are needed 
to provide a more complete picture of the longitudinal 
microbial changes associated with CKD.

Intestinal barrier integrity in CKD
CKD- induced changes to the composition and function 
of the intestinal microbiota also affect intestinal barrier 
function, as evidenced by the increase in bacterial com-
ponents, such as endotoxin or DNA, in the circulation of 
patients with increasing CKD stage (Fig. 5). Indeed, levels 
of these components are highest in patients with ESRD 
on dialysis108,109. Although circulating bacterial compo-
nents in patients on dialysis might derive from sources 
such as dialysate fluids, tubing or dialysers, the intesti-
nal microbiota is by far the most likely source of these 
components in patients with CKD not on dialysis108. One 
study showed that after a few days of feeding uraemic 
rodents with a non- pathogenic but green fluorescent  
E. coli strain, green fluorescent bacterial colonies could 
be cultured from mouse livers, demonstrating that CKD 

supports the translocation not only of bacterial compo-
nents but also of entire living bacteria across the intes-
tinal barrier14,110. Such translocated bacteria can reside  
in activated macrophages inside the intestinal wall and in  
extra- intestinal tissues, but whether macrophages con-
tribute to the translocation process or simply clear bac-
teria following their translocation remains unclear111. 
Our current understanding of the effects of CKD on 
intestinal barrier function are in line with studies from 
the 1990s that demonstrated that orally ingested high- 
molecular-mass polyethylene glycols cross the intestinal 
barrier and enter the circulation and urine of uraemic 
animals and patients112,113. Some but not all studies  
in animal models of CKD have documented super-
ficial mucosal erosions or disrupted tight junctions 
between intestinal epithelial cells in several parts of the 
gastrointestinal tract13,110,114, in line with autopsy findings 
of patients on chronic haemodialysis, which frequently 
show subtle pathologies indicative of diffuse gastro-
intestinal wall inflammation115. Intestinal dysbiosis seems  
to be a causative factor in intestinal barrier pathology, 
because treatment of uraemic rats with the symbiont 
Bifidobacterium animalis subsp. lactis Bi-07 attenuated 
epithelial erosions and reduced intestinal inflammation 
in uraemic rats110. However, uraemic toxins also impair 
barrier function. For example, urea and its bacterial  
urease- mediated breakdown product ammonia directly  
impair enterocyte barrier function in vitro and in vivo116,117.  
Conversely, administration of a urea and ammonium- 
adsorbing charcoal to a rat model of CKD attenuated 
mucosal defects and the depletion of epithelial tight 
junction proteins and reduced circulating levels of bac-
terial endotoxin and markers of inflammation118. Other 
factors that might contribute to increased intestinal per-
meability in CKD include sympathetic overactivity72,119 
or intestinal congestion due to hypervolaemia as a result 
of heart failure, cardiorenal syndrome or use of intermit-
tent haemodialysis120,121. Patients with such conditions 
frequently experience episodes of hypotension with 
intestinal ischaemia122. Thus, numerous factors con-
tribute to intestinal barrier dysfunction in patients with 
CKD. These factors might particularly affect patients 
with heart failure, those on intermittent haemodia-
lysis and those who experience episodes of intestinal  
congestion and hypoperfusion.

Immunological fitness in CKD
The above- described studies suggest that CKD- 
related intestinal barrier dysfunction induces persis-
tent leakage of microbial products into the intestinal 
wall, the hepatic portal system and systemic circula-
tion14,109,116,117,123. This leakage leads to Toll- like recep-
tor and inflammasome- mediated activation of innate 
immune cells and vascular endothelial cells in local, 
regional and systemic compartments, resulting in the 
secretion of pro- inflammatory cytokines such as IL-1, 
IL-6 and TNF123 or the shedding of monocyte surface 
receptors such as CD14 (REF.109). These cytokines induce 
secretion of pentraxins such as C- reactive protein and 
serum amyloid- P in the liver — acute phase proteins 
that are well- established markers of systemic inflam-
mation in CKD14,124. In addition, the loss of symbiotic 

Short- chain fatty acids
(SCFAs). The end products of 
carbohydrate fermentation.  
A group of gut- flora-derived 
lipid metabolites with 
important regulatory roles  
in energy metabolism, 
hormone secretion, systemic 
inflammation, hypertension 
and cancer.

Saccharolytic fermentation
The digestion of carbohydrates 
under anaerobic conditions, 
resulting in short- chain fatty 
acids.

Proteolytic fermentation
The digestion of peptides and 
amino acids under anaerobic 
conditions.

Pentraxins
A conserved family of protein 
complexes made of five identical 
proteins. Pentraxins are acute 
phase proteins secreted from 
tissue cells or cells of the innate 
immune system that bind to and 
opsonize foreign particles or 
dead cell structures conceptually 
similar to antibodies.

Box 2 | Forms of fitness

Fitness is defined as the ability to perform specific functions and the ability to adapt to 
and master incident challenges. For example,

•	Physical fitness reflects an ability to perform sports or undertake certain activities and 
to physically respond to emergency situations.

•	mental fitness reflects adequate and context- dependent intellectual and social 
performance and the ability to mentally deal with novel intellectual or social 
challenges, including conflicts, losses and threats.

•	Physiological fitness reflects an ability to maintain tissue integrity and organ function 
under homeostatic conditions and to regain them quickly upon tissue injury. For 
example, following the onset of acute kidney injury (AKI), several compensatory 
mechanisms synergize to facilitate rapid recovery of renal function. By contrast, 
activation of certain immune mechanisms can aggravate nephron injury and AKI.  
The balance between these and other response mechanisms determines outcome.

•	Biological fitness is defined as the reproductive success of a species in a given 
ecological context. Incident environmental selection pressures favour the 
reproductive success of species that quickly adapt, whereas others decline in number. 
For example, antibiotic treatment alters the intestinal microbiota and can sometimes 
cause overgrowth of the pathobiont Clostridium difficile, causing colitis. Antibiotic 
susceptibility of the different bacteria determines their fitness. In this example, 
antibiotic resistance provides a survival benefit or reproductive success for C. difficile.
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commensals that produce SCFAs including propionate, 
acetate and butyrate fosters systemic inflammation in 
CKD through their immunoregulatory properties125,126.  
Circulating microbial components such as lipopoly-
saccharides also induce vascular endothelial cells  
to shed soluble TNF receptors from their luminal  
surface — a process that is indicative of endothelial dys-
function and future cardiovascular events in pati ents  
with CKD127. The inflammatory processes associa-
ted with CKD also involve the expansion of activated  
antigen-presenting cells and lymphocytes in lymphoid 
organs, a process that is fully reversible in mice with 
progressive CKD upon eradication of the gut flora with 
antibiotics14. However, persistent innate immune activ-
ation in CKD does not imply better host defence. To the 
contrary, available data suggest that host defence against 
infectious organisms is impaired in patients with ESRD 
and is an important cause of death128,129. This seem-
ingly paradoxical immune response, characterized by  
the concomitant presence of systemic inflammation 
and acquired immunosuppression13, can be explained 
by a phenomenon called endotoxin tolerance, whereby 
persistent activation of the innate immune system 
induces immune paralysis by triggering the activation of 
anti- inflammatory signalling pathways130. The ‘seesaw’ 
pheno menon in bacterial sepsis is a paradigmatic clinical  
example of endotoxin tolerance131, wherein the cytokine 
storm first induced by bacteraemia is usually followed 
by a long phase of immunosuppression evident from 
secondary viral, bacterial or fungal infections in the 
later phase of sepsis132. In a similar vein, CKD- related  
persistent leakage of microbial products from the intes-
tinal tract is likely to continuously activate and sub-
sequently paralyse new monocytes and granulocytes that 

evolve from the bone marrow, leading to concomitant 
activation of innate immunity and acquired immuno-
deficiency in CKD13. This process also mirrors the sys-
temic inflammation and macrophage dysfunction that 
are observed in ageing, a process that might also involve 
maladaptive changes in the intestinal microbiota3. 
Whether this process could be reversed by microbiota- 
targeted interventions is currently unclear. Conceptually, 
chronic antibiotic treatment would eliminate persis-
tent immune activation and support host defence but 
would also eradicate the essential contributions of the  
microbiota to human physiological processes.

Metabolic fitness in CKD
Metabolic fitness requires that the metabolic capaci-
ties of an organism are in alignment with its metabolic 
requirements60. The complex interplay between the gut 
microbial ecosystem, kidney function and metabolic 
fitness was illustrated by a series of animal experiments 
in the 1960s, in which germ- free and conventional rats 
were starved to death. In the presence of normal kidney 
function, conventional rats survived longer than germ- 
free rats. After bilateral nephrectomy, however, survival 
was longer for germ- free rats133, suggesting that reduced 
kidney function induced alterations in the microbiota of 
conventional rats that adversely affected survival.

The mechanisms by which reduced kidney func-
tion contributes to loss of microbial metabolic fitness 
are, however, unclear. CKD is associated with increased 
blood concentrations of a number of organic solutes 
that are normally excreted by the healthy kidney. Well- 
known examples include blood urea nitrogen (BUN) 
and creatinine, but many more solutes accumulate in the 
blood (reviewed elsewhere134). Of interest, serum con-
centrations of several other solutes such as spermine and 
spermidine are reduced in patients with CKD134. Studies 
of patients with CKD after colectomy51 and of germ- 
free mice with CKD105 show that microbiota-derived 
metabolites contribute considerably to the uraemic meta-
bolome. Examples of the gut- derived uraemic retention 
solutes include well- known substances such as indoxyl 
sulfate, p- cresyl sulfate and TMAO, as well as other 
as-yet unidentified molecules51. The observation that 
these solutes accumulate in CKD does not, however, 
prove their toxicity.

As mentioned earlier, some of these molecules, 
including p- cresyl sulfate, indoxyl sulfate, phenylacetyl-
glutamine and TMAO, have been associated with mor-
tality, major adverse cardiovascular events and other 
hard clinical end points135–139. Of note, such associations 
do not demonstrate causality, therefore mechanistic 
studies have been performed to explore the effects of 
individual uraemic toxins on cellular pathways and 
organ function (reviewed elsewhere88). Although these 
studies are important, we suggest that this approach 
might not reveal the effects of metabolic products at the 
level of the organism. One aspect that is often ignored 
is that several metabolites circulate in the blood bound 
to albumin, thus reducing concentrations of the free 
fraction (thought to be the biologically active form)140. 
The binding capacity of albumin as a whole is reduced 
in patients with CKD141, increasing circulating levels of 

Immune paralysis
Acquired immunodeficiency 
due to the long- lasting 
deactivation of immune cells, 
which can occur following a 
short- lasting phase of 
activation, for example, as 
described for ‘endotoxin 
tolerance’ that occurs upon 
rechallenge with bacterial 
endotoxin.

Slow 
adaptation

Fast
adaptation Benefit Harm

Mutualism

Commensalism

Parasitism

Neutral

Amensalism

Competition

Neutralism

Fig. 3 | The symbiosis between a host and its microbiota. Biological interactions 
between two symbionts, here a human and their microbiota, may or may not generate 
mutual benefits (a ‘win- win’ situation, indicated in blue). A symbiosis in which one 
symbiont wins without affecting the other is commensalism; when a symbiont harms  
the other it is considered parasitism. In situations in which both symbionts coexist 
without any harming or benefiting the other, it is neutralism (grey). Amensalism implies 
that one symbiont harms (red) the other in the absence of benefits. In situations in which 
symbionts compete (for example, for nutrients), one symbiont will be harmed by the 
presence of the other.
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unbound metabolites. This creates interdependencies  
of free solute concentrations of uraemic retention solutes 
such that a change in the concentration of one uraemic 
retention solute such as p- cresyl sulfate, by virtue of 
binding competition, will affect free solute concentra-
tions of other uraemic retention solutes such as indoxyl 
sulfate142,143. Future work on uraemic toxicity should take 
these interdependencies into account by measuring a 
broad panel of free solute concentrations.

Definitive proof that individual gut- derived meta-
bolites affect the metabolic fitness of the host can be  

provided only by targeted intervention studies. Unfor-
tunately, such studies do not yet exist. An alternative  
approach would be to target individual microbial spe-
cies. However, no proof- of-concept studies exist that 
unequivocally demonstrate improved outcomes of tar-
geting individual microbial species on hard clinical end 
points. Much more work is needed in this field, although 
some insights gained into the contribution of two proto-
typical microbial metabolites — indoxyl sulfate and  
p- cresyl sulfate — to host metabolic fitness are discussed 
as examples below.
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Fig. 4 | The intestinal barrier at the intersection between microbiome and human physiology. The intestinal barrier has 
dual functionality , providing a barrier to separate pathobionts and derived pathogens (parts a–c) from the circulation while 
simultaneously functioning as a gateway to enable bidirectional passage of beneficial metabolites and immunological 
signals via transcellular and paracellular transport (parts d–f). a | The outer mucus layer, produced by goblet cells, provides a 
niche for a rich, diverse indigenous microbial ecosystem, protecting against invasive pathobionts by consuming potential 
nutrients and, more importantly , by interfering with their local habitat. The inner mucus layer (also produced by goblet 
cells) shields the underlying epithelial cell layer from direct contact with pathogenic species. b | Tight junctions between 
epithelial cells prevent paracellular transport of noxious molecules. Drug transporters on the apical side of the epithelial 
cell layer prevent transport of some molecules (part c) while mediating (part d) the active transport of other molecules, 
including nutrients, vitamins and metabolites. e | Paracellular transport is facilitated by the pore and leak pathway , formed 
by specialized tight junction proteins. f | Phase II metabolism, whereby microbiome- derived metabolites conjugate with 
endogenous compounds such as sulfate, glucuronide and glycine, generates human–microbial ‘co- metabolites’, which can 
enter the systemic circulation through active transport pathways. Dendritic cells (DCs) coordinate the adaptive immune 
response. CX3CR1-positive (CX3CR1+) DCs protrude into the intestinal lumen, where they can probe pathobionts and 
pathobiont- released factors. In their presence, the CX3CR1+ DCs are thought to lead to differentiation of T helper 17  
(TH17) cells. It is thought that tolerogenic CD103+ DCs might regulate the number of regulatory T (Treg) cells (reviewed 
elsewhere208). Tight regulation of Treg cell and TH cell subpopulations coordinates the adaptive immune response, thereby 
regulating recruitment and extravasation of neutrophils. DAMP, damage- associated molecular pattern; LPS, liposaccharide; 
TGFβ, transforming growth factor- β.
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Indoxyl sulfate. The microbial metabolite indoxyl sul-
fate — a bacterial–mammalian co- metabolite that is 
derived from the bacterial fermentation of tryptophan 
to indole, its oxidation to indoxyl and sulfate conjuga-
tion to indoxyl sulfate — is thought to mediate some 
of the adverse effects of microbial dysbiosis in patients 
with CKD. Renal insufficiency was shown to adversely 
affect the endogenous clearance of indoxyl sulfate as 
early as 1957 (REFS144,145), but it was not until 1999 that an 
association between the levels of urinary indoxyl sulfate 
and progression of CKD was reported146. Mechanistic 
studies showed that oral administration of indole to 
5/6 nephrectomized rats induced glomerular sclero-
sis147,148, and indoxyl sulfate was shown to stimulate the 
synthesis of the profibrotic factor transforming growth  
factor- β1 (TGFβ1)149.

As mentioned earlier, indoxyl sulfate toxicity also 
affects the cardiovascular system. In vitro, endothelial  
cell proliferation is inhibited by indoxyl sulfate150, 
whereas in vascular smooth muscle cells indoxyl sul-
fate induces the production of reactive oxygen species, 
activates the MAPK–nuclear factor- κB (NF- κB) path-
way and induces the expression of osteoblast- specific  
proteins, indicative of calcification151,152. Administration  
of the oral adsorbent AST-120 (see below) reduced oxi-
dative stress and myocardial fibrosis in a rat model of 

CKD153. In patients with type 2 diabetes mellitus, indoxyl 
sulfate was associated with coronary artery disease154, 
and in patients with CKD, indoxyl sulfate was associ-
ated with vascular calcification, vascular stiffness and 
overall mortality135.

Indoxyl sulfate is also implicated in CKD- related 
mineral bone disease (CKD- MBD). In primary osteo-
blast cultures, indoxyl sulfate induces PTH resistance, a 
key characteristic of CKD- MBD155. Indoxyl sulfate also 
downregulated expression of the osteoblast- associated 
proteins osterix, osteocalcin and bone morphogenetic 
protein 2 in mouse primary osteoblasts and suppressed 
IL-1-induced osteoclast formation156. Indoxyl sulfate 
also exacerbated low bone turnover induced by para-
thyroidectomy in rats157. Our proteomics analysis of an 
experimental rat model of CKD showed that exposure 
to indoxyl sulfate promoted vascular calcification and 
activation of inflammation and coagulation pathways158.

These aggregate data suggest that indoxyl sulfate is a 
potential target for therapeutic intervention (see below). 
In addition to reducing oxidative stress and myocardial 
fibrosis in a rat model of CKD as mentioned above153, the 
intestinal adsorbent AST-120 ameliorated the progres-
sion of renal dysfunction in patients with nondialysis- 
dependent CKD159,160. However, these findings were 
not confirmed in the large phase III EPPIC I/II study 
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toxins, drugs, diet changes and antibiotics
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Fig. 5 | Effects of CKD- associated changes in intestinal flora on intestinal barrier integrity and immunological 
fitness. a | Under homeostatic conditions, microbial ecosystems continuously oscillate in response to changes in 
physiological biological rhythms. b | Numerous factors can impair intestinal barrier function in uraemia and promote 
microbial translocation. Microbial components can activate pattern recognition receptors (PRRs) in tissue cells and 
immune cells inside the intestinal wall, the portal vein, the liver and the systemic circulation. Activation of immune cells 
induces the secretion of pro- inflammatory cytokines and chemokines. Activation of endothelial cells leads to endothelial 
dysfunction and accelerated vascular ageing. In chronic kidney disease (CKD), persistent leakage of intestinal components 
also promotes acquired immunodeficiency as persistent exposure to microbial products induces immune paralysis.
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of AST-120 in patients with CKD161. These differences 
might be attributed to the lower than expected event 
rate, reducing the power of the study to detect a signifi-
cant difference. Alternatively, poor drug adherence may 
have obfuscated the therapeutic response.

p-Cresyl sulfate. AST-120 not only reduces serum con-
centrations of indoxyl sulfate but also reduces serum 
levels of another microbial metabolite, p- cresyl sulfate162. 
A 2013 study linked accumulation of p- cresyl sulfate to 
CKD- associated insulin resistance through ERK1 and 
ERK2 signalling163. Modulation of the intestinal micro-
biome by the prebiotic arabinoxylan (see also below) 
could reverse these metabolic derangements. A small ran-
domized controlled trial in patients with CKD, however, 
failed to replicate these findings in humans16. Future work 
needs to clarify whether the observed effects of p-cresyl 
sulfate on insulin resistance are context-dependent or 
whether the single small-sized randomized controlled 
trial was hampered by type ii errors. p- Cresyl sulfate and 
other metabolites, such as TMAO, have also been shown 
to contribute adversely to cardiovascular outcomes  
in patients with CKD, but detailed discussion of this  
association is beyond the scope of this Review.

Cardiovascular fitness in CKD
A leaky gut, accumulation of toxic co- metabolites and 
depletion of beneficial SCFAs are major threats to 
cardio vascular health in patients with CKD. Mounting 
experimental and clinical evidence links increased gut 
permeability to hypertension and cardiovascular dis-
ease in patients with CKD108,109. Moreover, microbial 
translocation might cause haemodynamic stress during  
haemodialysis, which could result in recurrent segmental  
ischaemic injury (myocardial stunning)164. As described 
above, mechanisms that predominantly involve reduced 
renal clearance lead to the accumulation of potentially 
toxic co- metabolites during the course of CKD, reaching 
levels that are up to 40-fold higher in patients with ESRD 
as compared with healthy controls134. CKD further-
more induces a shift towards a predominant proteolytic  
(as opposed to saccharolytic) fermentation pattern and,  
as such, further inflates the production of TMAO, p-cresyl  
sulfate, indoxyl sulfate and related toxins95. Increased 
levels of these toxins associate with cardiovascular 
morbidity (including atherosclerotic burden, ischae-
mic events, thrombosis, heart failure, vascular calcifi-
cation, arterial stiffness and QT interval prolongation) 
in most, but not all, clinical cohort studies of patients 
with CKD16,87,92,165–168. Analytical issues (that is, assess-
ment of total versus free levels of toxins) and case mix 
(that is, ancestry differences in the populations studied) 
may account, at least in part, for the inconsistencies in 
the literature169.

The microbiota in AKI and CKD progression
Intestinal microbiota- derived metabolites have impor-
tant roles in the development of uraemia and contribute 
to the underlying diseases that promote renal fail-
ure88,105,170,171. Both acute kidney injury (AKI) and CKD 
are associated with an accumulation of uraemic toxins, 
hypervolaemia and changes in diets and medication. 

In addition, AKI often occurs in the context of sepsis 
or other severe organ dysfunctions that can themselves 
affect the microbiota and intestinal barrier172. In mice 
with renal ischaemia–reperfusion injury, the intesti-
nal microbiota contributes to AKI because depletion 
of the microbiota with antibiotics attenuates sterile 
necro inflammation and AKI severity — effects that are 
fully reversed by faecal transplantation from healthy 
donor mice173. Of note, supplementation with acetate, 
pro pionate or butyrate or acetate- producing bacteria 
strains also attenuated post- ischaemic AKI in mice174, 
suggesting that the adverse effect of microbiota on 
AKI severity could relate to a loss of bacterial strains 
that produce immunoregulatory SCFAs. Similar studies 
have been performed in models of CKD. Administration 
of a high- amylose-resistant- starch diet to rats with 
adenine- induced CKD attenuated renal inflammation, 
fibrosis and CKD progression presumably by increas-
ing the intestinal Bacteriodetes:Firmicutes ratio, which 
reduced serum and urine levels of indoxyl sulfate and 
p- cresyl sulfate175,176. Increasing salt intake for 8 weeks 
induced quantitative and qualitative changes in the 
intestinal microbiota, impaired intestinal barrier fitness 
and caused hypertension and chronic kidney injury in 
mice76. All these pathological processes could be trans-
ferred to mice on a normal diet by faecal transplanta-
tion and were reversed upon microbiota eradication 
with antibiotics76. In turn, the consequences of CKD on 
the intestinal microbiota, such as the increased release 
of TMAO, which can induce systemic endothelial dys-
function, might affect not only the cardiovascular system 
but also the kidney itself177. Indeed, TMAO contributes 
to renal interstitial fibrosis and induction of kidney 
injury molecule 1, a marker of tubular injury in a model 
of obesity- induced dysbiosis178. CKD- related intestinal 
dysbiosis and related alterations in the secretory profile 
of the gut microbiome therefore might contribute to the 
further progression of CKD102,179–181.

Therapeutic options
A limited body of evidence suggests it might be possible 
to modulate the progression or complications of chronic 
diseases with interventions that target the intestinal 
microbiota, for example, through dietary interventions26 
or by the addition of specific bacterial strains182,183. For 
example, Lactobacillus murinus supplementation pre-
vented the development of high- salt-intake- induced 
hypertension whereas a high- fibre diet and acetate sup-
plementation modulated blood pressure and prevented 
heart failure in hypertensive mice74,77. Given the varied 
effects of CKD- associated dysbiosis on physiological pro-
cesses, it is possible that targeting the intestinal micro-
biota in patients with CKD could achieve different aims 
(Fig. 6). Supplementation with certain probiotics might 
reduce the production of some uraemic toxins176,184. 
For example, symbiotic strains of Lactobacillaceae or 
Bifidobacteriales given for 6 weeks to adult patients with 
predialysis CKD in a randomized, placebo- controlled, 
crossover trial reduced plasma levels of the uraemic toxin 
p- cresyl sulfate but not of indoxyl sulfate185. In another 
study, amylose- enriched biscuits reduced constipation 
and markers of systemic inflammation to a greater extent 

Type II errors
An error by which an analytical 
test gives a negative result 
although the effect is indeed 
present (false negative).

Myocardial stunning
Persistent dysfunction of 
the cardiac muscle upon a 
transient episode of ischaemia.

Probiotics
Live microorganisms that are 
intended to provide health 
benefits when consumed, 
typically by restoring the 
intestinal microflora.
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than did wheat flour biscuits in stable patients on haemo-
dialysis186. As mentioned earlier, drugs used by patients 
with CKD can induce changes in the intestinal micro-
biota, raising the question of whether some of their bene-
ficial (and potentially adverse) effects are gut related187. 
Interestingly, the phosphate binder ferric citrate can 
correct CKD- related shifts in microbiota composition 
and attenuates CKD progression, oxidative stress, renal 
inflammation and fibrosis in rats with renal mass abla-
tion188,189. However, dissecting the contributions of indi-
vidual microorganism strains and secreted metabolites 
to specific functions, such as insulin resistance, systemic  
inflammation, endothelial dysfunction and hyper-
tension, will be necessary for the identification of speci-
fic microbial targets190,191. For example, administration 
of the probiotic B. animalis subsp. lactis Bi-07 alleviated 
intestinal barrier leakiness and microinflammation in 
uraemic rats110, whereas a randomized, double- blind, 
placebo- controlled trial in patients with diabetes on 
haemodialysis showed that supplementation with the 
probiotics Lactobacillus acidophilus, Lactobacillus casei 
and Bifidobacterium bifidum for 12 weeks improved 
insulin resistance and reduced haemoglobin A1c, mark-
ers of systemic inflammation, total iron- binding capacity 
and subjective global assessment scores192. However, we 
believe that dietary measures should be the first line of 
treatment to tackle gut dysbiosis. Some193, but not all, 
studies194 show that healthy dietary patterns are associ-
ated with lower mortality in patients with CKD. Prebiotics 

might be a safe (that is, potassium- free) alternative to 
fruits and vegetables to supplement dietary fibre. Thus 
far, however, intervention studies with dietary fibre 
and prebiotics have yielded discrepant findings180,185,195. 
Additional research is required to elucidate the fac-
tors that underlie the large interindividual variation in 
therapeutic response196. The α- glucosidase inhibitor 
acarbose197 and the sodium–glucose co- transporter 2 
inhibitor canagliflozin187 block carbohydrate absorption 
in the small intestine and increase the availability of car-
bohydrates in the large intestine and might therefore help 
to restore microbial metabolism towards a predominant 
saccharolytic fermentation pattern. Thus far, however, 
this approach has been demonstrated only in a mouse 
model with normal kidney function198. In addition,  
bacterial strains engineered to secrete certain meta-
bolites199 and the use of drugs that targeting gut microbial 
enzymes to prevent the production of trimethylamine 
and TMAO200 reduced toxin exposure in animals, but 
these approaches are far from clinical application. 
Finally, although faecal transplantation is now routinely 
performed for the treatment of Clostridium difficile infec-
tion, important barriers remain in our ability to identify 
safe donors as well as concerns with regard to the long- 
term safety of donating stool and the potential risks of 
endoscopic transplantation of or consuming capsules  
of the stool of other persons201.

Manipulating the intestinal microbiota also has the 
potential to modulate CKD progression179. For example, 

Prebiotics
Products that are intended to 
restore the intestinal microflora 
through ingestion of nutrients 
that endorse the growth or 
activity of beneficial 
microorganisms.

Therapeutic 
interventions
• Dietary interventions 

(unprocessed, 
fibre-rich food)

• Avoidance of 
certain drugs 
(PPIs and antibiotics)

• Preference for 
certain drugs 
(SGLT2 inhibitors and
lubiprostone)

• Probiotics
• Specific bacterial

strains

Local effects
• Correcting dysbiosis
• Correcting gut motility
• Improvement of intestinal barrier integrity
• Reduced production of uraemic toxins 
• Greater production of SCFAs and micronutrients

Systemic effects
• Reduced systemic inflammation
• Restoration of host defence
• Restoration of insulin sensitivity 

and metabolism
• Restoration of cardiovascular health

Clinical outcomes
• Better control of symptoms and 

signs of uraemia
• Reduced overall mortality
• Reduced rate of non-fatal events 

(cardiovascular events, diabetes, 
cachexia, infections and ESRD)

• Delay CKD progression

Fig. 6 | Therapeutic targeting of the intestinal microbiota. Alterations in intestinal microbiome composition affect 
chronic kidney disease (CKD) processes through a variety of mechanisms, including effects on intestinal barrier integrity 
and immunological and metabolic processes. Targeting the microbiota can be achieved through a variety of interventions, 
including dietary interventions (that is, ingestion of unprocessed and fibre- rich food), avoidance of drugs (such as proton 
pump inhibitors (PPIs) and antibiotics), use of specific drugs (such as SGLT2 inhibitors and the C1C2 chloride channel 
activator lubiprostone) or the administration of probiotics or specific bacterial strains. These approaches have the 
potential to elicit beneficial effects through a number of mechanisms, including local effects, such as correction of gut 
dysbiosis, effects on gut motility and intestinal barrier integrity and altering the local production of microbial metabolites, 
and systemic effects, such as effects on inflammation, insulin sensitivity and effects on cardiovascular health. ESRD,  
end- stage renal disease; SCFA , short- chain fatty acid.
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administration of the CIC2 chloride channel activa-
tor lubiprostone to mice with adenine- induced CKD 
not only recovered depleted levels of Lactobacillaceae 
and Prevotella and reduced levels of the uraemic tox-
ins indoxyl sulfate, hippurate and transaconitate but 
also protected mice from tubulointerstitial fibrosis 
and decline of renal function181. Similarly, oral supple-
mentation of a mixture of the symbiont Lactobacillus 
strains (Lactobacillus oris, Lactobacillus rhamnosus,  
Lactobacillus reuteri, Lactobacillus johnsonii and 
Lactobacillus gasseri) to MRL lpr/lpr mice with spon-
taneous lupus nephritis improved renal function and 
overall survival by reducing intestinal permeability 
and systemic inflammation202. Microbiota- targeted 
interventions can also improve outcomes in AKI. 
Administration of acetate- producing bacteria to mice 
with post- ischaemic AKI improved renal function as 
assessed by serum creatinine and BUN levels as well 
as systemic cytokine levels, although this study did not 
assess histopathological parameters174.

A major hurdle for interventional studies is that the 
response to any intervention that targets the gut micro-
bial ecosystem is context- dependent. For now, measur-
ing β- diversity and respective patient stratification is 
essential both for research studies and clinical interven-
tions. Preclinical intervention studies are designed to 
minimize the effect of potential confounders by using 
animals with identical genetic background, stand-
ardized chow composition and housing that favours 
low microbiome β- diversity. By contrast, microbiome  
β- diversity and nutrient intake variability in patients 
with CKD are substantial. We expect that benefits of 
microbiome- targeted interventions that are demonstrated 

in preclinical studies will be much more difficult to 
demonstrate in human studies given the heterogeneity  
of interindividual responses.

Supplementation with specific bacterial strains has 
been proposed as a potential treatment for many different 
health problems203–205. Although most countries consider 
over- the-counter probiotics to be dietary supplements 
rather than drugs, the US Food and Drug Administration 
(FDA) has indicated that probiotics that are developed 
for therapeutic purposes should be regulated as a drug 
and a biological product and require FDA approval206. 
Although this directive will impart considerable hur-
dles for the development of new microbiome- targeted 
therapeutics, such caution might be reasonable. Indeed, 
a study of the probiotic Saccharomyces sp. ‘boulardii’  
for the treatment of C. difficile infection attributed 
multiple cases of disseminated infection to the probiotic  
intervention in immune- suppressed individuals207.

Conclusions
Under homeostatic conditions, the intestinal micro-
biota and human body support each other in a mutual 
symbiotic manner. Similar to all ecosystems, microbiota 
composition can undergo permanent dynamic shifts in 
response to changes in nutrient flow, such as the quan-
tity and quality of diet, or selection pressures, such as 
those introduced by disease processes and certain drugs, 
including antibiotics and proton pump inhibitors. In 
CKD, increased exposure to urea and other uraemic tox-
ins, acidosis, medications such as phosphate binders and 
dietary changes can affect the composition and secretome 
of the intestinal microbiota as well as the integrity of the 
intestinal barrier. These processes affect the functional 
contribution of the intestinal microbiota to numerous 
biological processes and contribute to the morbidity and 
mortality of CKD. An emerging body of data suggest 
that microbiota- targeted interventions have the poten-
tial to improve disease outcomes; however, this approach 
requires dissection of the specific roles of specific bacte-
rial strains in inducing physiological changes. Without 
this knowledge, targeted interventions will likely fail. Of 
note, historical interventions intended to alter specific 
components within ecosystems, for example, with the 
use of pesticides in agriculture or by the introduction of 
a new species to reduce the prevalence of another, have 
taught us that the consequences of such targeted inter-
ventions can be unpredictable given the complexity of 
ecosystem adaptations. Nevertheless, the contribution  
of the microbiota to disease processes suggests that tar-
geted approaches might have value for the treatment of 
CKD but that further research is needed to better under-
stand the pathophysiology of the underlying symptoms 
and complications of uraemia (Box 3; Fig. 6).

Published online 26 June 2019

Box 3 | Outstanding research questions

Despite progress in our understanding of the contribution of chronic kidney disease 
(CKD) to microbial fitness and conversely, the effects of dysbiosis on renal and 
cardiovascular outcomes, many questions remain, including the following:

•	What approaches can overcome the technical limitations of metagenomics studies, 
which currently identify only approximately 15% of bacteria grown from faeces 
samples, and what approaches can be used to characterize uncultivable, nonviable 
species in faecal samples?

•	What is a healthy gut microbiome in CKD? Which gut microbiome adaptations  
to CKD support the maintenance of normal physiological functions and which 
support CKD progression and CKD complications?

•	What are the precise microbial components that account for the symptoms and 
progression of uraemia?

•	How do targeted interventions interfere with the complexity of CKD- related changes 
in the gut microbiome in terms of beneficial adaptations and pathogenic shifts? Can 
pathogenic shifts be specifically targeted without affecting beneficial adaptations 
across heterogeneous populations?

•	How do certain gut microorganisms affect the pharmacodynamics of drugs used in 
patients with CKD?

•	Which microbiome- related diagnostic tools might assist clinical decision- making in CKD?
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