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Chronic kidney disease (CKD) is a progressive disease, with high morbidity and mortality in adult population. Its incidence

is increasing constantly, and approximately 10% of people are affected by some form of CKD, which is associated with

almost 1.2 million deaths worldwide. Cardiovascular disease is the main cause of death, followed by infections and

malignancies. The gut microbiome is a complex collection of microorganisms with discrete characteristics and activities.

Its important role is not restricted to food digestion and metabolism, but extends to the evolution, activation and function of

the immune system. Several factors, such as mode of birth, diet, medication, ageing and chronic inflammation, can modify

the intestinal microbiota. Chronic kidney disease (CKD) seems to have a direct and unique effect, as increased urea

levels result in alteration of the gut microbiome, leading to overproduction of its metabolites. Therefore, potentially noxious

microbial uremic toxins, which have predominantly renal clearance, including p-cresyl sulfate, indoxyl sulfate and N-oxide

of trimethylamine [Trimethylamine-N-Oxide (TMAO)], accumulate in human’s body, and are responsible not only for the

clinical implications of CKD, but also for the progression of renal failure itself. Certain changes in gut microbiome are

observed in patients with end stage renal disease (ESRD), either when undergoing hemodialysis or after kidney

transplantation.
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1. Microbiome in  Chronic Kidney Disease (at Pre-Dialysis Stages)

As chronic kidney disease (CKD) progresses, the urea concentration in blood gradually increases. As renal function

declines, the gastrointestinal tract becomes the main route for urea excretion . In advanced CKD, is observed impaired

intestinal barrier function and chronicinflammation throughout the digestive tract. Urea diffuses from theblood into the gut

lumen, stimulating the overproduction of urease containing bacteria, as an attempt to facilitate its catabolism . Luminal

urea is converted to ammonia, by microbial urease, and subsequently to ammonium hydroxide, that causes disruption of

the epithelial barrier and increase of gut permeability, thus allowing translocation of gut uremic toxins, endotoxins,

antigens and gut microorganisms or other microbial products into circulation. This phenomenon called “atopobiosis” (i.e.,

the microbes that appear in places other than their normal location), is associated with inflammatory diseases and is

recognized as a route of endogenous infections . Additional possible mechanisms contributing to the alteration of gut

microbiome in CKD are associated either with the primary disease or comorbidities, such as presence of diabetes

mellitus, medications, including phosphate binders, or eating habits, especially reduced fiber intake . In several studies,

the accumulation of uremic toxins is associated with the pathophysiology of CKD complications , such as vascular

calcification, atherosclerosis , anemia , insulin resistance  and bone disorders. Whether these toxins are involved in

immune system dysfunction in CKD is not well established . Moreover, gut dysbiosis is starting to be recognized as a

non-traditional factor for cardiovascular risk in CKD . The association between kidney-gut axis and gut microbiome is

bidirectional. The changes in gut environment cause gut dysbiosis . The interaction between them is a bidirectional

relationship, as CKD leads to a shift of healthy intestinal microbiome to a condition of imbalance between healthy and

pathogenic bacteria called gut dysbiosis. The gut dysbiosis disrupts the epithelial integrity of intestine, intensifies

inflammatory and immunological processes due to endotoxemia, gut derived uremic toxins, and acidosis which leads to

progression and complications of CKD . The specific CKD diet usually recommended is low in sodium, potassium and

phosphate intake, resulting in reduced absorption of substantial nutrients, such as dietary fibers. Dietary fibers produce

SCFA, which protect against damage of the intestine . As renal function deteriorates, causes retention of uremic toxins.

These toxins contains urea accumulate not only in the intestine but in the blood and promote the colonization of microbes

that can use urea as an energy source .

In patients with CKD, the gut microbiota has already undergone substantial changes, regarding mainly the balance of the

intestinal microbiome (Table 1). Normal colonic microbiota, including Lactobacillaceae and Prevotellaceae is significantly

reduced, while Enterobacteria and Enterococci, normally present, though in small numbers, are increased up to 100 times

in CKD patients . Additionally, an overgrowth of Enterobacteriaceae, Lachnospiraceae and Ruminococcaceae observed
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together with a reduction of some Bacteroidaceae, Prevotellaceae and particularly Bifidobacterium and Lactobacillus
species, have been described in CKD .

As kidney function declines, indoxyl sulfate is increasing in the blood, due to its limited kidney excretion, leading to further

deterioration of CKD . In proximal tubule cells, indoxyl sulfate activates nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-κB). As a result, cellular proliferation is suppressed; senescence is induced and accelerated through

induction of p53. Furthermore, fibrosis is stimulated by expression of transforming growth factor beta 1 (TGF-β1) and

plasminogen activator inhibitor-1 (PAI-1) . Quorum sensing is a bacterial regulatory mechanism that perceives and

stimulates synchronized behaviors. It depends on bacterial or other cells population density. It operates through the

secreted molecular compounds called quorum sensing signals . These signals can be created either by pathobionts or

by autochthonous microbiota. Those produced by gram negativebacteria, such as Pseudomonas aeruginosa have

negative immune related actions such as activation of mitogen activated protein kinase pathways. These induce NF-kB

signaling and chemotaxis. Subsequently, they increase inflammatory genes expression . Moreover, indoxyl sulfate

induces an epithelial mesenchymal transition of tubular epithelial cells through activation of the renin angiotensin system,

which contributes to renal fibrosis . In addition, indoxyl sulfate induces Klotho depletion. Klotho is an anti-aging gene

with renal protective attributes . The mechanism associated with progression of CKD from p-cresyl sulfate is similar to

indoxyl sulfate . Furthermore, p-cresyl sulfate inhibits efflux transporters multidrug resistance protein 4 (MRP4) and

breast cancer resistance protein (BCRP) in proximal tubular cells, causing an intracellular accumulation of toxins,

including p-cresyl sulfate . TMAO may also contribute to the progression of CKD by promoting renal fibrosis,

specifically tubulointerstitial fibrosis, and increasing expression of pro-fibrotic genes and kidney injury markers .

Table 1. Gut microbiome in CKD and kidney replacement strategies.

 Increase/Growth Decrease/Reduction Authors, Year, Type of Study

Pre-dialysis
CKD

Enterobacteriae 
Enterococci 

Lachnospiraceae 
Ruminococcaceae 

Lactobacillaceae 
Prevotellaceae 
Bacteroidaceae 
Bifidobacterium

species 

Sampaio-Maia et al. , 2016, review
Vaziri et al. , 2013, cohort study (n = 24)

Hemodialysis

Proteobacteria(mainly
Gammaproteobacteria )

Actinobacteria 
Firmicutes  (mainly
Clostridium, Enterococcus)

Lactobacillaceae 
Prevotellaceae 

Vaziri et al. , 2013, cohort study (n = 36)
Chen at al. , 2019, review

Shi et al. , 2014, cohort study (n = 52)
Wong et al. , 2014, cohort study (n = 24)

Peritoneal
dialysis

Proteobacteria 
(Pseudomonas
aeruginosa) 

Actinobacteria 
Firmicutes 

Lactobacillaceae 
Bifidobacterium

species 

Crespo-Salgado et al. , 2016, cross-sectional
study (n = 39)

Wang et al. , 2012, cohort study (n = 29)
Simões-Silva et al. , 2020, cross-sectional

study (n = 20)

Kidney
transplantation

Proteobacteria Actinobacteria Lee at al. , 2014, pilot study (n = 26)
Swarte et al. , 2020, cohort study (n = 139)

2. Microbiome in Hemodialysis

Proteobacteria (mainly Gammaproteobacteria), Actinobacteria and Firmicutes are increased in hemodialysis patients 

, although some investigators showed that Proteobacteria are significantly reduced in hemodialysis compared to

peritoneal dialysis patients  (Table 1). Even though, pediatric hemodialysis patients have significantly increased levels of

indoxyl sulfate and p-cresyl sulfate, no differences were observed in this taxa due to the production of these uremic toxins,

namely Bifidobacteriaceae, Clostridiaceae, Enterobacteriaceae and Lactobacillaceae .

Apart from gut, other microbiomes have also been studied in hemodialysis population, which revealed an increased

proportion of microbial colonization among hemodialysis patients. In the blood samples of almost 21% of hemodialysis

patients (either from peripheral vein or arteriovenous fistula or central venous catheter), bacterial DNA has been found the

species included Escherichiacoli, Staphylococcusaureus, Pseudomonasaeruginosa, Staphylococcusepidermidis,

Enterococcusfaecalis, Proteusmirabilis and Staphylococcushaemolyticus . Additionally, in other studies in ESRD (pre-

dialysis and hemodialysis) the blood colonization was Firmicutes, Bacteroidetes and Proteobacteria, concerning the

bacteria phylum. At genus level, the dominant bacteria were Escherichia, Shigella, Prevotella, Faecalibacterium,

Bacteroides and Ruminococcus .
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Dominant microbiomes’ families in ESRD (i.e., Clostridiaceae and Enterobacteriaceae) possess urease, uricase, indole

and p-cresyl forming enzymes. As a result, more uremic toxins derive, which may contribute to uremic toxicity and

inflammation. On the other hand, a reduction is found for Lactobacillaceae and Prevotellaceae, which produce butyrate

forming enzymes, that can affect the production of butyrate, and has beneficial effect on the intestine . A study showed

that the SCFA (propionate, acetate, butyrate), selectively enlarge the pool of the regulatory T cells in the large intestine.

The expansion of these cells by the SCFA, assists to downregulate inflammation by suppressing the operation of

inflammatory cells . The excessive ultrafiltration volume and/or intradialytic hypotension can cause episodes of

transient intestinal ischemia. As a result, these may impair the function and permeability of intestinal barrier in patients on

dialysis .

The highest levels of p-cresyl sulfate and indoxyl sulfate in blood are observed in hemodialysis patients. Clearance of

indoxyl sulfate and p-cresyl sulfate by hemodialysis is limited, as both molecules display very high protein binding ratios

(more than 95%), which cannot be successfully removed by hemodialysis membranes, leading to the accumulation of

uremic toxins . Hemodialysis reduction rates of these uremic toxins, even by using high-flux membranes, are estimated

around 35%. Removal of these can be meliorated (to some extent) by raising the diffusion of the free, unbound molecules

with super-flux membrane, increasing the dialyzer mass transfer area coefficient and dialysate flow, haemodiafiltration,

daily sessions and addition of a sorbent to dialysate . TMAO accumulates in hemodialysis. Peak levels are almost 40-

fold than in normal population. This is principally due to two factors. First, TMAOs’ clearance in normal kidney is almost

four-fold with respect to urea, while its clearance by dialysis is less than that of urea. The ratio of dialytic to normal

clearance is much lower for TMAO than for urea. Secondly, the TMAO has lower volume of distribution than urea. So the

inefficiency that results from the intermittency of classic dialysis treatment is larger than for urea .

3. Microbiome in Peritoneal Dialysis

As peritoneal dialysis, in most countries, is far less frequently used as a kidney replacement therapy, studies in this

population are lacking. In patients undergoing peritoneal dialysis, there is a decrease in Actinobacteria and Firmicutes .

Peritoneal dialysis patients are unlikely to have Bifidobacteriumcatenulatum, Bifidobacteriumlongum,

Bifidobacteriumbifidum, Lactobacillusplantarum, Lactobacillusparacasei and Klebsiellapneumonia  (Table 1). Both

Lactobacillus and Bifidobacterium participate in the regulation of gut microbial homeostasis and possibly reduce the

constipation rate. So, these reduced populations can be associated to some adverse effects . In a study from Wang et

al., there was an increased prevalence of Pseudomonasaeruginosa in the fecal samples of patients undergoing peritoneal

dialysis . Pseudomonas is a possible agent for peritonitis, and responsible for almost 40% of catheter removal related

to infection .

The renal clearance of indoxyl and p-cresyl sulfate are positively correlated with the renal clearance of urea nitrogen and

creatinine. So, there is a significant role of residual renal function in the removal of these uremic toxins. Additionally, these

solutes could not be removed efficiently, even after increasing the PD dose or altering the state of the peritoneal

membrane. A study of 57 patients with end stage renal disease on peritoneal dialysis showed that sevelamer could be a

helpful approach to reduce p-cresyl circulating levels in this population. This may also affect cardiovascular risk due to its

anti-inflammatory effect . Another study revealed that indoxyl sulfate serum concentration is considerably lower in

patients on CAPD than those on low flux hemodialysis, a finding that can be attributed to residual renal function, as this

was an independent parameter with inverse correlation with indoxyl sulfate serum concentration .

4. Microbiome in Kidney Transplantation

Transplantation in general, induces an unbalanced dysbiotic gut microbiome, characterized by a loss of microbial diversity

and an increase in the Proteobacteria and reduction in Actinobacteria phylum  (Table 1). These microbial

changes seem to persist up to 6 years after renal transplantation . Proteobacteria (which are plenty in dysbiosis), can

act as pathobionts. They normally show no pathogenic behavior in a healthy gut; however, under certain circumstances,

they may become colitogenic pathogens and trigger local and systemic inflammation. These conditions are characterized

by an impermanent increase in oxygen levels, which can favor the increase of facultative anaerobes, such as

Proteobacteria . Certain Proteobacteria induce a pro-inflammatory state linked with allograft rejection , while others

report a reduction in the Bacteroidetes phylum during the rejection episode . The main factors that seem to determine

gut microbiome in transplant patients are immunosuppression and renal graft function. Mycophenolate mofetil and

tacrolimus can reduce gut microbial diversity, in favor of pathobionts that can induce gastrointestinal toxicity .

In two studies in kidney transplanted patients, serum levels of indoxyl and p-cresyl sulfate decreased considerably

following renal transplantation. The post-transplantation levels of these toxins were lower than in a non-transplant person
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with identical GFR. This is explained by the administration of immunosuppressants, antibiotics or other drugs (that can

alter gut microbiome) or the transplantation procedure itself (that may change the composition of the colonic microbiota)

. Elevated TMAO levels are strongly associated with the degree of renal function in CKD and are normalized after

kidney transplantation and remain low for at least 2 years .

5. Microbiome and Immune Reactions

Concerning the immune system development, the Bacteroidesfragilis polysaccharide A has the ability to cultivate T helper

(Th) cell ratio (Th1/Th2). Dendritic cells and lymphoid tissues associated with the gut in the gastrointestinal tract

components of Bacteroidesfragilis, migrate to lymphoid organs, and promotes Th1 lineage differentiation .

P-cresyl sulfate is associated to an immune deficiency condition of CKD, mostly correlated to the adaptative immune

response. Indoxyl sulfate is related to the activation of innate and adaptative immune system, possibly responsible of the

CKD associated inflammation . In patients with CKD, a correlation is observed between p-cresyl sulfate and a reduction

of B lymphocyte population, while there is not enough evidence on the effect of uremic toxins on naive or differentiated T

cells . P-cresyl sulfate and indoxyl sulfate cause an increased adhesion of neutrophils to endothelial cells and their

extravasation . Furthermore, p-cresyl sulfate reduces phagocytotic activities of monocytes, macrophages and dendritic

cells, while in the latter it also reduces antigen presentation . P-cresyl sulfate exerts a negative effect in Th1

lymphocytes, leading to reduced production of interferon-γ (IFN-γ) . Indoxyl sulfate causes pro-inflammatory effects,

endothelial dysfunction and bone disorders . Indoxyl sulfate-induced pro-inflammatory macrophage activation is

mediated by its uptake through transporters, including organic anion transporting polypeptides 2B1 (OATP2B1), encoded

by the solute carrier organic anion transporter 2B1 (SLCO2B1) gene . Indoxyl sulfate increases levels of tumor

necrosis factor α (TNF-α) and interleukin 6 (IL-6) and causes an exacerbation of the inflammatory condition through the

promotion of oxidative stress .

TMAO accumulates in the heart, kidney, and other tissues, participating in various biological processes, such as activation

of platelet aggregation, increase in foam cell formation, activation of inflammatory responses, and reduction in reverse

cholesterol transport . Accumulation of uremic toxins favors the development of immunological disorders in ESRD,

mainly associated with T lymphocyte disorders . Serum concentration of TMAO has been positively correlated with C-

reactive protein levels and increased concentration of IL-6 and PAI-1, in peritoneal dialysis fluid, within PD patients.

Furthermore, in addition to high glucose-induced TNF-α and chemokine (C-C motif) ligand 2 (CCL2) expression in

endothelial cells, TMAO may trigger TNF-α-induced P-selectin production in mesothelial cells, and thus can directly

induce peritoneal mesothelial cell necrosis, together with increased production of pre-inflammatory cytokines, including

CCL2, TNF-α, IL-6, and IL-1 .
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