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Graphical abstract 

 
 

Abstract 

Chronic kidney disease (CKD) is associated with an imbalanced human microbiome due not 

only to CKD-associated factors such as uremia, increased inflammation and 

immunosuppression, but also to pharmacological therapies and dietary restrictions. End-stage 

renal disease patients require renal replacement therapies commonly in the form of 

hemodialysis (HD) or peritoneal dialysis (PD). HD implies the existence of a vascular access, 

such as an arteriovenous fistula/graft or a venous catheter, whereas PD implies a long-term 

peritoneal catheter and the constant inflow of peritoneal dialysate. Also, dietary adaptations are 

mandatory in both therapies. This revision explores the impact of HD or PD therapies on human 

microbiome. 
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HD and PD appear to be associated with different changes in the gut microbiome, for example 

a decrease in Proteobacteria relative abundance in HD patients and increase in PD patients. 

Both therapies may also have an impact on the human microbiome beyond the gut, leading to 

increased relative abundance of specific bacteria in the blood microbiome of HD patients and 

increased relative abundance of other bacteria in the peritoneal microbiome of PD patients. HD 

and PD catheter biofilms may also play an important role in the changes observed in these 

microbiomes.  

A more interdisciplinary approach is needed to further clarify the role of microbial groups other 

than bacteria in all body habitats to allow the complete understanding of the impact of HD or 

PD on the microbiome of CKD patients. Moreover, strategies that promote a healthy balance 

of the human microbiome on these patients should be explored. 

 

 

 

Keywords (6): chronic kidney disease; end-stage renal disease; gut; human microbiome; 

microbial diversity; renal replacement therapy. 
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1. Introduction 

The term human microbiome was firstly defined by Lederberg & McCray [1] as the collection 

of all symbiotic, commensal and pathogenic microorganisms living in association with the 

human body. It is currently estimated that human microbiome encompasses 10 times more cells 

and 100 times more genes than the host, and includes a range of organisms, such as bacteria, 

archaea, fungi, protozoa and viruses [2]. The human microbiome is considered by some authors 

a metabolically active endogenous “organ” in itself [2-4] that influences the well-being of the 

host by contributing to its nutrition, metabolism, physiology and immune function [2, 5-7]. The 

microbiome is now described as a central part of human health. Therefore, it is essential to 

study its composition and take advantage of the continuous improvement of technology to 

increase the existing knowledge on microorganisms-host interaction and its role in disease 

development.   

Each individual harbors a unique microbiome with differences in species, abundance and 

diversity of the microbial communities in various body sites [8]. Much of this diversity found 

between individuals has been attributed to differences in host genetics, geographical origin, 

age, lifestyle, dietary habits, and exposure to antibiotics [8, 9]. In healthy individuals, 

Bacteroidetes and Firmicutes contribute to 49% of all species of the so far characterized human 

microbiome, being Actinobacteria, Proteobacteria and Verrucomicrobia in a second line of 

colonization [10].  

The homeostasis of the human microbiome is largely dependent on environmental conditions 

and, therefore, this complex system is greatly influenced by health and disease states and the 

subsequent therapeutic strategies used. One of the most well studied microbiome is the gut 

microbiome. Disturbances of the normal gut microbiome, known as gut dysbiosis, are currently 

recognized in the pathogenesis of diverse chronic diseases, such as obesity [11, 12], insulin 

resistance and diabetes [13-15], inflammatory bowel disease [16], liver cirrhosis [17], 

myocardial ischemia [18], cancer [19] and neuronal disorders [20-22]. Gut dysbiosis has also 

been reported in chronic kidney disease (CKD), in either humans or animal models [23-31]. 

The effect of some therapeutics on microbial composition has been intensively studied. For 

instance antibiotics induce long-term decreases in bacterial diversity and their effects may be 

hard to reverse [10, 32] and corticosteroids and immunosuppressive agents were also shown to 

disrupt microbial networks in allograft recipients [33, 34]. Moreover, diet strongly influences 

the composition of human microbiome in a way we are just now starting to understand [18]. 

End-stage renal disease (ESRD) patients are a complex group of patients with many 

comorbidities, such as diabetes and hypertension, subjected to life-long medications including 
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frequently antibiotherapy and appropriate diet recommendations, as the avoidance of sodium 

and phosphate-rich foods [35]. The most common renal replacement (RRT) therapies, 

hemodialysis (HD) and peritoneal dialysis (PD), present particularities that may have a further 

impact on the human microbiome. Hemodialysis implies the existence of a vascular access, in 

the form of an arteriovenous fistula/graft or a venous catheter, and strict dietary restrictions, as 

limitation of potassium intake. Peritoneal dialysis implies a long-term peritoneal catheter and 

the constant inflow of peritoneal dialysate containing a primary microbial nutrient, glucose, as 

well as sodium, chloride, calcium and lactate (or bicarbonate) [36]. Therefore, in this review, 

we will explore the influence of the RRTs, HD and PD, on the human microbiome of ESRD 

patients. 

 

2. Chronic kidney disease and renal replacement therapies 

Due to the increasing number of patients, CKD is currently considered a public health problem 

worldwide [37]. CKD has a complex etiology involving both an inherited predisposition and 

exposure to environmental factors [38, 39]. Within health determinants, the most common 

causes of CKD worldwide are diabetes and hypertension [37]. Cardiovascular (CV) disease is 

the major cause of death in CKD patients. Although the life expectancy of patients with ESRD 

markedly improved since the introduction of RRT in the 1960s, it remains lower than that of 

the general population [40]. When compared to patients on HD or PD, kidney transplant 

recipients present reduced CV events and mortality as well as a superior quality of life. 

However, kidney transplantation as a RRT cannot be performed in all ESRD patients due 

associated comorbidities and lack of suitable donors. Therefore most patients with ESRD are 

submitted to dialysis during their lifetime, either HD or PD [41].  

Several nutritional guidelines are followed by CKD patients depending on the existence and 

type of RRT and are mainly focused on protein, energy and ion requirements [42, 43]. The 

dietary intake recommendations for CKD patients, with and without dialysis therapy are 

summarized in table 1[42, 44]. 

In patients undergoing HD, the incidence of vascular access-related infections varies among 

medical facilities and is closely related to the type of vascular access used, being lowest in HD 

patients with arteriovenous fistulas or arteriovenous grafts and highest in patients with tunneled 

and non-tunneled Central Venous Catheters (CVCs) [45, 46]. In HD patients, catheter-related 

bacteremia can have two sources: 1) migration from the skin to the exterior of the catheter and 

from there to the bloodstream, and 2) direct inoculation from a biofilm growing on the inner 

surface of the catheter to the bloodstream [47]. The most common agent responsible for CVC-
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related bloodstream infections is Staphylococcus aureus, followed by coagulase-negative 

staphylococci [45, 48]. Together they account for 40-80% of cases in most studies [49]. In 

addition, S. aureus bacteremia is associated with significant morbidity and mortality. Non-

staphylococcal dialysis CVC-related bacteremia is due predominantly to enterococci and 

Gram-negative rods [49]. HIV-positive dialysis patients are more likely to develop 

polymicrobial infections and infections due to Gram-negative and fungal pathogens [50]. 

Gram-negative organisms account for 30-40% of all episodes of catheter-related bacteremia 

and 10-20% of episodes were polymicrobial in several case series [51]. Besides septicemia, 

other infections also frequently occur in HD patients such as pulmonary, gastrointestinal, 

genitourinary and soft-tissue infections [52]. 

Peritonitis and exit-site/tunnel infections are the most relevant PD-related infections and these 

complications remain the Achilles’ heel of the technique, being responsible for catheter loss, 

transfer to HD, prolonged hospitalization and, in more serious cases, death [53]. Thus, 

prevention of PD-related infections is critical to the success of the program. Peritonitis in PD 

patients are frequently caused by single microorganisms, being Gram-positive bacteria 

responsible for 65% of the cases followed by Gram-negative bacteria (15 to 24%) and fungi 

(1.5% to 5%) [49, 54-57]. Within Gram-positive bacteria, the most common are coagulase-

negative staphylococci, S. aureus and Streptococcus spp.. Gram-negative organisms are more 

likely to promote more severe infections with poor outcomes [45]. Pseudomonas sp. is 

probably the most important cause of severe Gram-negative peritonitis in patients undergoing 

PD [45]. Although fungal peritonitis are less frequent, they represent a clinical challenge due 

to its difficult resolution. In addition, a fraction of 11 to 21% of PD-related peritonitis may be 

caused by multiple organisms [49, 54, 56, 57]. 

Few studies described the microorganisms responsible for exit-site infections. A study by 

Scalamogna et al. [58] reported the following organisms, in diminishing order of frequency 

from 102 exit-site infection episodes: S. aureus, Staphylococcus epidermidis, Escherichia 

coli,  Pseudomonas aeruginosa, Serratia marcescens and Enterobacter cloacae. A more recent 

study evaluating 34 exit-site infection episodes reported P. aeruginosa as the most common 

infective organism, responsible for 58.8% of the cases. S. aureus was isolated in 29.4% of the 

cases, and Klebsiella, E. coli and Serratia species in 12% of the cases [59].  Topical application 

of antimicrobial agents such as mupirocin, gentamicin and polysporin triple ointment have 

been successfully used to prevent infections [60, 61].  

The complete list of factors responsible for PD-related infections remains not fully understood, 

nevertheless the most critical factor appears to be the contamination of the peritoneal catheter 

ACCEPTED M
ANUSCRIP

T



7 
 

with skin-related bacteria [62-64]. Some pathogens may colonize the catheter’s exit-site and 

tunnel during the connection and disconnection procedures of the dialysis transfer-set.  

The existence of biofilms on peritoneal catheters was demonstrated long ago from skin-

associated bacteria [65, 66]. PD-catheter biofilms are formed by common Gram-positive and 

Gram-negative bacteria and are frequently associated with clinical peritonitis. Microbial 

biofilms may persist on the catheter surface, even in the absence of infection, suggesting that 

it may act as a reservoir of infectious agents; for a review see [67].  

Microorganisms colonizing the catheter exit-site can also be associated with peritonitis, but 

curiously only in a very low percentage of patients [68-70]. Catheter replacement can be 

sometimes ineffective in preventing subsequent episodes of peritonitis, suggesting other 

sources of infection [45]. Therefore, alternative routes and factors have been recognized as 

responsible for peritonitis in PD patients, such as transvisceral microbial migration through the 

impaired intestinal barrier (e.g., bowel leak), hematogenous and vaginal leak [71]. Previous 

reports described bacterial DNA in PD effluent or peritoneum cells what supports this 

hypothesis [72-75]. In addition, the intracellular viability of S. aureus after sequestration by 

mesothelial cells was revealed in different studies, supporting this hypothesis [76, 77]. Lately, 

the description of the blood microbiome in a non-infectious state added more clues to the 

limitations affecting PD technique [78-82]. Together these studies reinforce the need to explore 

the human microbiome in PD patients. This is not only necessary to fully understand the impact 

of microorganisms in the correct implementation of this RRT technique, but also to identify 

and limit all routes of infection in these patients.  

 

3. The human microbiome and renal disease  

 

3.1 The microbiome in CKD 

As already stated, gut dysbiosis is well described in CKD [23-31]. This intestinal microbial 

imbalance occurs either quantitative and qualitatively, being frequently associated with the 

overgrowth of Enterobacteriaceae, Lachnospiraceae and some Ruminococcaceae, and with the 

reduction of some Bacteroidaceae, Prevotellaceae and particular Bifidobacterium and 

Lactobacillus species [31]. CKD associated factors may play a role in the promotion of gut 

microbiota imbalance, such as increasing the intestinal availability of uremic toxins, metabolic 

acidosis, intestinal wall edema and reducing the colonic transit and digestive capacity. 

Pharmacological therapies (e.g., antibiotics and iron deliver) and dietary restrictions (e.g. 

reduced fiber intake) also alter gut microbiome and may play a significant role on gut dysbiosis 
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[31]. Within the intestinal epithelia, commensal bacteria compete with pathogens for epithelial 

adhesion sites and nutrients. In a dysbiotic state this natural defense is reduced, consequently 

increasing CKD patients’ vulnerability to pathogen invasion. 

Gut dysbiosis itself plays a role in CKD progression and it is starting to be recognized as a non-

traditional factor for CV risk in CKD patients [31]. For example, gut microbiome-produced 

metabolic compounds, such as indoxyl sulfate, p-cresol sulfate, and trimethylamine N-oxide 

(TMAO), are associated with the promotion of CV events [3, 18, 83-86]. Uremia is also 

associated to immune dysfunction characterized by immunodepression in CKD patients, 

contributing to a high prevalence of infections, increased inflammation and CV risk; for a 

review see [87]. Moreover, ammonia derived from metabolization of urea by microbial urease, 

was shown to cause a massive disruption of the intestinal epithelial barrier structure and 

function [88-92], allowing the translocation of gut derived uremic toxins, endotoxin, antigens 

and intestinal microorganisms or other microbial products into circulation [3, 88, 90-94]. This 

‘atopobiosis’ (phenomenon describing the microbes that appear in places other than their 

normal location) is for long recognized as an important route of endogenous infections, but 

more recently has been associated to the dynamics of a variety of inflammatory diseases [78]. 

The pathophysiological mechanisms underlying the role of gut dysbiosis in CKD were deeply 

explored in a previous review [31].  

Although several researchers studied the role of the gut microbiome on CKD progression and 

increased CV risk, a more interdisciplinary approach is still needed in order to clarify the role 

of each microorganism in the development and progression of kidney diseases. Information 

regarding other microbial habitats in human body, as well as better characterization of other 

microbial groups such as archaea, fungi and virus, may also be relevant to understand the 

complete role of microorganisms in CKD pathophysiology.  

 

3.2 The microbiome in HD  

Until now, very few studies compared the gut microbiome in HD and other RRT. However, it 

can be assumed that the existing specificities of this dialysis type naturally influence the 

intestinal microbiota of ESRD (Figure 1). Besides the obvious influence of the vascular access, 

a portal of entrance of microorganisms, HD patients have specific nutritional restrictions as 

potassium in comparison to PD patients, as previously described. Corroborating this hypothesis 

is the study conducted recently by Crespo-Salgado et al. [95] that compared the gut microbiome 

of pediatric patients undergoing PD, HD and post-kidney transplant and healthy controls. 

According to the authors, the relative abundance of Bacteroidetes was significantly increased 
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in HD patients compared to healthy controls. In addition, Proteobacteria was significantly 

decreased in HD patients when compared to PD patients. Regarding the α-diversity levels, the 

gut microbiome of HD patients was similar to controls, having higher diversity than PD 

patients. Although HD patients have significantly increased levels of the uremic toxins indoxyl 

and p-cresyl sulfates, no differences were observed in the taxa usually associated to the 

production of these toxins, namely Bifidobacteriaceae, Clostridiaceae, Enterobacteriaceae and 

Lactobacillaceae [95].  

Other study analyzed the gut microbiome of ESRD patients during HD therapy and compared 

it with healthy persons, reporting an increase of Proteobacteria (primarily 

Gammaproteobacteria), Actinobacteria and Firmicutes (especially subphylum Clostridia) by 

phylogenetic microarrays [28]. However, because there was no comparison to CKD patients 

not undergoing HD, the findings can be a consequence of HD or CKD itself (or both). 

A recent study carried out on HD patients analyzed the effect of a single dose of oral 

vancomycin (250mg) in the gut microbiome of these patients, together with the plasma levels 

of uremic toxins indoxyl and p-cresyl sulfates [96]. As expected, the microbial taxonomic 

richness of fecal samples decreased after vancomycin administration and the effect persisted 

for 4 weeks. Enterobacteriaceae, Lachnospiraceae and particularly the genus Blautia decreased 

on 7th day and returned to or above baseline at 28th day after vancomycin administration, 

coinciding with the decline and subsequent rebound of plasma indoxyl sulfate concentrations. 

Regarding p-cresyl sulfate levels, vancomycin also induced its decrease in the plasma. This 

result could be explained by suppression of specific tryptophan or tyrosine degrading 

microbiota and/or by an increase in competing taxa that bloomed in the vancomycin-perturbed 

gut [96]. However, the recovery of uremic toxin levels 28 days after vancomycin 

administration suggests resilience of the taxa responsible for its generation in ESRD patients. 

Enterococcaceae, Bacteroidales and the genus Bilophila also diminished significantly 

following treatment (7 days after), while Veillonellaceae increased. There was a continued 

significant decrease in Clostridiales and Lachnospiraceae (Roseburia sp.) even 28 days after 

the vancomycin administration. 

Besides the gut, other microbiomes have been characterized in the HD population. Bossola and 

colleagues [97]analyzed blood DNA by 16S rRNA gene PCR amplification, followed by 

amplicons purification and sanger sequencing and showed that 20.7% of 58 HD patients 

presented bacterial DNA in their whole blood samples obtained either from the peripheral vein 

or from the central venous catheter or the arteriovenous fistula, in contrast to the absence of 

blood microbiome in healthy controls. The following species were found in HD patient’s blood: 
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E. coli, S. aureus, P. aeruginosa, S. epidermidis, E. faecalis, Proteus mirabilis, and 

Staphylococcus haemolyticus. Moreover, blood cultures of HD patients and healthy controls 

were all negative for bacterial growth, suggesting very low levels of microbial load (not 

detected by this methodology) or lack of microbial viability. In addition, these authors 

associated the circulating bacterial-derived DNA found in HD patients with higher levels of 

inflammatory markers such as high-sensitivity C-reactive protein (CRP) and IL-6. More 

recently, Shi et al. [98] explored the blood microbiome of 22 HD patients and compared to 30 

ESRD non-dialysis patients and 10 healthy controls using next-generation sequencing. Blood 

microbiome was found in 27%, 20% and 0% of HD, ESRD non-dialysis and controls, 

respectively. The bacterial blood colonization within ESRD patients (HD and non-dialysis 

patients) was similar, being Firmicutes, Bacteroidetes and Proteobacteria the dominating 

bacteria phylum. At the genus level, the prevalent bacteria common in both groups were 

Escherichia-Shigella, Prevotella, Faecalibacterium, Bacteroides, and Ruminococcus. 

However, in comparison to ESRD non-dialysis patients, HD patients showed greater 

complexity at the species level that was correlated with higher levels of CRP and endotoxins, 

and elevated gut permeability. The authors suggested that the bloodstream bacteria mainly 

originate from the ESRD dysbiotic gut microbiome and the HD, to some extent, aggravates 

microinflammation in these patients via promotion of gut microbiota translocation due to the 

gut barrier impairment. Although with a limited number of patients, other studies showed 

bacterial DNA in the whole blood of dialysis patients without signs of active infection [99-

101].  

The periodontal microbiome of HD patients was characterized in a 2015 pilot study focused 

on the high prevalence of periodontitis in these patients [102]. No major differences were 

observed in the subgingival microbiome between ESRD and control individuals, but Prevotella 

gingivalis and Tannerella forsythia appeared among the most abundant periodontitis-related 

phylotypes in a subgroup of patients with greater periodontitis extent. The authors highlighted 

the negative correlation between dialysis vintage and microbial diversity within the ESRD 

group. In addition, it was suggested that widespread and localized forms of periodontitis could 

be associated with different microbiomes, particularly if comparing some specific OTUs [102]. 

Moreover, Kshirsagar et al. [103] described a moderate-to-severe periodontal disease strongly 

associated with CV mortality in HD patients. Other studies have associated the oral 

microbiome to the onset of systemic diseases, such as atherosclerosis [104], insulin resistance 

and CV risk [105, 106]. 
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3.3 The microbiome in PD 

As PD is not a frequent option of RRT, studies in these patients’ population are also scarce. To 

our knowledge, there are only two studies evaluating the gut microbiome in PD patients. As 

mentioned above, the gut microbiome of pediatric patients (from 2 to 18 years old) undergoing 

PD or HD and age-matched healthy controls was compared, showing the α-diversity 

significantly decreased in PD patients using both phylogenetic and non-phylogenetic diversity 

measures [95]. The loss of bacterial biodiversity is the most frequent result following intestinal 

dysbiosis [107] and it has been described for infants with necrotizing enterocolitis [108], 

inflammatory bowel disease [109], colorectal cancer [110] and CKD [31]. 

Pediatric PD patients showed relative lower abundance of gut bacteria within the Firmicutes 

and Actinobacteria, whereas the Proteobacteria were significantly increased [95]. The higher 

levels of Proteobacteria (iron oxidizing bacteria) could be associated with the oral iron 

supplementation of PD patients (HD patients receive it directly through the bloodstream). Also, 

PD patients have increased intestinal absorption of glucose from the PD dialysate that promotes 

glucose fermentable bacteria, such as the Enterobacteriaceae [95]. Taking into consideration 

the translocation of gut microbiota to the peritoneal cavity, the increase in intestinal 

Enterobacteriaceae may be responsible for the development of peritonitis in PD patients. Note 

that members of the Enterobacteriaceae family account for up to 12 % of all peritonitis episodes 

in these patients [111].  

In another study, Wang et al. [112] compared adult PD patients and control individuals by 

species-specific real-time PCR. They described a decrease of gut Firmicutes and 

Actinobacteria, especially Bifidobacterium catenulatum, Bifidobacterium longum, 

Bifidobacterium bifidum, Lactobacillus plantarum and Lactobacillus paracasei in adult PD 

patients [112]. In general, CKD patients showed lower intestinal colonization by Lactobacillus 

and Bifidobacterium species [31]. These bacteria are normal colonizers of the human gut and 

play a critical and beneficial role by inhibiting the growth of pathogens through the production 

of acetic acid and lactic acid, lowering the pH in the intestinal milieu and competing with 

pathogens that could colonize the gut mucosa for epithelial adhesion sites and nutrients [113, 

114]. Both groups participate actively on the regulation of intestinal microbial homeostasis and 

may help to reduce the rate of constipation - these bacteria are rarely isolated on adults with 

chronic constipation [115]. So, reduced populations and diversity of Lactobacillus and 

Bifidobacterium in PD patients may be associated to several adverse effects.  
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Another interesting result from Wang et al. study [112] was the higher prevalence of P. 

aeruginosa in the fecal samples from PD patients. Pseudomonas is not a very frequent agent 

of gram-negative peritonitis, but it is probably one of the most important causes of severe 

peritonitis in PD patients and is responsible for around 40% of catheter-related infection 

removals [45, 116-118]. However, due to the lack of CKD controls in the study we cannot 

clarify if the alterations in microbial species reported by Wang and colleagues [112] are 

exclusively related to CKD or may be associated to the dialysis therapy. 

As described for HD patients, for PD patients the oral cavity may also represent a starting point 

for dissemination of pathogens through the human body due to the proximity of oral 

microorganisms to the bloodstream [119]. The oral cavity represents a common but transient 

source of microorganisms that may be associated to some routine daily activities or invasive 

dental procedures [119, 120]. Preliminary studies suggest that the oral environment of PD 

patients in comparison to healthy controls may induce changes in oral microbial colonization 

[121].  

As previously stated, gut dysbiosis may impair the intestinal barrier in PD patients promoting 

‘atopobiosis’, namely the translocation of enteric organisms or bacteria-derived toxins to the 

peritoneal cavity by migration through epithelial intestinal barrier. This mechanism may 

represent an important cause of peritonitis in PD patients. The detection of bacterial DNA in 

PD effluent corroborates the hypothesis of ‘apotobiosis’ in PD patients [74, 75, 77]. Moreover, 

our group recently reported the asymptomatic protozoa colonization in peritoneal dialysate of 

PD patients [122], highlighting the magnitude of intestinal translocations in PD patients. And 

so, an additional route for PD-related infections that needs further research is the peritoneal 

microbiome (Figure 1). Recent studies are unravelling microbiome in body sites that were 

previously considered sterile, as the peritoneum. Other examples are the recently revealed 

placenta microbiome [7, 123] and breast tissue microbiome [124]. These studies suggest that 

microorganisms reach these tissues by spreading through hematogenous route. Reinforcing this 

view are the studies recognizing blood microbiome in a non-infectious state [78-82]. 

Preliminary results from our group demonstrated that the peritoneum tissue of CKD patients 

harbours a unique low-abundance microbiome (data not published). 

 

4. Perspectives on patient nutrition and supplements 

The microbiome protection and recovery of HD and PD patients should be an emerging focus 

on future research. Many different strategies are being implemented with variable outcomes. 

For example, biotics (pre, pro and/or post) are reemerging as potential modulators of the human 
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microbiome. Prebiotics refer to non-digestible food components that induce the growth or 

activity of beneficial microorganisms in the gut (e.g. bacteria and fungi); probiotics refer to the 

ingestion of living microorganisms and post-biotics refer to the ingestion of the bioactive 

microbial produced molecules.  

The intake of vegetable fibers and some yogurt and cheeses have been described as problematic 

for ESRD patients. Nevertheless, if these foods are supplemented with potassium binding 

resins and phosphate binders they may result in a more balanced gut microbiome in ESRD 

patients [125]. A small trial with HD patients in Belgium evaluated circulating p-cresyl sulfate 

levels following oligofructose-enriched inulin supplementation [126]. The oligofructose-

enriched inulin administration started with 10 g once daily during the first week, at day 8 the 

dose was escalated to 10 g twice daily, and stopped at day 28 after the midweek dialysis session. 

These patients were followed for another 4-week run-out period. Interestingly in these HD 

patients, the oligofructose-enriched inulin supplementation induced a decrease in circulating 

p-cresyl sulfate levels up to the run-out period. Moreover, prebiotic amylose maize resistant 

starch can be metabolized by colon bacteria and produce short-chain fatty acids [127]. A study 

in a CKD rat model showed that a high-fiber diet containing 59% high amylose maize resistant 

starch for 3 weeks retards CKD progression and attenuates oxidative stress and inflammation 

[128]. Fiber supplementation and phytochemical-rich foods can modify the composition of gut 

microbiota, while inulin, fructo-oligosaccharides, galacto-oligosaccharides, soya-

oligosaccharides, xylo-oligosaccharides and pyrodextrins are prebiotics that have been tested 

in CKD patients [125, 126, 129]. 

Probiotics appear to balance intestinal microbiome following massive changes of the initial 

biodiversity and reduce the production of uremic toxins. For example, Lactobacillus 

acidophilus (strains NCFM and BG2F04) [26] and Lebenin (from Wakamoto 

Pharmaceutical, Tokyo, Japan, includes Bifidobacterium longum subsp. infantis, Enterococcus 

faecalis and L. acidophilus) showed to improve health in HD patients by reducing the levels of 

uremic toxins [26, 130]. A formulation of Streptococcus thermophiles (KB19), Lactobacillus 

acidophilus (KB27) and Bifidobacterium longum (KB31) over 3 months was shown to improve 

blood urea nitrogen and quality-of-life in patients with CKD stages 3 and 4 [131]. Data is still 

missing to completely consider the role of synbiotics, a combination of pre and probiotics, in 

CKD patients but a preliminary study showed a reduction of p-cresyl sulfate blood levels and 

Bifidobacterium enrichment and Ruminococcaceae depletion in stools using a symbiotic 

constituted by a combination of high–molecular weight inulin, fructo-oligosaccharides, and 
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galacto-oligosaccharides together with nine different strains from Lactobacillus, 

Bifidobacteria, and Streptococcus genera [132].  

Recently, the first reports on fecal microbiota transplantation were available showing an 

effective and safe alternative in patients post Clostridium difficile infection [133] but its role in 

the gut of CKD patients still needs to be clarified. 

Other strategies are being tested in CKD patients, as the AST-120 therapy, an adsorbent 

consisting of porous carbon particles capable to adsorb indole in the intestine [134]; sevelamer, 

a large cationic polymer phosphate binder that also binds endotoxins and reduces endotoxin 

and CD14 levels in HD patients [135]; acarbose, an inhibitor of α-glucosidase enzymes in the 

intestinal brush border; among others. However, the particular efficiency of these strategies on 

HD or PD patients still needs to be explored. 

More recently, the microbiome is looked as a therapeutic tool in it-self. “Smart” bacteria [136] 

may guide our immune system, metabolism, and other commensal microorganisms, 

envisioning that targeting and modeling specific microbiota will be the design of personal 

medicine programs in a near future. 

With the constant development of new technologies, one day it will be possible to fully 

understand the function, as well as the existing interactions between microorganisms that 

compose the human microbiota. It can be envisioned that targeting and modeling specific 

microbiota will play a central role in the design of more personalized medicine programs in a 

near future, and vast improvements will be done for disease prevention, diagnosis and therapy. 

 

5. Conclusion 

The ultimate goal of any treatment is to improve the patient’s well-being while preventing the 

development of disease. As they interfere with the human microbiome, some frequent therapies 

may need to be carefully used and/or complemented with additional protective strategies. 

Manipulations of the microbiota can result on changes of the host’s susceptibility to diseases 

and/or affect its severity.  

The specific impact of RRT such as HD or PD on the microbiota imbalance of CKD patients 

is still underexplored. HD and PD have unique characteristics that may contribute to changes 

in the human microbiome, not only restricted to the gut, but also affecting the blood 

microbiome (HD) and the peritoneal microbiome (PD) (Figure 1). Factors promoting these 

changes may be related to specific dietary restrictions and different types of dialysis access 

(vascular vs. peritoneal), as well as the continuous inflow of peritoneal dialysate, containing 

microbial nutrients. Notwithstanding, understanding the impact of HD or PD on the human 
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microbiome is still in its infancy. A more interdisciplinary approach is still needed in order to 

better clarify the role of microbial groups other than bacteria and expand the existing research 

to other human microbial habitats. Moreover, strategies to promote a healthier human 

microbiome in these patients should be delineated.  

 

Conflict of interest: none (for all the authors). 

 

 

8. Acknowledgments 

This work was financed by FEDER - Fundo Europeu de Desenvolvimento Regional funds 

through the COMPETE 2020 - Operacional Programme for Competitiveness and 

Internationalisation (POCI), Portugal 2020, and by Portuguese funds through FCT - Fundação 

para a Ciência e a Tecnologia/ Ministério da Ciência, Tecnologia e Inovação in the framework 

of the project "Institute for Research and Innovation in Health Sciences" (POCI-01-0145-

FEDER-007274); by the strategic programme UID/BIA/04050/2013 (POCI-01-0145-FEDER-

007569) funded by national funds through the FCT I.P. and by the ERDF through the 

COMPETE2020 - Programa Operacional Competitividade e Internacionalização (POCI). LSS 

is supported by SFRH/BD/84837/2012 and ISS is supported by SFRH/BPD/101016/2014 from 

FCT/QREN–POPH/FSE and a Research Grant 2014 financed by the European Society of 

Clinical Microbiology and Infectious Diseases (ESCMID). The funding sources had no 

involvement in study design, analysis and interpretation of data, in the writing of the report and 

in the decision to submit the article for publication. 

Conflict of interest: none for all the authors. 

 

9. References 

[1] J. Lederberg, A. Mccray, ’Ome sweet ’omics—a genealogical treasury of words, Scientist 

15 (2001) 8-10. 

[2] C. Human Microbiome Project, Structure, function and diversity of the healthy human 

microbiome, Nature 486(7402) (2012) 207-14. 

[3] A. Nallu, S. Sharma, A. Ramezani, J. Muralidharan, D. Raj, Gut microbiome in chronic 

kidney disease: challenges and opportunities, Transl Res 179 (2017) 24-37. 

[4] A. Ramezani, D.S. Raj, The gut microbiome, kidney disease, and targeted interventions, J 

Am Soc Nephrol 25(4) (2014) 657-70. 

ACCEPTED M
ANUSCRIP

T



16 
 

[5] E.K. Costello, C.L. Lauber, M. Hamady, N. Fierer, J.I. Gordon, R. Knight, Bacterial 

community variation in human body habitats across space and time, Science 326(5960) (2009) 

1694-7. 

[6] L. Dethlefsen, M. McFall-Ngai, D.A. Relman, An ecological and evolutionary perspective 

on human-microbe mutualism and disease, Nature 449(7164) (2007) 811-8. 

[7] S. Rautava, R. Luoto, S. Salminen, E. Isolauri, Microbial contact during pregnancy, 

intestinal colonization and human disease, Nat Rev Gastroenterol Hepatol 9(10) (2012) 565-

76. 

[8] L. Ursell, J. Clemente, J. Rideout, D. Gevers, J. Caporaso, R. Knight, The interpersonal and 

intrapersonal diversity of human-associated microbiota in key body sites, J Allergy Clin 

Immunol 129(5) (2012) 1204-1208. 

[9] S. Al Khodor, I. Shatat, Gut microbiome and kidney disease: a bidirectional relationship, 

Pediatr Nephrol 32(6) (2017) 921-931. 

[10] X. Xu, Z. Wang, X. Zhang, The human microbiota associated with overall health, Crit 

Rev Biotechnol 35(1) (2015) 129-140. 

[11] E. Le Chatelier, T. Nielsen, J. Qin, E. Prifti, F. Hildebrand, G. Falony, M. Almeida, M. 

Arumugam, J.M. Batto, S. Kennedy, P. Leonard, J. Li, K. Burgdorf, N. Grarup, T. Jorgensen, 

I. Brandslund, H.B. Nielsen, A.S. Juncker, M. Bertalan, F. Levenez, N. Pons, S. Rasmussen, 

S. Sunagawa, J. Tap, S. Tims, E.G. Zoetendal, S. Brunak, K. Clement, J. Dore, M. 

Kleerebezem, K. Kristiansen, P. Renault, T. Sicheritz-Ponten, W.M. de Vos, J.D. Zucker, J. 

Raes, T. Hansen, P. Bork, J. Wang, S.D. Ehrlich, O. Pedersen, Richness of human gut 

microbiome correlates with metabolic markers, Nature 500(7464) (2013) 541-6. 

[12] R.E. Ley, P.J. Turnbaugh, S. Klein, J.I. Gordon, Microbial ecology: human gut microbes 

associated with obesity, Nature 444(7122) (2006) 1022-3. 

[13] C.T. Brown, A.G. Davis-Richardson, A. Giongo, K.A. Gano, D.B. Crabb, N. Mukherjee, 

G. Casella, J.C. Drew, J. Ilonen, M. Knip, H. Hyoty, R. Veijola, T. Simell, O. Simell, J. Neu, 

C.H. Wasserfall, D. Schatz, M.A. Atkinson, E.W. Triplett, Gut microbiome metagenomics 

analysis suggests a functional model for the development of autoimmunity for type 1 diabetes, 

PloS one 6(10) (2011) e25792. 

[14] M.A. Kriegel, E. Sefik, J.A. Hill, H.J. Wu, C. Benoist, D. Mathis, Naturally transmitted 

segmented filamentous bacteria segregate with diabetes protection in nonobese diabetic mice, 

Proc Natl Acad Sci U S A 108(28) (2011) 11548-53. 

[15] J. Qin, Y. Li, Z. Cai, S. Li, J. Zhu, F. Zhang, S. Liang, W. Zhang, Y. Guan, D. Shen, Y. 

Peng, D. Zhang, Z. Jie, W. Wu, Y. Qin, W. Xue, J. Li, L. Han, D. Lu, P. Wu, Y. Dai, X. Sun, 

ACCEPTED M
ANUSCRIP

T



17 
 

Z. Li, A. Tang, S. Zhong, X. Li, W. Chen, R. Xu, M. Wang, Q. Feng, M. Gong, J. Yu, Y. 

Zhang, M. Zhang, T. Hansen, G. Sanchez, J. Raes, G. Falony, S. Okuda, M. Almeida, E. 

LeChatelier, P. Renault, N. Pons, J.M. Batto, Z. Zhang, H. Chen, R. Yang, W. Zheng, H. Yang, 

J. Wang, S.D. Ehrlich, R. Nielsen, O. Pedersen, K. Kristiansen, A metagenome-wide 

association study of gut microbiota in type 2 diabetes, Nature 490(7418) (2012) 55-60. 

[16] D.N. Frank, A.L. St Amand, R.A. Feldman, E.C. Boedeker, N. Harpaz, N.R. Pace, 

Molecular-phylogenetic characterization of microbial community imbalances in human 

inflammatory bowel diseases, Proc Natl Acad Sci U S A 104(34) (2007) 13780-5. 

[17] N. Qin, F. Yang, A. Li, E. Prifti, Y. Chen, L. Shao, J. Guo, E. Le Chatelier, J. Yao, L. Wu, 

J. Zhou, S. Ni, L. Liu, N. Pons, J.M. Batto, S.P. Kennedy, P. Leonard, C. Yuan, W. Ding, X. 

Hu, B. Zheng, G. Qian, W. Xu, S.D. Ehrlich, S. Zheng, L. Li, Alterations of the human gut 

microbiome in liver cirrhosis, Nature 513(7516) (2014) 59-64. 

[18] Z. Wang, E. Klipfell, B.J. Bennett, R. Koeth, B.S. Levison, B. Dugar, A.E. Feldstein, E.B. 

Britt, X. Fu, Y.M. Chung, Y. Wu, P. Schauer, J.D. Smith, H. Allayee, W.H. Tang, J.A. 

DiDonato, A.J. Lusis, S.L. Hazen, Gut flora metabolism of phosphatidylcholine promotes 

cardiovascular disease, Nature 472(7341) (2011) 57-63. 

[19] L. Zitvogel, L. Galluzzi, S. Viaud, M. Vetizou, R. Daillere, M. Merad, G. Kroemer, Cancer 

and the gut microbiota: an unexpected link, Sci Transl Med 7(271) (2015) 271ps1. 

[20] E.E. Noble, T.M. Hsu, S.E. Kanoski, Gut to brain dysbiosis: mechanisms linking western 

diet consumption, the microbiome, and cognitive impairment, Front Behav Neurosci 11 (2017) 

9. 

[21] E.G. Severance, E. Prandovszky, J. Castiglione, R.H. Yolken, Gastroenterology issues in 

schizophrenia: why the gut matters, Curr Psychiatry Rep 17(5) (2015) 27. 

[22] M. De Angelis, R. Francavilla, M. Piccolo, A. De Giacomo, M. Gobbetti, Autism spectrum 

disorders and intestinal microbiota, Gut Microbes 6(3) (2015) 207-13. 

[23] C. Barrios, M. Beaumont, T. Pallister, J. Villar, J.K. Goodrich, A. Clark, J. Pascual, R.E. 

Ley, T.D. Spector, J.T. Bell, C. Menni, Gut-microbiota-metabolite axis in early renal function 

decline, PloS one 10(8) (2015) e0134311. 

[24] A.F. Barros, N.A. Borges, D.C. Ferreira, F.L. Carmo, A.S. Rosado, D. Fouque, D. Mafra, 

Is there interaction between gut microbial profile and cardiovascular risk in chronic kidney 

disease patients?, Future Microbiol 10(4) (2015) 517-26. 

[25] M. De Angelis, E. Montemurno, M. Piccolo, L. Vannini, G. Lauriero, V. Maranzano, G. 

Gozzi, D. Serrazanetti, G. Dalfino, M. Gobbetti, L. Gesualdo, Microbiota and metabolome 

associated with immunoglobulin A nephropathy (IgAN), PloS one 9(6) (2014) e99006. 

ACCEPTED M
ANUSCRIP

T



18 
 

[26] M. Hida, Y. Aiba, S. Sawamura, N. Suzuki, T. Satoh, Y. Koga, Inhibition of the 

accumulation of uremic toxins in the blood and their precursors in the feces after oral 

administration of Lebenin, a lactic acid bacteria preparation, to uremic patients undergoing 

hemodialysis, Nephron 74(2) (1996) 349-55. 

[27] N. Ranganathan, E.A. Friedman, P. Tam, V. Rao, P. Ranganathan, R. Dheer, Probiotic 

dietary supplementation in patients with stage 3 and 4 chronic kidney disease: a 6-month pilot 

scale trial in Canada, Curr Med Res Opin 25(8) (2009) 1919-30. 

[28] N.D. Vaziri, J. Wong, M. Pahl, Y.M. Piceno, J. Yuan, T.Z. DeSantis, Z. Ni, T.H. Nguyen, 

G.L. Andersen, Chronic kidney disease alters intestinal microbial flora, Kidney Int 83(2) 

(2013) 308-15. 

[29] F. Wang, H. Jiang, K. Shi, Y. Ren, P. Zhang, S. Cheng, Gut bacterial translocation is 

associated with microinflammation in end-stage renal disease patients, Nephrology (Carlton) 

17(8) (2012) 733-8. 

[30] F. Wang, P. Zhang, H. Jiang, S. Cheng, Gut bacterial translocation contributes to 

microinflammation in experimental uremia, Dig Dis Sci 57(11) (2012) 2856-62. 

[31] B. Sampaio-Maia, L. Simões-Silva, M. Pestana, R. Araujo, I.J. Soares-Silva, The role of 

the gut microbiome on chronic kidney disease, Adv Appl Microbiol 96 (2016) 65-94. 

[32] C. Jernberg, S. Löfmark, C. Edlund, J. Jansson, Long-term ecological impacts of antibiotic 

administration on the human intestinal microbiota, ISME J 1(1) (2007) 56-66. 

[33] G. Zaza, A. Dalla Gassa, G. Felis, S. Granata, S. Torriani, A. Lupo, Impact of maintenance 

immunosuppressive therapy on the fecal microbiome of renal transplant recipients: comparison 

between an everolimus- and a standard tacrolimus-based regimen, PLoS One 12(5) (2017) 

e0178228. 

[34] A. Nellore, J.A. Fishman, The microbiome, systemic immune function, and 

allotransplantation, Clin Microbiol Rev 29(1) (2016) 191-9. 

[35] H. Anders, K. Andersen, B. Stecher, The intestinal microbiota, a leaky gut, and abnormal 

immunity in kidney disease, Kidney Int 83(6) (2013) 1010-1016. 

[36] J. Daugirdas, B. PG, I. TS, Physiology of peritoneal dialysis, in: L.W. Wilkins (Ed.), 

Handbook of dialysis2006. 

[37] A.S. Levey, J. Coresh, Chronic kidney disease, Lancet 379(9811) (2012) 165-80. 

[38] L.J. Smyth, S. Duffy, A.P. Maxwell, A.J. McKnight, Genetic and epigenetic factors 

influencing chronic kidney disease, Am J Physiol Renal Physiol 307(7) (2014) F757-76. 

ACCEPTED M
ANUSCRIP

T



19 
 

[39] A. Witasp, A.H. Van Craenenbroeck, P.G. Shiels, T.J. Ekstrom, P. Stenvinkel, L. 

Nordfors, Current epigenetic aspects the clinical kidney researcher should embrace, Clin Sci 

(Lond) 131(14) (2017) 1649-1667. 

[40] S.S. Beladi Mousavi, F. Hayati, E. Valavi, F. Rekabi, M.B. Mousavi, Comparison of 

survival in patients with end-stage renal disease receiving hemodialysis versus peritoneal 

dialysis, Saudi J Kidney Dis Transpl 26(2) (2015) 392-7. 

[41] J.P. Teixeira, S.A. Combs, I. Teitelbaum, Peritoneal dialysis: update on patient survival, 

Clin Nephrol 83(1) (2015) 1-10. 

[42] Clinical practice guidelines for nutrition in chronic renal failure. K/DOQI, National 

Kidney Foundation, Am J Kidney Dis 35(6 Suppl 2) (2000) S1-140. 

[43] T.A. Ikizler, N.J. Cano, H. Franch, D. Fouque, J. Himmelfarb, K. Kalantar-Zadeh, M.K. 

Kuhlmann, P. Stenvinkel, P. TerWee, D. Teta, A.Y. Wang, C. Wanner, N. International Society 

of Renal, Metabolism, Prevention and treatment of protein energy wasting in chronic kidney 

disease patients: a consensus statement by the International Society of Renal Nutrition and 

Metabolism, Kidney Int 84(6) (2013) 1096-107. 

[44] K. Kalantar-Zadeh, D. Fouque, Nutritional Management of Chronic Kidney Disease, N 

Engl J Med 377(18) (2017) 1765-1776. 

[45] P.K. Li, K.M. Chow, Infectious complications in dialysis--epidemiology and outcomes, 

Nat Rev Nephrol 8(2) (2011) 77-88. 

[46] G. Vascular Access Work, Clinical practice guidelines for vascular access, Am J Kidney 

Dis 48 Suppl 1 (2006) S176-247. 

[47] M. Allon, Dialysis catheter-related bacteremia: treatment and prophylaxis, Am J Kidney 

Dis 44(5) (2004) 779-91. 

[48] S.J. Vandecasteele, J.R. Boelaert, A.S. De Vriese, Staphylococcus aureus infections in 

hemodialysis: what a nephrologist should know, Clin J Am Soc Nephrol 4(8) (2009) 1388-400. 

[49] S.A. Zelenitsky, J. Howarth, P. Lagace-Wiens, C. Sathianathan, R. Ariano, C. Davis, M. 

Verrelli, Microbiological trends and antimicrobial resistance in peritoneal dialysis-related 

peritonitis, 2005 to 2014, Perit Dial Int  (2016). 

[50] D. Mitchell, Z. Krishnasami, M. Allon, Catheter-related bacteraemia in haemodialysis 

patients with HIV infection, Nephrol Dial Transplant 21(11) (2006) 3185-8. 

[51] D. Sychev, I.D. Maya, M. Allon, Clinical management of dialysis catheter-related 

bacteremia with concurrent exit-site infection, Semin Dial 24(2) (2011) 239-41. 

ACCEPTED M
ANUSCRIP

T



20 
 

[52] L.S. Dalrymple, K.L. Johansen, G.M. Chertow, S.C. Cheng, B. Grimes, E.B. Gold, G.A. 

Kaysen, Infection-related hospitalizations in older patients with ESRD, Am J Kidney Dis 56(3) 

(2010) 522-30. 

[53] K. Chaudhary, Peritoneal dialysis drop-out: causes and prevention strategies, Int J Nephrol 

2011 (2011) 434608. 

[54] J.R. Ghali, K.M. Bannister, F.G. Brown, J.B. Rosman, K.J. Wiggins, D.W. Johnson, S.P. 

McDonald, Microbiology and outcomes of peritonitis in Australian peritoneal dialysis patients, 

Perit Dial Int 31(6) (2011) 651-62. 

[55] S. Mujais, Microbiology and outcomes of peritonitis in North America, Kidney Int Suppl 

(103) (2006) S55-62. 

[56] B. Persy, M. Ieven, Four-year analysis of microbial aetiology and antimicrobial sensitivity 

patterns of peritoneal-dialysis related peritonitis in a tertiary care facility, Acta Clin Belg 68(1) 

(2013) 48-53. 

[57] S. van Esch, R.T. Krediet, D.G. Struijk, 32 years' experience of peritoneal dialysis-related 

peritonitis in a university hospital, Perit Dial Int 34(2) (2014) 162-70. 

[58] A. Scalamogna, C. Castelnovo, A. De Vecchi, C. Ponticelli, Exit-site and tunnel infections 

in continuous ambulatory peritoneal dialysis patients, Am J Kidney Dis 18(6) (1991) 674-7. 

[59] J.S. Alwakeel, A. Alsuwaida, A. Askar, N. Memon, S. Usama, M. Alghonaim, N.A. Feraz, 

I.H. Shah, H. Wilson, Outcome and complications in peritoneal dialysis patients: a five-year 

single center experience, Saudi J Kidney Dis Transpl 22(2) (2011) 245-51. 

[60] L. Uttley, A. Vardhan, S. Mahajan, B. Smart, A. Hutchison, R. Gokal, Decrease in 

infections with the introduction of mupirocin cream at the peritoneal dialysis catheter exit site, 

J Nephrol 17 (2004) 242-245. 

[61] C. Freitas, A. Rodrigues, M. Carvalho, A. Cabrita, Exit site infections: systematic 

microbiologic and quality control are needed, Adv Perit Dial 25 (2009) 26-31. 

[62] K.A. Barraclough, C.M. Hawley, E.G. Playford, D.W. Johnson, Prevention of access-

related infection in dialysis, Expert Rev Anti Infect Ther 7(10) (2009) 1185-200. 

[63] A.J. Bint, R.G. Finch, R. Gokal, H.J. Goldsmith, B. Junor, D. Oliver, Diagnosis and 

management of peritonitis in continuous ambulatory peritoneal dialysis. Report of a working 

party of the British Society for Antimicrobial Chemotherapy, Lancet 1(8537) (1987) 845-9. 

[64] T.A. Golper, M.E. Brier, M. Bunke, M.J. Schreiber, D.K. Bartlett, R.W. Hamilton, F. 

Strife, R.J. Hamburger, Risk factors for peritonitis in long-term peritoneal dialysis: the 

Network 9 peritonitis and catheter survival studies. Academic Subcommittee of the Steering 

ACCEPTED M
ANUSCRIP

T



21 
 

Committee of the Network 9 Peritonitis and Catheter Survival Studies, Am J Kidney Dis 28(3) 

(1996) 428-36. 

[65] M. Dasgupta, K. Kowalewska-Grochowska, M. Larabie, J. Costerton, Catheter biofilms 

and recurrent CAPD peritonitis, Adv Perit Dial 7 (1991) 165-168. 

[66] M. Dasgupta, M. Larabie, Biofilms in peritoneal dialysis, Perit Dial Int 21 Suppl 3 (2001) 

S213-S217. 

[67] M. Martins, A. Rodrigues, J.M. Pedrosa, M.J. Carvalho, A. Cabrita, R. Oliveira, Update 

on the challenging role of biofilms in peritoneal dialysis, Biofouling 29(8) (2013) 1015-27. 

[68] B. Gupta, J. Bernardini, B. Piraino, Peritonitis associated with exit site and tunnel 

infections, Am J Kidney Dis 28(3) (1996) 415-9. 

[69] C.C. Szeto, K.M. Chow, B.C. Kwan, M.C. Law, K.Y. Chung, S. Yu, C.B. Leung, P.K. Li, 

Staphylococcus aureus peritonitis complicates peritoneal dialysis: review of 245 consecutive 

cases, Clin J Am Soc Nephrol 2(2) (2007) 245-51. 

[70] A.T. van Diepen, G.A. Tomlinson, S.V. Jassal, The association between exit site infection 

and subsequent peritonitis among peritoneal dialysis patients, Clin J Am Soc Nephrol 7(8) 

(2012) 1266-71. 

[71] J. Burkart, Microbiology and therapy of peritonitis in continuous peritoneal dialysis, in: 

S. Schwab, T.A. Golper (Eds.), UpToDate2014. 

[72] J.J. Gilbreath, C. Semino-Mora, C.J. Friedline, H. Liu, K.L. Bodi, T.J. McAvoy, J. Francis, 

C. Nieroda, A. Sardi, A. Dubois, D.W. Lazinski, A. Camilli, T.L. Testerman, D.S. Merrell, A 

core microbiome associated with the peritoneal tumors of pseudomyxoma peritonei, Orphanet 

J Rare Dis 8 (2013) 105. 

[73] M. Gomila, J. Gasco, A. Busquets, J. Gil, R. Bernabeu, J.M. Buades, J. Lalucat, 

Identification of culturable bacteria present in haemodialysis water and fluid, FEMS Microbiol 

Ecol 52(1) (2005) 101-14. 

[74] R. Schindler, W. Beck, R. Deppisch, M. Aussieker, A. Wilde, H. Gohl, U. Frei, Short 

bacterial DNA fragments: detection in dialysate and induction of cytokines, J Am Soc Nephrol 

15(12) (2004) 3207-14. 

[75] C.C. Szeto, K.B. Lai, B.C. Kwan, K.M. Chow, C.B. Leung, M.C. Law, V. Yu, P.K. Li, 

Bacteria-derived DNA fragment in peritoneal dialysis effluent as a predictor of relapsing 

peritonitis, Clin J Am Soc Nephrol 8(11) (2013) 1935-41. 

[76] B. Haslinger-Loffler, B. Wagner, M. Bruck, K. Strangfeld, M. Grundmeier, U. Fischer, 

W. Volker, G. Peters, K. Schulze-Osthoff, B. Sinha, Staphylococcus aureus induces caspase-

ACCEPTED M
ANUSCRIP

T



22 
 

independent cell death in human peritoneal mesothelial cells, Kidney Int 70(6) (2006) 1089-

98. 

[77] C.E. Visser, J.J. Brouwer-Steenbergen, I.L. Schadee-Eestermans, S. Meijer, R.T. Krediet, 

R.H. Beelen, Ingestion of Staphylococcus aureus, Staphylococcus epidermidis, and 

Escherichia coli by human peritoneal mesothelial cells, Infect Immun 64(8) (1996) 3425-8. 

[78] M. Potgieter, J. Bester, D.B. Kell, E. Pretorius, The dormant blood microbiome in chronic, 

inflammatory diseases, FEMS Microbiol Rev 39(4) (2015) 567-91. 

[79] C. Damgaard, K. Magnussen, C. Enevold, M. Nilsson, T. Tolker-Nielsen, P. Holmstrup, 

C.H. Nielsen, Viable bacteria associated with red blood cells and plasma in freshly drawn blood 

donations, PLoS One 10(3) (2015) e0120826. 

[80] R.W. McLaughlin, H. Vali, P.C. Lau, R.G. Palfree, A. De Ciccio, M. Sirois, D. Ahmad, 

R. Villemur, M. Desrosiers, E.C. Chan, Are there naturally occurring pleomorphic bacteria in 

the blood of healthy humans?, J Clin Microbiol 40(12) (2002) 4771-5. 

[81] S. Nikkari, I.J. McLaughlin, W. Bi, D.E. Dodge, D.A. Relman, Does blood of healthy 

subjects contain bacterial ribosomal DNA?, J Clin Microbiol 39(5) (2001) 1956-9. 

[82] S. Paisse, C. Valle, F. Servant, M. Courtney, R. Burcelin, J. Amar, B. Lelouvier, 

Comprehensive description of blood microbiome from healthy donors assessed by 16S targeted 

metagenomic sequencing, Transfusion 56(5) (2016) 1138-47. 

[83] C.Y. Sun, S.C. Chang, M.S. Wu, Uremic toxins induce kidney fibrosis by activating 

intrarenal renin-angiotensin-aldosterone system associated epithelial-to-mesenchymal 

transition, PloS one 7(3) (2012) e34026. 

[84] M.R. Wing, S.S. Patel, A. Ramezani, D.S. Raj, Gut microbiome in chronic kidney disease, 

Exp Physiol  (2015). 

[85] T.W. Meyer, T.H. Hostetter, The pathophysiology of uremia, in: Brenner&Rector's (Ed.), 

The Kidney, Elsevier Saunders2012, pp. 2000-2020. 

[86] W.H.W. Tang, Z.N. Wang, D.J. Kennedy, Y.P. Wu, J.A. Buffa, B. Agatisa-Boyle, X.M.S. 

Li, B.S. Levison, S.L. Hazen, Gut microbiota-dependent trimethylamine N-oxide (TMAO) 

pathway contributes to both development of renal insufficiency and mortality risk in chronic 

kidney disease, Circ Res 116(3) (2015) 448-455. 

[87] S. Kato, M. Chmielewski, H. Honda, R. Pecoits-Filho, S. Matsuo, Y. Yuzawa, A. 

Tranaeus, P. Stenvinkel, B. Lindholm, Aspects of immune dysfunction in end-stage renal 

disease, Clin J Am Soc Nephrol 3(5) (2008) 1526-33. 

ACCEPTED M
ANUSCRIP

T



23 
 

[88] N.D. Vaziri, N. Goshtasbi, J. Yuan, S. Jellbauer, H. Moradi, M. Raffatellu, K. Kalantar-

Zadeh, Uremic plasma impairs barrier function and depletes the tight junction protein 

constituents of intestinal epithelium, Am J Nephrol 36(5) (2012) 438-43. 

[89] N.D. Vaziri, J. Yuan, M. Khazaeli, Y. Masuda, H. Ichii, S. Liu, Oral activated charcoal 

adsorbent (AST-120) ameliorates chronic kidney disease-induced intestinal epithelial barrier 

disruption, Am J Nephrol 37(6) (2013) 518-25. 

[90] N.D. Vaziri, J. Yuan, S. Nazertehrani, Z. Ni, S. Liu, Chronic kidney disease causes 

disruption of gastric and small intestinal epithelial tight junction, Am J Nephrol 38(2) (2013) 

99-103. 

[91] N.D. Vaziri, J. Yuan, K. Norris, Role of urea in intestinal barrier dysfunction and 

disruption of epithelial tight junction in chronic kidney disease, Am J Nephrol 37(1) (2013) 1-

6. 

[92] N.D. Vaziri, J. Yuan, A. Rahimi, Z. Ni, H. Said, V.S. Subramanian, Disintegration of 

colonic epithelial tight junction in uremia: a likely cause of CKD-associated inflammation, 

Nephrol Dial Transplant 27(7) (2012) 2686-93. 

[93] M. Magnusson, K.E. Magnusson, T. Sundqvist, T. Denneberg, Increased intestinal 

permeability to differently sized polyethylene glycols in uremic rats: effects of low- and high-

protein diets, Nephron 56(3) (1990) 306-11. 

[94] M. Magnusson, K.E. Magnusson, T. Sundqvist, T. Denneberg, Impaired intestinal barrier 

function measured by differently sized polyethylene glycols in patients with chronic renal 

failure, Gut 32(7) (1991) 754-9. 

[95] J. Crespo-Salgado, V.M. Vehaskari, T. Stewart, M. Ferris, Q. Zhang, G. Wang, E.E. 

Blanchard, C.M. Taylor, M. Kallash, L.A. Greenbaum, D.H. Aviles, Intestinal microbiota in 

pediatric patients with end stage renal disease: a midwest pediatric nephrology consortium 

study, Microbiome 4(1) (2016) 50. 

[96] L. Nazzal, J. Roberts, P. Singh, S. Jhawar, A. Matalon, Z. Gao, R. Holzman, L. Liebes, 

M.J. Blaser, J. Lowenstein, Microbiome perturbation by oral vancomycin reduces plasma 

concentration of two gut-derived uremic solutes, indoxyl sulfate and p-cresyl sulfate, in end-

stage renal disease, Nephrol Dial Transplant  (2017). 

[97] M. Bossola, M. Sanguinetti, D. Scribano, C. Zuppi, S. Giungi, G. Luciani, R. Torelli, B. 

Posteraro, G. Fadda, L. Tazza, Circulating bacterial-derived DNA fragments and markers of 

inflammation in chronic hemodialysis patients, Clin J Am Soc Nephrol 4(2) (2009) 379-85. 

ACCEPTED M
ANUSCRIP

T



24 
 

[98] K. Shi, F. Wang, H. Jiang, H. Liu, M. Wei, Z. Wang, L. Xie, Gut bacterial translocation 

may aggravate microinflammation in hemodialysis patients, Dig Dis Sci 59(9) (2014) 2109-

17. 

[99] S. Cazzavillan, R. Ratanarat, C. Segala, V. Corradi, M. de Cal, D. Cruz, C. Ocampo, N. 

Polanco, M. Rassu, N. Levin, C. Ronco, Inflammation and subclinical infection in chronic 

kidney disease: a molecular approach, Blood Purif 25(1) (2007) 69-76. 

[100] T. Pourchez, P. Moriniere, A. Fournier, J. Pietri, Use of Permcath (Quinton) catheter in 

uremic patients in whom the creation of conventional vascular access for hemodialysis is 

difficult, Nephron 53 (1989) 297–302. 

[101] B.C. Kwan, K.M. Chow, T.K. Ma, P.M. Cheng, C.B. Leung, P.K. Li, C.C. Szeto, Effect 

of using ultrapure dialysate for hemodialysis on the level of circulating bacterial fragment in 

renal failure patients, Nephron Clin Pract 123(3-4) (2013) 246-53. 

[102] M.V. Araujo, B.Y. Hong, P.L. Fava, S. Khan, J.A. Burleson, G. Fares, W. Samson, L.D. 

Strausbaugh, P.I. Diaz, E. Ioannidou, End stage renal disease as a modifier of the periodontal 

microbiome, BMC Nephrol 16 (2015) 80. 

[103] A.V. Kshirsagar, R.G. Craig, K.L. Moss, J.D. Beck, S. Offenbacher, P. Kotanko, P.J. 

Klemmer, M. Yoshino, N.W. Levin, J.K. Yip, K. Almas, E.M. Lupovici, L.A. Usvyat, R.J. 

Falk, Periodontal disease adversely affects the survival of patients with end-stage renal disease, 

Kidney Int 75(7) (2009) 746-51. 

[104] O. Koren, A. Spor, J. Felin, F. Fak, J. Stombaugh, V. Tremaroli, C.J. Behre, R. Knight, 

B. Fagerberg, R.E. Ley, F. Backhed, Human oral, gut, and plaque microbiota in patients with 

atherosclerosis, Proc Natl Acad Sci U S A 108 Suppl 1 (2011) 4592-8. 

[105] B. Sampaio-Maia, I.M. Caldas, M.L. Pereira, D. Perez-Mongiovi, R. Araujo, The Oral 

Microbiome in Health and Its Implication in Oral and Systemic Diseases, Adv Appl Microbiol 

97 (2016) 171-210. 

[106] M.F. Zarco, T.J. Vess, G.S. Ginsburg, The oral microbiome in health and disease and the 

potential impact on personalized dental medicine, Oral Dis 18(2) (2012) 109-20. 

[107] A. Mosca, M. Leclerc, J.P. Hugot, Gut microbiota diversity and human diseases: should 

we reintroduce key predators in our ecosystem?, Front Microbiol 7 (2016) 455. 

[108] V.E. McMurtry, R.W. Gupta, L. Tran, E.E.t. Blanchard, D. Penn, C.M. Taylor, M.J. 

Ferris, Bacterial diversity and Clostridia abundance decrease with increasing severity of 

necrotizing enterocolitis, Microbiome 3 (2015) 11. 

[109] K. Matsuoka, T. Kanai, The gut microbiota and inflammatory bowel disease, Semin 

Immunopathol 37(1) (2015) 47-55. 

ACCEPTED M
ANUSCRIP

T



25 
 

[110] J. Ahn, R. Sinha, Z. Pei, C. Dominianni, J. Wu, J. Shi, J.J. Goedert, R.B. Hayes, L. Yang, 

Human gut microbiome and risk for colorectal cancer, J Natl Cancer Inst 105(24) (2013) 1907-

11. 

[111] C.C. Szeto, V.C. Chow, K.M. Chow, R.W. Lai, K.Y. Chung, C.B. Leung, B.C. Kwan, 

P.K. Li, Enterobacteriaceae peritonitis complicating peritoneal dialysis: a review of 210 

consecutive cases, Kidney Int 69(7) (2006) 1245-52. 

[112] I.K. Wang, H.C. Lai, C.J. Yu, C.C. Liang, C.T. Chang, H.L. Kuo, Y.F. Yang, C.C. Lin, 

H.H. Lin, Y.L. Liu, Y.C. Chang, Y.Y. Wu, C.H. Chen, C.Y. Li, F.R. Chuang, C.C. Huang, 

C.H. Lin, H.C. Lin, Real-time PCR analysis of the intestinal microbiotas in peritoneal dialysis 

patients, Appl Environ Microbiol 78(4) (2012) 1107-12. 

[113] M. Haarman, J. Knol, Quantitative real-time PCR analysis of fecal Lactobacillus species 

in infants receiving a prebiotic infant formula, Appl Environ Microbiol 72(4) (2006) 2359-65. 

[114] J.H. Cummings, G.T. Macfarlane, Gastrointestinal effects of prebiotics, Br J Nutr 87 

Suppl 2 (2002) S145-51. 

[115] E.M. Quigley, The enteric microbiota in the pathogenesis and management of 

constipation, Best Pract Res Clin Gastroenterol 25(1) (2011) 119-26. 

[116] P.H. Juergensen, F.O. Finkelstein, R. Brennan, S. Santacroce, M.J. Ahern, Pseudomonas 

peritonitis associated with continuous ambulatory peritoneal dialysis: a six-year study, Am J 

Kidney Dis 11(5) (1988) 413-7. 

[117] B. Siva, C.M. Hawley, S.P. McDonald, F.G. Brown, J.B. Rosman, K.J. Wiggins, K.M. 

Bannister, D.W. Johnson, Pseudomonas peritonitis in Australia: predictors, treatment, and 

outcomes in 191 cases, Clin J Am Soc Nephrol 4(5) (2009) 957-64. 

[118] C.C. Szeto, K.M. Chow, C.B. Leung, T.Y. Wong, A.K. Wu, A.Y. Wang, S.F. Lui, P.K. 

Li, Clinical course of peritonitis due to Pseudomonas species complicating peritoneal dialysis: 

a review of 104 cases, Kidney Int 59(6) (2001) 2309-15. 

[119] X. Li, K.M. Kolltveit, L. Tronstad, I. Olsen, Systemic diseases caused by oral infection, 

Clin Microbiol Rev 13(4) (2000) 547-58. 

[120] F.K. Bahrani-Mougeot, B.J. Paster, S. Coleman, J. Ashar, S. Barbuto, P.B. Lockhart, 

Diverse and novel oral bacterial species in blood following dental procedures, J Clin Microbiol 

46(6) (2008) 2129-32. 

[121] L. Simões-Silva, S. Silva, C. Santos-Araujo, J. Sousa, M. Pestana, R. Araujo, I.J. Soares-

Silva, B. Sampaio-Maia, Oral yeast colonization and fungal infections in Peritoneal Dialysis 

patients: a pilot study, Can J Infect Dis Med Microbiol.   In press. 

ACCEPTED M
ANUSCRIP

T



26 
 

[122] L. Simões-Silva, I. Correia, J. Barbosa, C. Santos-Araujo, M.J. Sousa, M. Pestana, I. 

Soares-Silva, B. Sampaio-Maia, Asymptomatic effluent protozoa colonization in peritoneal 

dialysis patients, Perit Dial Int 36(5) (2016) 566-9. 

[123] K. Aagaard, J. Ma, K.M. Antony, R. Ganu, J. Petrosino, J. Versalovic, The placenta 

harbors a unique microbiome, Sci Transl Med 6(237) (2014) 237ra65. 

[124] T.J. Hieken, J. Chen, T.L. Hoskin, M. Walther-Antonio, S. Johnson, S. Ramaker, J. Xiao, 

D.C. Radisky, K.L. Knutson, K.R. Kalari, J.Z. Yao, L.M. Baddour, N. Chia, A.C. Degnim, The 

Microbiome of Aseptically Collected Human Breast Tissue in Benign and Malignant Disease, 

Sci Rep 6 (2016) 30751. 

[125] W. Lau, K. Kalantar-Zadeh, N. Vaziri, The gut as a source of inflammation in chronic 

kidney disease, Nephron 130(2) (2015) 92-98. 

[126] B. Meijers, D.P. V., V. K., V. Y., E. P., p-Cresyl sulfate serum concentrations in 

haemodialysis patients are reduced by the prebiotic oligofructose-enriched inulin., Nephrol 

Dial Transplant 25(1) (2010) 219-224. 

[127] S. Tachon, J. Zhou, M. Keenan, R. Martin, M.L. Marco, The intestinal microbiota in 

aged mice is modulated by dietary resistant starch and correlated with improvements in host 

responses, FEMS Microbiol Ecol 83(2) (2013) 299-309. 

[128] N. Vaziri, S. Liu, W. Lau, M. Khazaeli, S. Nazertehrani, S. Farzaneh, D. Kieffer, S. 

Adams, R. Martin, High amylose resistant starch diet ameliorates oxidative stress, 

inflammation, and progression of chronic kidney disease, PLoS One 9(12) (2014) e114881. 

[129] L. Chiavaroli, A. Mirrahimi, J.L. Sievenpiper, D.J. Jenkins, P.B. Darling, Dietary fiber 

effects in chronic kidney disease: a systematic review and meta-analysis of controlled feeding 

trials, Eur J Clin Nutr 69(7) (2015) 761-8. 

[130] M. Simenhoff, S. Dunn, G. Zollner, M. Fitzpatrick, S. Emery, W. Sandine, J. Ayres, 

Biomodulation of the toxic and nutritional effects of small bowel bacterial overgrowth in end-

stage kidney disease using freeze-dried Lactobacillus acidophilus., Miner Electrolyte Metab 

22(1-3) (1996) 92-96. 

[131] N. Ranganathan, P. Ranganathan, E. Friedman, A. Joseph, B. Delano, D. Goldfarb, P. 

Tam, A. Rao, E. Anteyi, C. Musso, Pilot study of probiotic dietary supplementation for 

promoting healthy kidney function in patients with chronic kidney disease., Adv Ther 27(9) 

(2010) 634-647. 

[132] M. Rossi, D. Johnson, M. Morrison, E. Pascoe, J. Coombes, J. Forbes, C. Szeto, B. 

McWhinney, J. Ungerer, K. Campbell, Synbiotics easing renal failure by improving gut 

microbiology (SYNERGY): a randomized trial, Clin J Am Soc Nephrol 11 (2016) 223–231. 

ACCEPTED M
ANUSCRIP

T



27 
 

[133] P. Konturek, J. Koziel, W. Dieterich, D. Haziri, S. Wirtz, I. Glowczyk, K. Konturek, M. 

Neurath, Y. Zopf, Successful therapy of Clostridium difficile infection with fecal microbiota 

transplantation, J Physiol Pharmacol 67(6) (2016) 859-866. 

[134] H. Ueda, N. Shibahara, S. Takagi, T. Inoue, Y. Katsuoka, AST-120, an oral adsorbent, 

delays the initiation of dialysis in patients with chronic kidney diseases, Ther Apher Dial 11 

(2007) 189–195. 

[135] J.F. Navarro-Gonzalez, C. Mora-Fernandez, M. Muros de Fuentes, J. Donate-Correa, V. 

Cazana-Perez, J. Garcia-Perez, Effect of phosphate binders on serum inflammatory profile, 

soluble CD14, and endotoxin levels in hemodialysis patients, Clin J Am Soc Nephrol 6(9) 

(2011) 2272-9. 

[136] J.L. Sonnenburg, Microbiome engineering, Nature 518(7540) (2015) S10. 

  

ACCEPTED M
ANUSCRIP

T



28 
 

Table 

 

Table 1: Dietary intake recommendations for CKD patients, with and without dialysis therapy 

[42, 44]. 

  Non-dialysis patientsa HD PD 

Proteinb  
0.60-0.8 g/kg/d 

 (Low-protein diet) 
    >1.2 g/kg/d 1.2 – 1.3 g/kg/d 

Energy 
 

 

35 kcal/kg/d (<60 years old)c 

30 – 35 kcal/kg/d (≥60 years old)c 

Mineral 

Sodium 80-100 mmol/d 

Phosphorus 800-1000 mg and binders if elevated 

Potassium < 1 mmol/kg if elevated 
Not usually  

an issue 
a GFR <30 ml/min/ 1.73 m,2b at least 50% of high biological value; c PD - including kcal from 

dialysate.  
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