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RESUM 

Introducció 

Els microbiomes intestinal, en sang i urinari poden patir alteracions (degut a 

l’acumulació de toxines urèmiques, les restriccions dietètiques, o els tractaments 

farmacològics, entre d’altres) a pacients amb malaltia renal crònica (MRC). Aquest 

fet pot contribuir a la inflamació crònica d’aquests pacients, incrementant el seu risc 

cardiovascular i la mortalitat, especialment en aquells pacients en hemodiàlisi (HD) 

i en diàlisi peritoneal (DP). La calcificació vascular (CV) és una condició freqüent a 

la MRC i un factor de risc ben establert pel desenvolupament de malaltia 

cardiovascular, pel que la seva òptima estimació a pacients amb MRC podria ser 

molt valuosa.  

Objectius 

L’objectiu principal fou avaluar el microbioma humà a pacients amb MRC en teràpia 

renal substitutiva (HD o DP). Concretament caracteritzar el microbioma intestinal a 

HD, els microbiomes intestinal, en sang i urinari a DP. També avaluar la relació 

entre el microbioma intestinal i el tractament amb quelants del fòsfor a pacients en 

HD, així com avaluar la relació entre els microbiomes intestinal i en sang amb CV i 

risc de mortalitat a pacients en DP.  

Pacients i Mètodes 

Per a l’elaboració de la present tesi doctoral, vam realitzar estudis a dues 

poblacions diferents de pacients amb MRC: 

- Pacients amb MRC en HD: El microbioma intestinal de 12 pacients en HD 

fou analitzat i es van descriure els canvis comparant 2 grups de pacients 

segons la pressa d’acetat càlcic (AC) o sucroferric oxihidroxid (SFO), durant 

20 setmanes de seguiment.  



 

   

- Pacients amb MRC en DP: Els microbiomes intestinal, en sang i urinari foren 

analitzats a 46 pacients en DP. A 44 dels 46 pacients en DP es van valorar 

les diferències entre els microbiomes intestinal i en sang en associació amb 

la severitat de la CV (mesurada per l’Índex d’Adragao), i el risc de mortalitat 

(mesurat per l’Índex de comorbiditat de Charlson).  

Les comunitats microbiològiques foren analitzades mitjançant amplificació i 

seqüenciació de les regions V3-V4 del 16S rRNA. 

Resultats 

- Pacients amb MRC en HD: Pel que fa a les variables clíniques i analítiques, 

no es trobaren diferències estadísticament significatives quan comparem 

grups AC i SFO. Quan es va analitzar el microbioma intestinal, vam observar 

que tots els pacients eren molt diferents entre ells (p = 0.001), i aquestes 

diferències es mantenien durant les 20 setmanes de tractament. Les mostres 

del mateix pacient clusteritzaven amb ell mateix, independentment del 

tractament administrat i de la setmana de tractament. 

- Pacients amb MRC en DP: Els pacients en DP presentaven diferents perfils 

taxonòmics quan es comparaven microbiomes intestinal, en sang i urinari. El 

microbioma intestinal es trobava dominat per Bacillota i Bacteroidota, el 

microbioma en sang per Pseudomonadota i Actinomycetota, i el microbioma 

urinari es trobava dominat per Bacillota, Actinomycetota i Pseudomonadota. 

A més a mes, el microbioma urinari es caracteritzava per una diversitat 

menor als microbiomes intestinal i en sang. Es van observar canvis relatius 

a taxes específiques comparant pacients en DP amb i sense CV, 

concretament a Coprobacter, Coprococcus 3, Lactobacillus i Eubacterium 

eligens a la microbiota intestinal, i a Cutibacterium, Pajaroellobacter, 



 

   

Devosia, Hyphomicrobium i Pelomonas en sang. També es va observar una 

associació entre CV i índex de mortalitat a pacients en DP, i els pacients amb 

índex de mortalitat més elevat corroboraven els canvis a E. eligens intestinal 

i Devosia en sang. El factor soluble CD14 es trobava positivament 

correlacionat amb la severitat de la CV, i uns valors superiors a 3.5 µg/mL 

foren relacionats amb un increment de Lactobacillus, Dermabacter i 

Gardnerella al microbioma urinari. 

Conclusions    

El present treball descriu el microbioma intestinal d’un grup de pacients en HD i els 

microbiomes intestinal, en sang i urinari d’un altre grup de pacients en DP. Vam 

concloure que el tractament amb AC i SFO no modificava el microbioma intestinal 

a pacients en HD. Vam observar una correlació positiva entre CV i risc de mortalitat, 

i aquells pacients amb CV i amb risc de mortalitat més elevat presentaven canvis a 

E. eligens intestinal i a Devosia en sang. El factor soluble CD14 es va correlacionar 

positivament amb la severitat de la CV als nostres pacients en DP, i nivells més 

elevats de factor soluble CD14 es van associar a un increment de Lactobacilllus, 

Dermabacter i Gardnerella al urobioma.  

  



 

   

ABSTRACT 

Introduction 

Gut, blood, and urinary microbiomes can be altered (due to uremic toxins 

accumulation, dietary restrictions, or drugs, among others) in patients with chronic 

kidney disease (CKD). This may contribute to chronic inflammation and increases 

cardiovascular risk and mortality, especially in those undergoing hemodialysis (HD) 

and peritoneal dialysis (PD). Vascular calcification (VC) is a frequent condition in 

CKD and a well-established risk factor for the development of cardiovascular 

disease and its assessment in CKD patients could be very valuable.  

Objectives 

The main objective was to evaluate the human microbiome in CKD patients on renal 

replacement therapy (HD and PD). Specifically, to characterize the gut microbiome 

in HD patients, and the gut, blood, and urinary microbiomes in PD patients. Also to 

evaluate the relation between the gut microbiome and phosphate binders treatment 

in HD patients, and between the gut and blood microbiomes and VC and mortality 

risk in PD patients. 

Patients and Methods 

For this thesis, studies were performed in two different CKD populations: 

- CKD patients on HD: The gut microbiome of 12 HD patients was analyzed 

and described the changes between taking calcium acetate (CA) and 

sucroferric oxyhydroxide (SFO), in a 20-weeks follow-up. 

- CKD patients on PD: The gut, urinary, and blood microbiomes were analyzed 

in 46 PD patients. In 44 of the 46 PD patients, we evaluated differences in 

the gut and blood microbiomes in association with the severity of VC (by 

Adragao score), and mortality risk (by Charlson Comorbidity Index). 



 

   

The microbiome communities were analyzed by amplification and sequencing of the 

V3-V4 region of the bacterial 16S rRNA gene. 

Results 

- CKD patients on HD: Regarding clinical variables and laboratory parameters, 

no statistically significant differences were observed between CA or SFO. 

When analyzing the gut microbiome, we found that all HD patients were 

different among themselves (p = 0.001), and these differences were kept 

along the 20 weeks of treatment. The clustering analysis in microbial profiles 

grouped the samples of the same patient independently of the treatment 

followed and the week of treatment. 

- CKD patients on PD: PD patients presented distinct taxonomic profiles 

among gut, blood, and urine. Gut microbiome was dominated by Bacillota 

and Bacteroidota, blood microbiome was dominated by Pseudomonadota 

and Actinomycetota, and urobiome was dominated by Bacillota, 

Actinomycetota, and Pseudomonadota. Also, urobiome was characterized by 

a lower Shannon diversity than gut and blood microbiomes. Relative changes 

were observed in specific taxa between PD patients with and without VC, 

namely Coprobacter, Coprococcus 3, Lactobacillus, and Eubacterium 

eligens in the gut microbiome, and Cutibacterium, Pajaroellobacter, Devosia, 

Hyphomicrobium, and Pelomonas in the blood. An association between VC 

and all-cause mortality risk in PD patients was also observed, and patients 

with higher mortality risk corroborate the changes of E. eligens in the gut and 

Devosia in the blood. Soluble CD14 (sCD14) was positively correlated with 

VC severity, and more than 3.5 µg/mL sCD14 levels were related to an 

increase in Lactobacillus, Dermabacter, and Gardnerella in the urobiome. 



 

   

Conclusions    

The present work describes the gut microbiome of a group of HD patients and the 

gut, blood, and urinary microbiomes of another group of PD patients. We could 

conclude that the treatment with CA and SFO does not modify the gut microbiome 

in HD patients. We found a positive correlation between VC and all-cause mortality 

risk and those patients with VC and higher mortality risk presented changes in E. 

eligens in the gut and Devosia genus in the blood. SCD14 was positively correlated 

with VC severity in our PD patients and higher sCD14 levels were related to an 

increase in Lactobacilllus, Dermabacter, and Gardnerella in the urobiome. 
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1. INTRODUCTION 

1.1. Chronic kidney disease - a worldwide public health 

problem  

Chronic kidney disease (CKD) is defined by a progressive loss of kidney function, 

entailing a decrease of the ability of the kidneys to excrete liquids and toxic products 

in the urine (1). The Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines 

(from the National Kidney Foundation) define CKD as a decrease in kidney function 

that occurs in 3 months or more, irrespective of the cause, accompanied by an 

estimated glomerular filtration rate (eGFR) lower than 60 mL/min per 1.73 m2, and/or 

by markers of kidney damage (e.g., albuminuria, altered morphology) (1,2). CKD 

may progress to different stages and eGFR is useful for staging CKD, in mL/min per 

1.73m2: more than 90 (stage 1); 60–89 (stage 2); 45–59 (stage 3); 30–44 (stage 4); 

15–29 (stage 5); less than 15 (stage 5) (1,2). CKD stages 4 and 5, also known as 

end-stage renal disease (ESRD), may promote the accumulation of dangerous 

levels of fluid, electrolytes (e.g., potassium, phosphate), and wastes (such as urea) 

in the human body, leading to acute serious complications (1). When patients 

progress to ESRD, they may require renal replacement therapy in the modality of 

hemodialysis (HD), peritoneal dialysis (PD), and/or kidney transplantation (1,2). 

Nowadays, CKD is a worldwide public health problem, with an increasing 

prevalence, a high economic burden, and elevated morbidity and mortality (1,3,4). 

Globally, the number of individuals with all-stage CKD reached almost 700 million 

in 2017, which was a higher prevalence than other chronic diseases such as 

diabetes, osteoarthritis, chronic obstructive pulmonary disease, asthma, or 
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depressive disorders (4). From 2017 to March 2020, in the United States, the 

prevalence of CKD was 14.0%, based on United States Renal Data System (5). In 

Europe, CKD presents an estimated prevalence among 3.3-17.3% (6). In Spain, the 

estimated prevalence was 15.1% (between 2008 and 2010) (7). In Catalunya, 

analyzing the year 2020 register, the prevalence of patients on renal replacement 

(including HD, PD, and kidney transplant) was of 11593 patients (1490 per million 

of population) (8).  

As mentioned above, CKD presents high morbidity and mortality (3–5). In 2020, 

CKD reached in the US a mortality rate of 127.4 deaths per 1000 person-year, being 

noticeably higher in CKD stages 4 and 5 (230.5 deaths per 1000 person-year) (5). 

The Global Burden of Disease (GBD) ranks CKD as the 12th leading cause of death 

out of 133 conditions (4). CKD resulted in 1.2 million deaths in 2017, a number that 

has been projected to rise by 2040 to 2.2 million in a best-case scenario and up to 

4 million in a worst-case scenario (3). In CKD patients, the main causes of death 

are cardiovascular disease (CVD) and infectious complications (3–5). 

1.2. End-stage renal disease and infectious complications 

As mentioned above, there are 3 modalities of renal replacement therapy: HD, PD, 

and kidney transplantation. HD consists of purifying the blood of ESRD patients 

extracorporeally (9). HD implies the existence of a vascular access (an 

arteriovenous fistula/grafts or a central venous catheter), a blood circuit and a 

dialysis solution circuit, with both circuits meeting at an external filter, the dialyzer 

(9). HD is usually done in the hospital or at an outside center, thrice a week, and by 

specialized staff (10). During the procedure, excess fluid, and metabolic wastes are 

removed from the blood through the dialyzer (10). In PD the peritoneum acts as a 
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high vascularized dialysis membrane allowing the removal of water and solutes from 

the internal milieu (11). In PD modality, the exchanges must be done daily by the 

patient at home through a long-term PD catheter (11). Both modalities, HD and PD 

are similar in terms of surveillance and efficacy (9–11). In comparison to HD, PD 

might promote a better quality of life (because it is a home dialysis modality) and 

may preserve the residual renal function for longer periods (10,11). Nonetheless, 

PD implies a training and a responsibility of the patient on the technique and on its 

hygienic and aseptic measures (9–11).  

A major problem related to the procedure of PD and HD are infections (10). The 

possibility of infection in HD patients using a central venous catheter as a vascular 

access is quite high (10,12). Catheter-related bacteremia in HD patients is usually 

caused by migration through the catheter of bacteria from the skin to the 

bloodstream or directly by inoculation from the biofilm in the inner surface of the 

catheter to the bloodstream. The most common etiological agents of HD catheter-

related bacteriemia are Staphylococcus aureus, other coagulase-negative 

staphylococci, and gram-negative bacilli (13). Infectious episodes are also one of 

the main weakness of PD programs, with peritonitis and exit-site/tunnel infections 

remaining as the most common and relevant concerns for these patients (14,15). 

While gram-positive agents (mainly Staphylococcus spp. and Streptococcus spp.) 

are responsible for most PD-related infections, gram-negative bacteria (mainly 

Pseudomonas spp. and members of the family Enterobacteriaceae) are more likely 

to promote more severe infections with poorer outcomes (12,15) 



Microbiome and CKD  Introduction 

   

1.3. End-stage renal disease, cardiovascular disease, and 

vascular calcification 

CVD is the leading cause of death among CKD patients, manifested as coronary 

artery disease, heart failure, arrhythmias, and sudden cardiac death (16). With a 

bidirectional relationship, CKD has also been recognized as a risk factor for CVD 

independently of other conventional risk factors for CVD, such as high blood 

pressure, diabetes, dyslipidemia, and smoking (17). Indeed, CKD is a 

cardiovascular risk multiplier in patients with hypertension and diabetes (18). CKD 

causes a systemic and chronic proinflammatory state, contributing to vascular and 

myocardial remodeling processes resulting in atherosclerotic lesions, vascular 

calcification, and vascular senescence as well as myocardial fibrosis and 

calcification of cardiac valves (19). Consequently, CKD mimics an accelerated aging 

of the cardiovascular system. 

Despite being CVD the leading cause of death in CKD patients, it is very difficult to 

estimate cardiovascular risk in CKD patients, especially in ESRD. Whereas some 

adjustment may improve the performance of standard cardiovascular risk 

assessment methods in early-stage CKD, standard risk prediction methods work 

poorly in ESRD patients (17). ESRD appears to modify the effects of standard risk 

factors (hypercholesterolemia, blood pressure, and high glucose), and the 

increased rates of sudden death and heart failure are not captured by standard risk 

methods. Entirely new cardiovascular risk models could be needed in ESRD (17). 

Vascular calcification (VC) and its severity has long been recognized as an 

important CVD risk factor in CKD patients, especially in ESRD patients (20). VC is 

an active and highly regulated cellular process defined by the deposition of calcium-
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phosphate crystals within the intima and media layers of the vasculature and/or 

heart valves. VC increases as eGFR declines and it is associated with CVD mortality 

in ESRD (17). Resulting cardiovascular calcifications are markedly accelerated in 

patients with CKD, and even children with advanced CKD frequently exhibit VC (19). 

The histological prevalence of VC in radial arteries was 45-fold greater in patients 

with CKD compared with those without CKD (19). Besides well-known traditional 

risk factors for VC such as age, male gender, diabetes, dyslipidemia, hypertension, 

smoking and inflammation, VC in CKD patients (since early stages until ESRD) is 

additionally driven by deregulations in mineral metabolism and phenotypic changes 

in vascular smooth muscle cells (VSMC) (21). Multifaceted intricate mechanisms in 

CKD-induced VC also comprise the instability and liberation of matrix extracellular 

vesicles containing calcium and phosphate from bone and VSMC, and elastin (most 

abundant protein in media wall) degradation, promoting calcium deposition (22). 

Several factors have been related with VC in CKD, such as biomarkers of 

inflammation (for example high-sensitivity C-reactive protein (CRP), interleukin (IL)- 

6, tumor necrosis factor-α (TNF-α)), and of monocyte activation (for example soluble 

CD14 and CD163) (23). In fact, the mineral bone disorder associated with CKD is 

characterized by one or more abnormalities in circulating minerals and their 

regulating hormones, bone abnormalities, and VC (20).  

It is believed that if we can estimate VC in ESRD patients, we may assess 

cardiovascular risk in these patients. Some evidence suggest that VC can be 

estimated in ESRD patients by simple radiographies (and scoring the Kauppila or 

the Adragao score through hands and pelvic radiographies), carotid ultrasound, or 

by computed tomography (specially in coronary arteries), among others (24). 

Mounting evidence indicates that the gut dysbiosis associated with CKD may be 
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involved in the pathogenesis of bone–vascular axis (20,21). Recent data suggest 

that an increased protein fermentation, and consequent uremic toxins production, 

decreased carbohydrate fermentation, vitamin K deficiency, and gut-derived 

inflammation may, alone or together, drive to a vascular and skeletal pathobiology 

in CKD patients (20,21).  

1.4. The human gut microbiome 

The human microbiome was defined by the Human Microbiome Project (25) as all 

microorganisms that inhabit the human body and regulate the human metabolism, 

physiology, and immunity interfering in human health (26). The human microbiome 

includes microorganisms belonging to taxonomic groups of bacteria, archaea, fungi, 

protozoa, and virus; despite that, it is believed that bacteria are the most relevant 

and numerous group and the focus of most studies (26). 

The healthy human gut microbiome is extremely diverse, encompassing over 1000 

species, and relative abundances and microbial identities may vary significantly 

between individuals (27). However, the healthy gut microbiome is usually dominated 

by the phyla Bacillota (previously Firmicutes), and Bacteroidota (previously 

Bacteroidetes), representing the 90% of the gut microbiome. Actinomycetota 

(previously Actinobacteria), Pseudomonadota (previously Proteobacteria), 

Fusobacteriota (previously Fusobacteria), and Verrucomicrobiota (previously 

Verrucomicrobia) also shape the healthy gut microbiome but in lower proportions 

(26–28). Clostridium represents 95% of Bacillota members in the gut human 

microbiome, while Bacteroides and Prevotella are predominant among the 

Bacteriodota members (28). 
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Gut microbiome has several functions including vitamin synthesis, improve food 

digestion, and protect the host against the colonization by harmful bacteria through 

several mechanisms, such as competition for available nutrients, modulation of the 

mucus barrier, production of bacteriocins and other antimicrobial peptides, and 

enhancement of the host’s innate immunity (e.g., secretion of IgA, activation of Toll-

like cell receptors) (28,29). Factors such as diet, drugs intake, disease, 

psychological and physical stress, immunity, among others, may modify the 

structure and diversity of the gut ecosystem (30,31). A disturbed gut microbiome 

may facilitate infection by pathogens and the overgrowth of pathobionts (29,31). 

Pathobionts are microorganisms which, when present in low proportion in the 

healthy gut microbiome, are symbiotic and do not negatively affect the host health. 

However, when there is a disruption of the gut milieu, they may selectively expand 

and shift to a pathological role (29,32). 

A disturbed or unbalanced gut microbiome, described as gut dysbiosis, is currently 

recognized as a key factor in the pathogenesis of several chronic and inflammatory 

diseases, such as obesity, insulin resistance, diabetes, inflammatory bowel disease, 

cancer, among others, including CKD (33–36).   

1.5. Gut dysbiosis in chronic kidney disease 

Increasing evidence indicates that several factors contribute to gut dysbiosis in CKD 

patients, such as uremic toxins accumulation, chronic inflammatory status, 

pharmacologic therapies (e.g., corticosteroids, immunosuppressive agents, 

antibiotics, phosphate binders), dietary restrictions, and other associated 

comorbidities (such as hypertension, diabetes, and obesity, among others) (33,36). 

Moreover, HD, PD, and kidney transplant may also impact on the gut microbiome 
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(37).  Indeed, a recent systematic review showed that patients in any stage of CKD, 

ranging from early CKD to ESRD, exhibited substantial differences in gut 

microbiome composition compared to healthy individuals (38). Several data suggest 

that the microbiota in early CKD may be closer to that of healthy individuals, whereas 

in advanced CKD, a severe dysbiotic ecosystem is more common.  

The progression of CKD to ESRD is associated with the accumulation of toxic 

metabolites in the blood. This accumulation may be related to enhanced generation 

of toxins from the dysbiotic microbiome accompanied by their reduced elimination 

by impaired kidneys (39). These accumulated organic waste products are known as 

uremic toxins (40,41). The accumulation of uremic toxins may promote some 

detrimental consequences, such as vascular and organ dysfunction, renal injury, 

cardiovascular damage, mineral and bone disorder, intestinal barrier dysfunction, 

and muscle wasting, among others, being associated to an increase in morbidity 

and mortality (41–43). As eGFR decreases with CKD progression the levels of 

uremic toxins increase, reaching levels 10-fold higher than in healthy individuals. 

This is particularly important for P-cresol sulphate (PCS) and 3-indoxyl sulfate (3-

INDS), whose clearance do not fall markedly during each HD treatment, inversely 

to trimethylamine N-oxide (TMAO) (44). Moreover, in the kidneys, some uremic 

toxins can favor interstitial fibrosis, cellular senescence, kidney fibrosis, and matrix 

expansion and oxidative stress (42). Most of the uremic toxins are secreted into the 

gut altering intestinal milieu, inducing changes in the structure, composition, and 

function of the gut microbiome. Uremic toxins also serve as alternative substrates 

for gut microbiome, and when metabolized, harmful molecules are produced (45). 

Aranov et al. (46) compared HD patients with and without colon and observed that 

colonic microbes may produce a significant proportion of uremic solutes, most of 
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which remain unidentified. PCS, 3-INDS, indole-3-acetic acid (3-IAA), and 

trimethylamine N-oxide (TMAO), among others, are some examples of these uremic 

toxins of microbial origin. 

A growing body of evidence shows that there is a CKD-associated gut dysbiosis that 

accompanies the progression of CKD through its different stages. A major example 

is related to the accumulation of urea in the body fluids of CKD patients in the context 

of a reduced eGFR, and its diffusion to the gastrointestinal tract that leads to the 

expansion of urease-producing bacteria, accounting for greater ammonia 

generation and a consequent increase of intestinal pH (47). In addition, these urea 

by-products degrade the epithelial tight junction, allowing the translocation into 

systemic circulation of whole or parts of bacteria (such as endotoxins or other 

antigens), and their metabolites (as toxins and gut-derived uremic toxins) (21,48). 

Moreover, in ESRD there is also an increased concentration of uric acid and oxalate 

secretion in the gastrointestinal tract because the colon becomes the main route of 

excretion, promoting the overgrowth of uricase-producing microbes. The 

proliferation of these proteolytic bacterial species (i.e., uricase- and urease- 

producing species) potentiates the establishment of a dysbiotic state in the gut of 

CKD patients. Furthermore, the disruption of epithelial tight junctions and the 

consequent translocation from the gut into systemic circulation of gut-derived 

bacterial products strongly activates innate immunity and systemic inflammation 

(49). 

Moreover, dietary recommendations in CKD including restricted intake of 

potassium, phosphate, and sodium result in a low intake of fermentable 

carbohydrates and this may lead to a further expansion of proteolytic species and 
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an increased generation of bacterial toxins (50,51). Short-chain fatty acids (SCFAs) 

(propionate, acetate, and butyrate) are a by-product of the fermentation of 

nonabsorbable complex carbohydrates. Adequate levels of SCFAs have been 

proven to be critical for sustaining the health of the gut microbiome (52). Some 

studies demonstrated that with CKD progression there is a gradual reduction in 

butyrate-producing bacteria and in SCFA levels, specifically butyrate, proposing an 

association with concomitant inflammation (53,54). The imbalanced intestinal 

microbiome in CKD patients comprises a decreased prevalence of carbohydrate 

fermentation-inducing microorganisms and increased prevalence of those that 

induce protein fermentation (38). Moreover, ESRD and specially HD are associated 

with a perturbation of the intestinal barrier, causing ischemia, and consequently 

facilitating the translocation of endotoxins or other bacterial-derived products 

through the gut that may potentiate systemic inflammation (50,55). 

Another very important factor that favors dysbiosis are pharmacologic therapies. It 

is well known that patients with ESRD are usually poly-medicated. Iron 

supplementation, immunosuppressants, or antibiotics, frequently used in our 

patients, have been demonstrated to alter the gut microbiome (56–58). Moreover, 

while other factors that alter gut microbiome such as comorbidities and diet are 

difficult or impossible to control by the nephrologist, we can choose drugs that are 

less harmful to our patients. However, the effects on the gut microbiome of some 

drugs widely used in CKD patients remain unknown. Most patients with ESRD, 

especially those on dialysis, tend to hyperphosphatemia and need high doses of 

different types of phosphate binders to correct this condition. Phosphate binders can 

be classified as calcium and non-calcium-based phosphate binders. It has been 

described that both groups of phosphate-binding agents can potentially produce 
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changes in the composition of the gut microbiome (59–63). Recently, new non-

calcium-based phosphate-binding agents have been approved for the treatment of 

hyperphosphatemia in ESRD patients. Some of these new agents, such as 

sucroferric oxyhydroxide (SFO) and ferric citrate, hold iron in their compositions. It 

is believed that, given the critical role of iron in microbial growth and virulence, the 

large iron load administrated with these drugs, may alter gut microbiome 

composition (64,65). Nevertheless, there is still little evidence about the effects of 

these new phosphate binders on the gut microbiome. 

Dialysis therapies, including HD and PD, seem to have a noticeable impact on the 

human microbiome, which can be explained by several factors, described below 

(37). 

1.5.1. The gut microbiome in hemodialysis 

Few studies have described gut microbiome alterations in HD patients. Most 

of these studies compared HD patients with healthy controls, finding 

significant differences regarding the composition of the gut microbiome 

between these two groups. However, as most of these studies compare the 

microbiome of HD patients with healthy controls, and not with CKD patients 

not on HD, it is not clear if the alterations reported are a consequence of HD, 

of CKD itself, or even associated with the additional treatment or with other 

comorbidities.  

Few evidence reported an increase in Actinomycetota, Pseudomonadota 

(primarily Gammaproteobacteria), and Bacillota (especially the subphylum 

Clostridia) in HD patients (66). A study by Stadlbauer et al. (67) found a 

significantly lower α-diversity in HD patients, accompanied by an increase in 
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potentially pathogenic species and a decrease in beneficial species of gut 

bacteria. In pediatric patients, Crespo-Salgado et al. (68) compared the 

microbiome of healthy children, kidney transplant recipients, PD, and HD 

patients and reported that the relative abundance of Bacteroidota was 

significantly increased in HD patients compared to healthy controls, while the 

relative abundance of Pseudomonadota was significantly decreased in HD 

patients compared to PD patients. Shivani et al. (69) observed that the most 

abundant genus identified in CKD patients on HD and on PD was 

Bacteroides, and that at species level HD patients showed significantly higher 

abundance in B. ovatus, B. caccae, B. uniformis than healthy controls and 

PD patients. Shi et al. (70) found in the gut microbiome of HD patients 

compared with healthy controls an increase in the proteolytic bacteria 

B.fragilis, in several species of Clostridium genus, and in Ruminococcus. 

Another recent study (71) compared the gut microbiome of HD patients with 

healthy controls and observed differences regarding beta diversity, due to 

decreased Bacteriodetes and increased Bacillota and Pseudomonadota in 

HD patients. 

Lun et al. (72) also included the comparison of pre-dialysis CKD patients, 

besides evaluating the gut microbiome of HD patients and healthy controls. 

The authors found that Holdemanella, Megamonas, and Prevotella were 

detected in healthy controls, also detected at decreased levels in CKD 

patients and not detected in HD samples, and that Dielma and Scardovia 

were absent in controls but detected in CKD and HD patients. Li et al. (73) 

compared the gut microbiome of CKD patients, HD patients, and healthy 

controls and reported that CKD patients, with or without HD, exhibited a 
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significantly higher relative abundance of Neisseria and Lachnoclostridium 

and lower abundance of Faecalibacterium. 

In conclusion, HD appears to impact the microbiome in a specific way. The 

microbiome of HD patients is associated with less diversity and with an 

increase in potentially pathogenic species, particularly of the phyla 

Pseudomonadota, Actinomycetota, and Bacillota. The HD-associated 

perturbation of the intestinal barrier (commonly leading to mesenteric 

ischemia), the strict dietary restrictions, and the long-term medications intake 

in these patients seem to favor this dysbiotic state in the gut of HD patients. 

Despite that, more studies specifically comparing HD patients with pre-

dialysis CKD patients are required. 

1.5.2. The gut microbiome in peritoneal dialysis 

Few studies have documented the effects of PD on the gut microbiome. 

Some studies have found differences in the gut microbiome composition and 

function between dialysis, ESRD patients, and healthy controls (67,68,74). 

However, these results were not consistent and, more importantly, these 

studies did not differentiate dialysis ESRD patients from pre-dialysis ESRD 

patients, so the observed changes in the gut microbiota of dialysis patients 

can be a consequence of dialysis or ESRD itself (or both) (37). More recent 

studies have included pre-dialysis ESRD patients. 

Some studies report that PD patients present a significantly decreased 

bacterial diversity in comparison to healthy controls and non-dialysis CKD 

patients (68,75) and in one study this has been associated with a worse 

nutritional status measured by albumin levels (76). Mounting evidence 
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suggest that the gut microbiome of PD patients is dominated by urease 

containing-, indole- and PCS-forming bacteria (belonging to Escherichia 

genus and Enterobacteriaceae and Enterococcaceae families), whereas 

families linked with production of probiotic butyrate and SCFAs and 

carbohydrate fermentation appear to be markedly reduced (76,77). Some PD 

parameters that have been related with a reduction in SCFAs production are 

long dialysis duration, high peritoneal glucose exposure, and loss of residual 

renal function (76). A recent study also correlated PD-protein-energy wasting 

with a decrease in butyric acid-producing bacteria, namely Roseburia and 

Phascolarctobacterium, and with an increase in Escherichia which may be 

associated with higher intestinal permeability, inflammation, and nutritional 

imbalance, with the higher morbidity and mortality that this encompasses 

(78). Some studies have identified the genus Blautia and Dorea increased in 

the gut microbiome of PD patients when compared with non-dialysis CKD 

patients (69,79). Luo et al. (80) described a decrease in the relative 

abundance of Dorea, Clostridium, and SMB53 in PD patients with peritonitis, 

suggesting that they may have anti-inflammatory roles. Also, this study 

suggested that Bacteroides and Phascolarctobacterium may be associated 

with cardiovascular mortality, proposing that gut bacteria may exert an impact 

on patient prognosis. A recent study also correlated a decrease in gut 

microbiome producers of SCFAs with peritonitis, proposing a decrease in the 

Bacillota/Bacteroidota ratio as potential biomarker of Escherichia coli 

peritonitis (80). Another study observed an increase in Bacteroidota and 

Synergistetes in PD patients with PD-related peritonitis (80). A recent study 

(75) observed decreases in acetate producer Bifidobacterium and in butyrate 
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producers Faecalibacterium and Subdoligranulum that suggest a diminished 

ability to generate SCFAs causing a potential gut barrier dysfunction and 

systemic inflammation in PD patients. 

In conclusion, PD per se appears to impact the gut microbiome. PD patients 

were associated with a less diverse microbiome, dominated by urease 

containing-, indole-, and p-cresyl-forming bacteria and with a lack of SCFAs 

producers. Dialysis duration and glucose exposure are two factors that may 

condition the severity of the dysbiotic state in the gut of PD patients. 

1.6. Beyond the gut microbiome in chronic kidney disease 

Beyond the gut, recent reports suggest the existence of alterations in other 

microbiomes in CKD patients, such as blood, salivary, and urine microbiomes (81–

85). Increasing body of evidence supports the existence of a human blood 

microbiome with relevance in health and disease, although its origin, structure, and 

function remain unrevealed (86,87). Different reports suggested that shifts in the 

blood microbiome might be associated with some chronic inflammatory diseases, 

such as chronic liver disease, autoimmune diseases, obesity, among others, 

including CKD (81). The existence of a highly diversified blood microbiome, 

including metagenomic profiles even in healthy human donors, has been found 

using 16S ribosomal DNA measurement (88). Given the fact that high urea levels in 

CKD are converted to ammonia, resulting in a disruption of intestinal tight junctions 

and, as a consequence, a translocation of gut toxins into blood (89), it is thought 

that CKD patients may present a different quantitative and qualitative microbial 

profile in the blood compared with controls. Shah et al. (82), observed in the blood 

microbiome of a small number of CKD patients when compared with healthy 
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controls, lower α diversity and significant taxonomic variations, with a significant rise 

in the Pseudomonadota phylum in CKD patients. Nonetheless, studies to clarify the 

role of the blood microbiome in CKD patients, specifically in dialysis patients are 

lacking.  

The accumulation of substances in the body as a result of a decrease in the eGFR, 

also can cause alterations in the oral cavity, with higher levels of urea, ammonia 

and pH being commonly detected in the saliva of CKD patients, including ESRD 

patients (83). Changes in the oral microbiome have been related to CKD 

progression (83,90). A study of our group (91) observed in PD patients a dysbiosis 

of the commensal oral microbiome, namely a proliferation of clinically relevant 

Enterobacteriaceae, potentially harboring acquired antibiotic resistance genes and 

highlights the importance of the oral cavity as a reservoir for pathobionts and 

antibiotic resistances in PD patients.  

Urine has been considered throughout the history a sterile fluid. However, there is 

evidence showing that the urinary tract of healthy individuals without urinary 

infection is dominated by different kinds of viable microbes, and that the distribution 

pattern of these microorganisms may affect the urinary tract health (92). Urinary 

dysbiosis has been associated with urinary tract infections and overactive bladder 

syndrome (93,94), nephrolithiasis (95), urinary tract neoplasms (96), and other 

systemic comorbidities such as diabetes, dyslipidemia, older age, gender, and 

recent antibiotic intake (97,98). Some studies have observed a different urine 

microbiome composition in CKD patients when compared to individuals with normal 

kidney function (84,85). Interestingly, it has been also observed that the urobiome 

diversity decreases as kidney function gets worse. Besides, some studies analyzed 
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the urinary microbiome of kidney transplant recipients and revealed an overall 

decrease in diversity, also changes in the urobiome related to chronic allograft 

dysfunction, and an emergence of opportunistic pathogens promoting antibiotic 

resistances and increasing the susceptibility to infection in these patients (93,99). 

There are still no studies describing the urinary microbiome in PD patients. 
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2. HYPOTHESIS 

1. Chronic inflammation and mortality and cardiovascular risks related to CKD 

are associated to changes in the human microbiome, especially in ESRD 

patients on renal replacement therapy. 

 

2. Phosphate binders alter the gut microbiome in CKD patients on dialysis. 

 

3. Changes in gut and blood microbiomes are associated to vascular 

calcification, all-cause mortality risk, and cardiovascular disease in CKD 

patients on dialysis. 

 

4. Changes in the urinary microbiome are associated to specific clinical 

conditions in CKD patients on dialysis. 

 

3. OBJECTIVES 

3.1. Main objective 

To evaluate the human microbiome in ESRD patients on renal replacement therapy 

(HD and PD): explore modulatory factors and links to cardiovascular and mortality 

risks.  
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3.2. Secondary objectives 

a) To characterize the gut microbiome in HD patients, and the gut, the blood, 

and the urinary microbiomes in PD patients. 

b) To evaluate the relation between the gut microbiome and the type of 

phosphate binder taken in CKD HD patients: calcium acetate or sucroferric 

oxyhydroxide. 

c) To evaluate the relation between the changes in the gut and blood 

microbiomes, vascular calcification, and all-cause mortality risk in CKD PD 

patients. 

d) To evaluate the relation between the changes in the urinary microbiome and 

some clinical parameters in CKD PD patients. 
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4. PATIENTS AND METHODS 

For this thesis, studies were performed in two different CKD populations: 

- CKD patients on HD. The first population included 12 CKD patients on HD in 

Hospital Universitari Germans Trias i Pujol. In this population we analyzed 

the gut microbiome and described the changes between taking different 

types of phosphate binders, comparing calcium acetate (CA) and sucroferric 

oxyhydroxide (SFO), in a 5-month follow-up. 

- CKD patients on PD. The second population included 46 CKD patients on 

PD in Centro Hospitalar Universitário de São João. In this population we 

analyzed the gut, urinary, and blood microbiomes. In 44 of the 46 PD patients, 

we also evaluated the differences in the gut and blood microbiomes in 

association with the severity of vascular calcification (VC), and the risk of 

mortality, as well as the link between the urinary microbiome and clinical 

parameters.  

The methodology of these 2 studies is described below. 

4.1. Study design, subjects, and sample collection 

4.1.1. Study design, subjects, and sample collection: CKD patients 
on HD 

To evaluate the changes in the gut microbiome of HD patients taking different 

types of phosphate binders, comparing calcium acetate (CA) and sucroferric 

oxyhydroxide (SFO), we performed a first study. This cross-sectional 

observational study included 12 HD patients in Hospital Universitari Germans 

Trias i Pujol with a 5-month follow-up. This study was approved by the Clinical 
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Research Ethics Committee of the Hospital Universitari Germans Trias i Pujol 

(PI-16-169, NCT5551048) and conformed to the principles outlined in the 

Declaration of Helsinki. All the HD subjects were recruited from the 

Hemodialysis Department of the Hospital Universitari Germans Trias i Pujol, 

in Badalona, Spain.  

All patients were aged above 18 years old and had been on HD for at least 1 

year (4 h sessions, 3 sessions per week). All participants were recruited 

voluntarily after receiving detailed information on the study protocol. Written 

informed consent was obtained from all patients. 

Exclusion criteria included age under 18 years old, inability to give informed 

consent, history of gastrointestinal disease, hospitalization, and history of 

infection and antibiotics intake in the last 3 months. 

Relevant clinical and demographic information was gathered for each 

participant at baseline. Clinical characteristics collected were gender, age, 

CKD etiology, history of high blood pressure, diabetes mellitus, dyslipidemia, 

and history of CVD (peripheral vascular disease, ischemic cardiomyopathy, 

or cerebrovascular disease), and neoplasm. 

Information regarding their vascular access and their previous phosphate-

binder treatment at the beginning of the study was also gathered (nine 

received CA, one received calcium carbonate, and two were not previously 

treated for hyperphosphatemia). 

The patients were divided into two groups and their treatment for 

hyperphosphatemia changed: 5 patients were placed in CA group (4 

continuing CA therapy and 1 patient changing from calcium carbonate 
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therapy) and 7 were switched to SFO (5 changing from CA therapy and 2 

starting phosphate-binding treatment). 

Stool samples were self-collected from all HD patients receiving phosphate 

binders, 5 in the CA group and 7 in the SFO group. Blood samples from 

routine controls were also collected. Stool samples were collected in DNA-

free sterile containers and were immediately frozen and stored at -80 ºC for 

microbiome analysis.  

The samples (blood and fecal samples) were collected in a 5-month follow-

up: at baseline, 4, 12, and 20 weeks after treatment initiation. 

In blood samples the following parameters were analyzed: hemoglobin, 

ferritin, transferrin saturation index, calcium, phosphate, parathyroid hormone 

(PTH), CRP, sedimentation velocity (SV), and albumin. 

4.1.2. Study design, subjects, and sample collection: CKD patients 
on PD 

We performed a second study in PD patients, to characterize the gut, urinary, 

and blood microbiomes of PD patients, and to associate the gut and blood 

microbiomes to the severity of vascular calcification (VC) and the risk of 

mortality, as well as to describe the link between the urinary microbiome and 

clinical parameters. This cross-sectional observational study included 46 PD 

patients in Centro Hospitalar Universitário de São João in Porto, Portugal, 

between 2018 and 2019. This study was approved by the local Ethics 

Committee (approval references 200/18), in accordance with the 1964 

Helsinki declaration and its later amendments.  
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All participants were recruited voluntarily after receiving detailed information 

on the study protocol. Written informed consent was obtained from all 

patients.  

Exclusion criteria included age under 18 years old, inability to give informed 

consent, history of gastrointestinal disease, hospitalization, and history of 

infection and antibiotics intake in the last 3 months. 

Relevant clinical and demographic information was gathered for each 

participant. Clinical characteristics collected were gender, age, CKD etiology, 

history of high blood pressure, diabetes mellitus, dyslipidemia, obesity 

(defined as body mass index of 30 kg/m2 or higher), history of CVD 

(peripheral vascular disease, ischemic cardiomyopathy, or cerebrovascular 

disease), and neoplasm. Their pharmacological treatment (at the time of 

sample collection) and infection history (more than 3 months before sample 

collection) were also gathered. Parameters related to PD technique were also 

collected such as PD duration, PD modality, creatinine clearance, residual 

renal function, and Kt/V (urea). Kt/V (urea) defines the adequacy to PD 

measuring urea weekly clearance and normalizing it by urea estimated 

distribution volume (100). 

VC was estimated in all patients using Adragao score (24), which estimates 

VC in ESRD patients through hands and pelvic radiographies. The Charlson 

Comorbidity Index was also calculated predicting 10-years survival in 

patients with multiple comorbidities (101). VC by Adragao score was 

evaluated in 44 of the 46 PD patients. 
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Blood samples were collected in the PD unit, and the self-collected stool and 

mid-stream urine specimens were brought refrigerated by the patient within 

48 h and 4 h after collection, respectively. Whole blood, urine, and stool 

samples, after aliquoted, were collected in DNA-free sterile containers and 

were immediately frozen and stored at -80 ºC for microbiome analysis. 

Plasma was obtained after blood centrifugation (1500x g, 15 min, 4 ºC) and 

stored at -80 ºC for biochemical analysis. 

In blood samples, apart from the blood microbiome, the following parameters 

were also analyzed: hemoglobin, ferritin, calcium, phosphate, calcium-

phosphate product, urea, albumin, cholesterol, low-density lipoprotein (LDL), 

high-density lipoprotein (HDL), triglycerides, PTH, CRP, SV, B-type 

natriuretic peptide (BNP), and proteinuria. 

In plasma samples markers of intestinal translocation were measured, such 

as endotoxins, Lipopolysaccharide-binding protein (LPS-BP), Toll-like 

receptor 4 (TLR4), and soluble CD14 (sCD14); other inflammatory 

parameters a part from CRP, ferritin, and SV, such as IL-1, IL-6, TNF-α, and 

the anti-inflammatory IL-10; and uremic toxins such as PCS, 3-INDS, 3-IAA, 

and TMAO. 

4.2. Sample processing and microbiome analysis 

Fecal DNA from HD patients was extracted by Powersoil DNA Isolation Kit 

MoBio, and a 16S rRNA sequencing library was constructed targeting the V3 

and V4 hypervariable regions. Sequencing was performed on a MiSeq platform 

(2 x 300). Operational taxonomic units (OTUs) table construction, taxonomic 
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assignment, and descriptive and statistical analyses were performed using R 

version 3.4.2. and different packages (DADA 2, vega, ggplot, phyloseq) and the 

Greengenes rRNA database. 

Regarding PD patients, genomic DNA was isolated in a strictly controlled 

environment at Vaiomer SAS (Labège, France) as previously described (82). 

Total DNA was extracted from feces, whole blood, and urine (100 µL) using a 

specific Vaiomer protocol carefully designed to minimize any risk of 

contamination between samples from the experimenters or the environment. 

Negative controls (molecular grade water added in an empty tube, the same 

used for sample storage and PD solution) were extracted, amplified, and 

sequenced at the same time as the samples. PCR amplification was performed 

using universal primers targeting the V3-V4 region of the bacterial 16S rRNA 

gene (340F-781R). Illumina sequencing length, by use of the 2 x 300 paired-

end MiSeq kit V3, was designed to encompass the 476-base pair amplicons. 

Sample multiplexing and sequencing library generation were conducted, as 

previously described (45). qPCR was used to quantify the DNA concentration in 

the pool employing a 7900HT Fast Real-Time PCR System (Life Technologies, 

Thermo Fisher Scientific, Carlsbad, CA, USA) and KAPA Library Quantification 

Kits for Illumina Platform (Kapa Biosystems, Inc., Wilmington, NC, USA). The 

final pool, at a concentration after dilution between 5 and 20 nM, was used for 

sequencing as suggested previously (45). The sequencing steps were 

performed using a paired-end sequencing run in a MiSeq Illumina device. 

The targeted gene regions were analyzed using the FROGS bioinformatics 

pipeline established by Vaiomer SAS (Labège, France) (102). The following 

filters were applied as previously suggested (68): (1) amplicons with a length < 
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350 nt or a length > 480 nt were removed; (2) amplicons without the two PCR 

primers were removed (10% of mismatches were authorized); (3) amplicons with 

at least one ambiguous nucleotides (‘N’) were removed; (4) OTUs identified as 

chimera (with search v1.9.5) in all samples in which they were presented were 

removed; (5) OTUs with an abundance lower than 0.005% of the whole dataset 

abundance were removed, and (6) OTUs with a strong similarity (coverage and 

identity ≥80%) with the phiX (library used as a control for Illumina sequencing 

runs) were removed. OTUs were produced via single-linkage clustering, and 

taxonomic assignment was performed by Blast+ v2.2.30+ with the databank 

RDP v11.4. 

4.3. Biochemical analysis 

Routine clinical analyses were collected from our patients’ clinical records, 

namely, urea, proteinuria, albumin, hemoglobin, cholesterol, LDL, HDL, 

triglycerides, phosphorus, calcium, calcium phosphate product, ferritin, 

transferrin saturation index, BNP, PTH, SV, CRP, creatinine clearance, residual 

renal function, and Kt/V (urea). TNF-α, IL-1, IL-6, IL-10 were determined in 

plasma by Luminex Multiplex Assay (Millipore Corporation, Billerica, MA, USA). 

ELISA kits were used to evaluate LPS-BP (LPS-BP, Cloud-clone Corp.®, Katy, 

TX, USA), TLR4 (TLR4, Cloudclone Corp.®, Katy, TX, USA), and sCD14 

(sCD14, Quantikine® ELISA, R&D Systems, Inc., Minneapolis, MN, USA), and 

TMAO (MyBiosource®, San Diego, CA, USA) whereas endotoxins were 

evaluated by Traditional Kinetic Limulus Amebocyte Lysate (LAL) Assay 

(LonzaWalkersville, Inc., Walkersville, MA, USA). 
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Uremic toxins were quantified following the method described by Calaf et al. 

(103) with modifications. PCS, 3-INDS, 3-IAA were detected by high-

performance liquid chromatography (HPLC) with fluorescence detection (275 

and 330 nm). Elution was performed in gradient mode using as mobile phase a 

mixture of (A) aqueous NaH2PO4 buffer (20 mM, pH 4.6), containing tetrabutyl 

ammonium iodide (TBAI, 5 mM), and (B) acetonitrile, at a flow rate of 1.5 mL/min, 

and injection volume of 20 µL. Prior to HPLC analysis, 100 µL of each plasma 

standard or sample was added to 300 µL of ethanol containing 0.22 mg/L of 

internal standard 4-ethylphenol. After vortexing during 30 s, 100 mg of NaCl were 

added and mixed vigorously. After 10 min, 700 µL of component (A) of mobile 

phase was further added following centrifugation at 18,000x g for 10 min at 4 ºC 

and supernatant analysis by HPLC. 

4.4. Statistics 

All the results are represented as mean ± standard deviation (SD) or in 

percentage (%). Statistical analysis was performed using SPSS Statistics 

version 27 (IBM). The categorical variables were described through absolute or 

relative frequencies (%) and analyzed using the Pearson’s chi-square test or 

Fisher’s exact test when more than 1 cell displayed expected counts less than 

5. Continuous variables were described using mean ± SD and analyzed by 

Student’s t test for independent samples when following a normal distribution, or 

by Mann-Whitney U test when there was no normality of the data. Normality was 

assessed by the Shapiro-Wilk test. A partial correlation between VC and all-

cause mortality risk, while controlling of the effect of age and sex, was performed 
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using JASP-stats software. For all analysis, statistical significance was assumed 

when p values were less than 0.05. 

Primer v7 (PRIMER-e, Auckland, New Zealand) was used for the calculation of 

diversity indices, non-metric multidimensional scaling and principal coordinate 

analyses, and other multivariate analyses, mainly ANOSIM and PERMANOVA, 

were used to test the significance of beta-diversity. The percentage of OTUs 

data per sample was used for these analyses, followed by squared root 

transformed data, resemblance matrices of similarity data types using Bray-

Curtis similarities, adding dummy value and testing 4999 permutations. The 

reads in each sample were converted into percentage values according to the 

total number of sequences in the sample to eliminate the effect of the final 

number of reads (104). Post-hoc analyses were done in STAMP 2.1.3 (105) for 

multiple groups using one-way analysis of variance (ANOVA), Tukey-Kramer 

(0.95) and Eta-squared for effect size, while, with two groups, analysis using 

Welch’s t-test was conducted (two-sided, Welch’s inverted for confidence 

interval method). 
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5. RESULTS 

5.1. CKD patients on HD 

5.1.1. Clinical characterization: CKD patients on HD 

The clinical characterization of CKD patients on HD classified according to 

group of phosphate-binding agent taken (CA or SFO) is described in Table 

1. The main clinical parameters were not different between HD patients 

assigned to CA or SFO groups at baseline. Although not statistically 

significant, CA group presented an increased prevalence in history of arterial 

hypertension, dyslipidemia, peripheral vascular disease, stroke, ischemic 

cardiomyopathy than the SFO group. HD patients assigned to SFO group 

presented a greater incidence of catheter as vascular access, but also not 

statistically significant. 

Table 1: Clinical characterization of HD patients undergoing calcium acetate (CA) or 
sucroferric oxyhydroxide (SFO) as phosphate-binding agent. 

Clinical parameter CA SFO 
Age, years 66.8±13.9 61.1±16.7 
Women, % 40.0% 42.9% 
Arterial hypertension, % 100.0% 85.7% 
Dyslipidemia, % 60.0% 42.9% 
Diabetes mellitus, % 40.0% 42.9% 
Peripheral vascular disease, % 40.0% 14.3% 
Stroke, % 40.0% 14.3% 
Ischemic cardiomyopathy, % 40.0% 14.3% 
Neoplasm, % 20.0% 28.6% 
Catheter as a vascular access, % 60.0% 71.4% 

Values are means ± standard deviation or relative frequencies (%). 

 
5.1.2. Laboratory parameters: CKD patients on HD 

At baseline, no patient was treated with SFO, some were treated with CA in 

both groups of treatment, and 2 patients in the SFO group have no 



Microbiome and CKD  Results 

   

phosphate-binding treatment. At this time point, no statistically significant 

differences were found regarding laboratory parameters, such as 

hemoglobin, ferritin, transferrin saturation index, calcium, phosphate, PTH, 

CRP, SV, and albumin (Table 2). Collectively, SFO group presented at 

baseline higher transferrin saturation index, and lower values of CRP than 

CA group, but those differences were not statistically significant. PD patients 

assigned to CA group presented an increased trend to hyperphosphatemia 

at baseline, but this was also not statistically significant. 

Table 2 shows the evolution of the laboratory parameters over the different 

time points. In CA group, 20-week calcium was higher than in the SFO group 

with statistical significance (p = 0.02). SV was increased in CA group at week 

12 of treatment when compared with SFO group, with statistical significance 

(p = 0.04). Also, a statistically significant lower albumin was observed in SFO 

group at 20-week treatment when comparing with CA group (p < 0.01). The 

ferritin levels at baseline and after 20 weeks of treatment were high in the two 

groups, and both groups get normal levels of phosphate at week 20 of 

treatment, with no statistically significant differences. The levels of transferrin 

saturation index, PTH, CRP, SV, and albumin, at 20 weeks of treatment were 

similar in both groups. 

Table 2:  Laboratory clinical data of HD patients undergoing calcium acetate (CA) or 
sucroferric oxyhydroxide (SFO) as phosphate-binding agent. 

Laboratory parameter CA SFO 
Ferritin, ng/ml   

Basal 1451.8±1299.3 1185.1±268.2 
4 weeks 1670.4±1326.9 1166.0±187.2 

12 weeks 1722.2±1622.0 1056.8±327.9 
20 weeks 1691±1557.1 1149.8±360.0 

Transferrin saturation, %   



Microbiome and CKD  Results 

   

Basal 29±8.9 53.1±29.4 
4 weeks 43.4±19.7 46.7±28.9 

12 weeks 38.8±19.3 41.4±18.6 
20 weeks 32.4±14.0 42.0±15.6 

Calcium, mg/dl   
Basal 9.34±0.3 9.1±0.3 

4 weeks 9.24±0.3 8.9±0.4 
12 weeks 9.02±0.5 8.7±0.7 
20 weeks 10.06±0.7 8.9±0.5* 

Phosphate, mg/dl   
Basal 5.16±2.1 4.4±2.2 

4 weeks 4.88±1.4 4.4±1.8 
12 weeks 4.42±1.7 5.5±2.7 
20 weeks 3.26±0.8 4.7±2.9 

Parathormone, pg/ml   
Basal 242.1±182.7 216.9±259.2 

4 weeks 309.4±211.2 244.1±267.7 
12 weeks 327.1±196.9 134.4±108.8 
20 weeks 181.5±136.8  

C-reactive protein, mg/ml   
Basal 16.9±20.6 4.2±2.6 

4 weeks 12.02±6.0 5.6±7.0 
12 weeks 12.54±7.3 4.4±3.9 
20 weeks 7.78±6.3 4.2±1.7 

Sedimentation velocity, mm  
Basal 51.4±24.2 45.3±19.1 

4 weeks 46.8±24.2 39.2±18.3 
12 weeks 61.6±26.9 26.4±17.6* 
20 weeks 47.6±7.2 38.4±19.4 

Albumin, g/l   
Basal 39.04±2.2 35.7±3.0 

4 weeks 37.54±1.6 35.4±2.4 
12 weeks 37±3.7 33.9±4.0 
20 weeks 39.5±1.8 32.8±2.3* 

Hemoglobin, g/dl   
Basal 11.26±0.9 10.9±1.4 

4 weeks 11.42±0.8 10.1±2.9 
12 weeks 10.14±1.3 11.8±1.3 
20 weeks 10.55±0.8 10.7±1.2 

Values are means ± standard deviation. *Values in SFO are significantly different from CA. 

5.1.3. Gut microbiome analysis: CKD patients on HD 

The samples of all time points (baseline, week 4, week 12, and week 20) 

were collected in eight out of the total twelve individuals, in a total of 38 stool 
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and blood samples. From the initial set of 12 patients, patient 7 (SFO group) 

dropped out because he was derived to another hospital due to clinical 

reasons, patient 3 (SFO group) received a kidney transplant before the 

collection of 20-week samples, patient 9 (SFO group) died before the 

collection of 12-week samples, and good-quality samples for gut microbiome 

analysis were only obtained from week 12 and week 20 in patient 8 (SFO 

group). 

The set of 38 fecal samples showed over 2 million reads, then classified using 

the Greengenes database. A high number of ASVs (33,734) were found 

among the tested samples and classified as belonging to the kingdom 

Bacteria. Shannon diversity was measured in each sample and the group of 

38 samples showed values for Shannon diversity ranging from 6.2 to 7.7. 

Interestingly, all patients were very different among themselves (p = 0.001) 

when comparing one patient with another patient at baseline (Figure 1). 

These differences among the patients were kept along the 20 weeks of 

treatment; and there were no significant differences (p > 0.05) when the 

samples were grouped by week of treatment (baseline, 4, 12, or 20 weeks). 

It is important to note that the gut microbiome was found stable throughout 

the 20 weeks of this study in patients that were on CA before the study and 

maintained that drug within the study protocol, and in patients who changed 

phosphate-binding agents (from no treatment, CA, or calcium carbonate to 

CA or SFO).  

When the microbial profiles of the patients treated with CA versus SFO 

considering all time points were compared, statistical differences were found 

(Figure 1); and these differences were confirmed by ANOSIM (p = 0.002) and 
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PERMANOVA (p = 0.001). This statistical analysis was done independently 

of the differences observed at baseline. 

 

Figure 1: A Principal Co-ordinate Analysis (PCO) of the microbiome profiles for multiple 
patients. B PCO of the microbiome profiles for drug treatments (calcium acetate versus 
sucroferric oxyhydroxide). 

 
The bacterial communities were studied, and Bacteroidota and Bacillota were 

the most common phyla found in the fecal samples, followed by 
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Pseudomonadota, Actinomycetota, and Verrucomicrobiota. Looking for more 

specific compositional differences, multiple taxonomical levels among these 

samples were compared. When analyzing the bacterial composition at the 

genus level, Bacteroides was the most prevalent in both groups of patients, 

independently if they were treated with either CA or SFO (Figure 2). The 

microbial profiles were very distinct among patients and, once again, the 

clustering analysis grouped the samples of the same patient independently 

of the treatment followed and the stage of the treatment (baseline, 4, 12, or 

20 weeks). 
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Figure 2: Clustering analysis and microbiome profiles (at genus level) for the samples 
considered in this study. 
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When considering all the time points (all patients and all weeks), it was 

possible to find statistical differences (p < 0.05) for the microbial communities 

when comparing the samples for multiple variables, including gender, 

ischemic cardiomyopathy, the use of a catheter as vascular access, or age 

(the patients were organized in three groups: under 45, range 61–69, above 

71). These statistical differences could not be observed when each treatment 

stage (baseline, 4, 12, or 20 weeks) was considered separately; therefore, 

no differences were observed for the variables gender, age, ischemic 

cardiomyopathy, catheter use, and phosphate binder treatment (CA versus 

SFO). 

5.2. CKD patients on PD 

5.2.1. Clinical and laboratory characterization: CKD patients on PD 

The detailed clinical characterization of patients on PD included in this study 

is shown in Table 3. This population include 46 participants, mostly males 

and with a median age of 56.1 ± 10.66 years old. Almost half patients were 

on automated PD. Most patients were on iron supplementation and on 

phosphate binders. The laboratory parameters are shown in Table 3, 

including markers of intestinal translocation, inflammatory parameters, and 

uremic toxins. 

Table 3:  Clinical characterization of chronic kidney disease patients on peritoneal dialysis 
(PD). 

Clinical characterization  PD patients (n=46) 
Gender, female 15 (33%) 
Age, years 56.10±10.66 
Time in PD, years 2.68±2.45 
Type of PD, automated 22 (48%) 
With history of peritonitis 11 (24%) 
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Iron supplementation 35 (76%) 
Hipouricemiants 18 (39%) 
Phosphate binders 39 (85%) 
Diabetes 14 (30%) 
Obesity, Body Mass Index>30 5 (11%) 
Cardiovascular disease 10 (22%) 
Neoplasm 9 (20%) 
Creatinine clearance, L/week 114.09±56.21 
Urea, mg/dl 126.37±37.02 
Urea depuration, Kt/V (urea) 2.22±0.52 
Renal clearance total, ml/min 5.62±3.94 
Residual diuresis, cc/24h 1301.04±830.69 
Proteinuria, g/24h 1.01±1.25 
Albumin, g/l 37.03±3.33 
Cholesterol, mg/dl 171.48±55.86 
CRP, mg/l 5.25±8.33 
Ferritin, ng/ml 361.75±218.09 
Hemoglobin, g/dl 11.5±61.42 
SV, mm 63.28±25.41 
sCD14, µg/ml 5.13±2.10 
lL-10, pg/ml 17.98±14.44 
lL-6, pg/ml 2.82±6.18 
IL-1β, pg/ml 1.32±0.92 
TNF-α, pg/ml 11.47±4.33 
TLR4, pg/ml 632.85±442.02 
LBP, pg/ml 39.94±17.17 

Results expressed in mean ± standard deviation (mean ± SD) for continuous variables and 
number of patients (n) and prevalences (%) for categoric variables. 

 

5.2.2. Vascular calcification in CKD patients on PD 

In a subgroup of 44 PD patients, VC was evaluated by Adragao score. The 

mean Adragao score was 2.98 ± 2.74 and included 26.1% patients without 

VC (Adragao score = 0); 30.4% with moderate VC (Adragao score of 1 or 2), 

and 39.1% with severe VC (Adragao score higher than 2). In this study, PD 

patients with moderate or severe VC were compared with patients without 

VC. Demographic and clinical characteristics of the studied PD population 

with and without VC are shown in Table 4. 
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PD patients with moderate or severe VC were older and included more males 

than PD patients without VC. Concerning the comorbidities, no differences 

were found in history of arterial hypertension (present in 95.5% of the studied 

population), obesity (11.4% of the studied population), or CVD (25.0% of the 

studied population). A significantly higher prevalence of patients with 

diabetes mellitus was observed in the group with VC in comparison to the 

group without VC (43.8% vs. 8.3%, p = 0.035). 

Table 4: Demographic and clinical characterization of chronic kidney disease patients on 
peritoneal dialysis (PD) with and without vascular calcification (VC). 

Demographic data 
PD 

(n = 44) 
PD Without 
VC (n = 12) 

PD with VC 
(n = 32) 

p-
Value 

Age, years 56.1±10.9 47.7±11.5 59.4±8.8 <0.001a 
Sex, % male 65.9% 33.3% 78.1% 0.011d 
PD parameters 

    

PD duration, months 33.4±30.0 36.3±43.4 30.9±23.8 0.668b 
PD type, % 

   
>0.999d 

APD 52.3% 50.0% 53.1% 
 

CAPD 47.7% 50.0% 46.9% 
 

Creatinine clearance, L/week 114.8±56.8 105.7±45.1 118.2±60.8 0.668b 
Residual renal function, mL/min 5.6±4.0 5.8±3.8 5.6±4.1 0.706b 
Kt/V (urea) 2.2±0.5 2.6±0.6 2.1±0.4 0.004b 
Charlson Index, % 

   
0.003c 

Low (≤2) 18.2% 50.0% 6.3% 
 

Moderate (3-4) 31.8% 25.0% 34.4% 
 

Severe (≥5) 50.0% 25.0% 59.4% 
 

Biochemical parameters 
    

Urea, mg/dL 125.0±37.0 127.6±20.1 124.0±41.8 0.780a 
Proteinuria, g/24 h 1.0±1.2 0.9±1.0 1.0±1.2 0.342b 
Albumin, g/L 37.1±3.3 37.0±2.6 37.1±3.6 0.944a 
Hemoglobin, g/dL 11.5±1.4 11.0±0.9 11.7±1.6 0.133a 
Cholesterol, mg/ dL 171.0±56.8 169.9±42.8 171.4±61.8 0.825b 
LDL, mg/dL 95.7±42.6 99.9±33.7 94.0±46.1 0.547b 
HDL, mg/dL 45.6±10.7 47.4±9.3 45.0±11.3 0.267b 
Triglycerides, mg/dL 158.6±68.4 129.8±42.9 169.4±73.5 0.169b 
P, mg/dL 5.0±1.1 5.72±1.05 4.73±1.02 0.011a 
Ca, mg/dL 9.02±0.89 9.39±0.85 8.84±0.89 0.073a 
Ca • P product 43.83±10.63 52.08±9.32 40.67±9.70 0.002b 
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Ferritin, ng/mL 361.3±222.9 316.1±221.3 378.3±224.6 0.419a 
BNP, pg/ml 143.1±119.2 87.0±36.6 163.1±131.9 0.124b 
PTH,pg/mL 4625±280.0 485.5±366.4 453.9±246.7 0.866b 
SV,mm  64.2±25.6 67.2±18.7 63.1±27.9 0.644a 
CRP, mg/L 5.3±8.5 4.8±7.7 5.5±8.9 0.907b 
TNF-α, pg/mL 11.4±4.3 10.4±2.8 11.7±4.7 0.524b 
IL-1β,pg/ml 1.3±0.93 1.3±1.0 1.3±0.9 0.969b 
IL-10, pg/mL 17.7±14.7 17.5±16.7 17.8±14.2 0.825b 
IL-6, pg/mL 2.9±6.3 5.4±10.3 2.0±3.8 0.687b 
Endotoxins, EU/ml 3.8±0.8 3.8±0.4 3.7±0.8 0.978a 
LPS-BP, µg/mL 39.9±17.1 32.2±13.4 41.2±18.3 0.442b 
TLR-4, pg/mL 624.4±439.2 699.1±464.5 596.4±433.7 0.630b 
sCD14, µg/ mL 5.0±2.1 4.4±2.0 5.3±2.1 0.224b 
T-MAO 0.52±0.62 0.47±0.40 0.57±0.70 0.854b 
PCS, mg/L 33.5±19.1 36.4±18.0 32.3±19.7 0.341b 
3-INDS, mg/L 23.7±14.6 24.1±9.6 23.5±16.22 0.442b 
3-IAA, mg/L 1.1±1.2 1.0±0.5 1.1±1.4 0.169b 

Results are shown in absolute or relative frequencies (%) or mean ± standard deviation 
(SD). CKD, chronic kidney disease; PD, peritoneal dialysis; APD, Automated Peritoneal 
Dialysis; CAPD, continuous ambulatory peritoneal dialysis; Ccreat, creatinine clearance; 
residual renal function; Kt/V (urea); LDL, low-density lipoprotein; HDL, High-density 
lipoprotein; P, phosphorous; Ca, calcium; Ca·P product, calcium phosphate product; BNP, 
B-type natriuretic peptide; PTH, Parathyroid hormone; SV, sedimentation velocity, CRP,C-
reactive protein; TNF-α, Tumor necrosis factor-α; lL, Interleukin; LPS-BP, 
Lipopolysaccharide-binding protein; TLR-4, Toll-like receptor 4; sCD14, soluble CD14; 
TMAO, trimethylamine N-oxide; PCS, p-cresol sulphate; 3-INDS, 3-indoxyl sulfate; 3-IAA, 
indole-3-acetic acid. p values were calculated using the following statistical analysis: 
aStudent's t-test, bMann-Whitney U test, cPearson Chi-square test, and dFisher test. 
 

Most PD technical parameters did not differ significantly between patients 

with and without VC, except total Kt/V (urea), which was lower in PD patients 

with VC (Table 4). In addition, this parameter was inversely correlated with 

VC severity (Spearman correlation, correlation coefficient = -0.437, p < 0.01). 

The time on PD did not significantly change between both groups. 

The analysis of the mean values of Charlson Comorbidity Index showed that 

PD patients with VC presented a significant increase in all-cause mortality 

risk compared with PD patients without VC (5.6 ± 2.2 vs. 3.92 ± 3.0, p < 0.05). 
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Accordingly, PD patients with VC included twice as many patients with severe 

Charlson Comorbidity Index scores than patients without VC (Table 4). VC 

severity was significantly positively correlated with all-cause mortality risk 

(Spearman correlation, correlation coefficient (r) = 0.538, p < 0.001), meaning 

that patients with more severe VC presented higher mortality risk. Moreover, 

by multivariable analysis VC was correlated with the all-cause mortality risk, 

independently of sex and age. 

Pharmacological therapies did not differ significantly between patients with or 

without VC regarding iron supplementation, erythropoietin, laxatives, 

hypouricemic agents, statins, calcimimetics, calcium-based phosphate 

binders, non-calcium-based phosphate binders, and vitamin D. However, the 

percentage of PD patients on vitamin D analogues and activators of vitamin 

D receptor (VDR) (including alpha D, calcitriol, paricalcitol, and VDR selective 

activators) was 100% in patients without VC whereas it was ~72% in patients 

with VC, representing a statistically significant difference (p < 0.05). Further, 

two patients were on corticosteroids, both with severe VC (Adragao score of 

8), and only three patients were not on anti-hypertensive drugs, all with VC. 

Regarding biochemical parameters, only phosphorous plasma levels were 

significantly lower in PD patients with VC than patients without VC. Moreover, 

markers of inflammation (IL-1, IL-6, TNF-α, and the anti-inflammatory IL-10), 

markers of intestinal translocation (endotoxins, LPS-BP, TLR4, and sCD14), 

and uremic toxins of microbial origin (T-MAO, PCS, 3-INDS, and 3-IAA) did 

not differ significantly between patients with or without VC. Regarding sCD14, 

although no statistically significant differences were found between PD 

patients with and without VC, a positive correlation was observed between 
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sCD14 levels and VC severity (r = 0.338, p < 0.05). So, PD patients with more 

severe VC presented higher plasma values of sCD14. 

5.2.3. Gut, blood, and urinary microbiome analysis of CKD patients 

on PD 

In the total population of 46 PD patients, the bacterial microbiomes evaluated 

resulted in a total of 1,127 OTUs obtained from the analysis of gut, blood, 

and urine samples. A set of 583 OTUs were found in urine samples, while 

there were 542 OTUs in gut samples, and 514 OTUs in blood samples. 

Regarding Shannon diversity, urine showed lower diversity in comparison to 

gut and blood diversities: the median values were 2.29 for urine (ranging from 

1.19 to 4.14), 2.66 for blood (1.79-3.09), and 3.41 for gut (2.39-4.09), with 

significance difference among all groups of samples (p<0.001). The 

taxonomic profiles among the three habitats were distinct (Figure 3). Gut 

microbiome was dominated by Bacillota and Bacteroidota at phylum level, 

and by Ruminococcaceae, Bacteroidaceae, Lachnospiraceae, and 

Prevotellaceae at family level. Blood microbiome was dominated by 

Pseudomonadota and Actinomycetota at phylum level, and by 

Pseudomonadaceae, Burkholderiaceae, and Legionellaceae at family level. 

Urine samples were dominated by Bacillota, Actinomycetota, and 

Pseudomonadota at family level, and Streptococcaceae, 

Enterobacteriaceae, Lactobacillaceae, Family XI, and Bifidobacteriaceae at 

family level. The microbiome of the tested samples was significantly different 

when comparing urine, gut, and blood (p=0.001, Figure 4). 



Microbiome and CKD  Results 

   

 

Figure 3: The taxonomic profiles of gut, blood, and urine samples obtained from patients on 
peritoneal dialysis: (A) phylum, and (B) family levels. 
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Figure 4: Principal coordinate analysis of fecal, blood and urinary samples collected from 
patients on PD. 

  

5.2.4. Gut and blood microbiome analysis and the relation with 

vascular calcification and all-cause mortality risk: CKD 

patients on PD 

Similar values of diversity were observed in both groups of patients (with or 

without VC) separately regarding gut and blood samples. Beta-diversity 



Microbiome and CKD  Results 

   

assessment did not show differences in the gut and blood microbial 

communities when comparing PD patients with and without VC (Figure 5). 

 

Figure 5: Principal coordinates analysis (PCO) of gut (A) and blood (B) microbiome in PD 
with vascular calcification (VC) or without vascular calcification (no VC). 

 

ANOSIM and PERMANOVA confirmed the PCO observations, as the groups 

for both analyses were not significantly different (p > 0.1). Therefore, the 

taxonomic profiles of the gut and blood microbiomes were similar at phylum 

and family taxonomic levels within each group of PD patients with or without 

VC. Nonetheless, relative changes of specific rare and/or less abundant taxa 

were observed between PD patients with and without VC, namely 

Coprobacter, Coprococcus 3, Lactobacillus, and Eubacterium eligens group 

in the gut microbiome, and Cutibacterium, Pajaroellobacter, Devosia, 

Hyphomicrobium, and Pelomonas in the blood microbiome (Figure 6). 
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Figure 6: Relative changes of gut (A) and blood (B) bacterial taxa at the genus/family level 
comparing PD patients with vascular calcification (grey bars) and PD patients without 
vascular calcification (blue bars). 

 

Given the correlation between VC and all-cause mortality risk, the gut and 

blood microbiome were compared between PD patients with low all-cause 

mortality risk (Charlson Comorbidity Index scores of 2 or less) and moderate 

or severe all-cause mortality risk (Charlson Comorbidity Index scores of 3 or 

more) (Figure 7). Among the taxonomic differences observed in PD patients 

with and without VC, patients with moderate or severe all-cause mortality risk 

presented higher relative abundance in E. eligens group in the gut 

microbiome and Devosia in the blood microbiome when compared to patients 

with low all-cause mortality risk. 
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Figure 7: Relative changes of gut (A) or blood (B) bacterial taxa at the genus/family level 
comparing PD patients with low all-cause mortality risk (Charlson Index ≤2, blue bars) and 
PD patients with moderate or severe all-cause mortality risk (Charlson Index ≥3, grey 
bars). 

 

Given that PD patients with VC included more males and older participants, 

we further investigate if sex and age would play a role in the relative changes 

of gut and blood microbiomes (Figure 8, Figure 9). Male participants also 

showed higher levels of E. eligens group in the gut in comparison to females. 

Although Hyphomicrobium was elevated in patients with VC compared to 

patients without VC, Hyphomicrobium was present in adult participants but 

not in senior participants. Therefore, except for E. eligens group, the results 

suggest that the variation of the specific taxa in Figures 6 and 7 are mostly 

explained by VC in PD patients. 
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Figure 8: Relative changes in gut (A) and blood (B) bacterial taxa at the genus/family level 
in peritoneal dialysis patients comparing males (yellow bars) with females (blue bars). 
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Figure 9: Relative changes of gut (A) or blood (B) bacterial taxa at the genus/family level in 
peritoneal dialysis patients comparing adulthood (until 65 years old, grey bars) with senior 
(> 65 years old, green bars). 

 

5.2.5. Urobiome in CKD patients on PD 

The taxonomic profiles allowed to organize the urinary samples in multiple 

subtypes, comprising samples dominated by Lactobacillus, Staphylococcus, 

Streptococcus, Gardnerella, Prevotella, Escherichia-Shigella, or others 

(Figure 10). The meaning of finding these subtypes is complex, but it is not 

related to active urinary infections (because patients with active infections 

were excluded from this study). All urinary samples of Lactobacillus subtype 
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were linked to female patients, while Staphylococcus and Anaerococcus 

dominated samples were exclusively found in male patients. 

 

Figure 10: Sample subtypes observed among the urobiome of patients on peritoneal 
dialysis. Each subtype is dominated by a specific taxonomic group (genus), namely 
Lactobacillus, Staphylococcus, Streptococcus, Gardnerella, Prevotella, Escherichia-
Shigella, or other subtypes (no specific genus dominates this subset of samples). 

 

When comparing the urinary, the gut, and the blood microbiomes in PD 

patients, Gardnerella OTUs were exclusively found in urinary samples (in 20 

out of 46 samples). Dermabacter and Atopobium OTUs were rarely observed 

in gut and blood samples (in 1 and 2 samples, respectively), but frequently 

found in urine (6 samples were positive for Dermabacter and 13 samples for 

Atopobium). There were other taxonomic groups only found in urinary 

samples (Table 5 and Table 6). When urine OTUs were compared with OTUs 

in gut and blood samples, some similarities were observed. There were three 

OTUs (identified as Pseudomonas and Stenotrophomonas) common for all 

PD patients included in this study, and two OTUs (identified as Pelomonas 
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and Escherichia-Shigella) presented in more than 90% of the patients. 

Interestingly, there were some OTUs found in multiple samples from a single 

patient (e.g., urine and blood). A set of 54 OTUs were common to multiple 

samples from a single patient, being 39 of these OTUs (72%) found in urinary 

and stool samples. Only 9 OTUs (17%) were simultaneously observed in 

urinary and blood samples (17%), and 6 OTUs (11%) were observed in stool 

and blood samples. Similarities were also high when the analysis was 

extended to OTUs present in more than one patient, suggesting a high 

interplay between taxa in urinary and gut microbiomes. 

Table 5: Taxonomic groups found exclusively in urine samples. 

Phylum Class Order Family Genus 
N 
reads 

Actinomycetota Actinomycetota Bifidobacteriales Bifidobacteriaceae Gardnerella 32 
Bacillota Clostridia Clostridiales Family XI Finegoldia 31 
Bacillota Clostridia Clostridiales Family XI Ezakiella 24 
Actinomycetota Actinomycetota Actinomycetales Actinomycetaceae Varibaculum 20 
Bacteroidota Bacteroidia Bacteroidales Prevotellaceae Prevotella 6 18 
Bacillota Clostridia Clostridiales Lachnospiraceae Howardella 13 
Actinomycetota Actinomycetota Actinomycetales Actinomycetaceae Mobiluncus 12 
Bacillota Negativicutes Selenomonadales Veillonellaceae Negativicoccus 10 
Bacillota Clostridia Clostridiales Family XI Murdochiella 9 
Pseudomonadota GammaPseudomonadota Enterobacteriales Enterobacteriaceae Proteus 9 
Bacillota Bacilli Lactobacillales Aerococcaceae Multi-affiliation 8 
Actinomycetota Actinomycetota Micrococcales Dermacoccaceae Dermacoccus 5 
Bacteroidota Bacteroidia Flavobacteriales Weeksellaceae Bergeyella 5 
Actinomycetota Actinomycetota Actinomycetales Actinomycetaceae Actinobaculum 5 
Bacillota Clostridia Clostridiales Family XI Parvimonas 4 

Patescibacteria Gracilibacteria 
Absconditabacteriale
s (SR1) Unknown Unknown 3 

Pseudomonadota AlphaPseudomonadota Sphingomonadales Sphingomonadaceae Altererythrobacter 3 
Pseudomonadota AlphaPseudomonadota Sphingomonadales Sphingomonadaceae Novosphingobium 4 
Bacillota Clostridia Clostridiales Lachnospiraceae Catonella 3 
Bacillota Clostridia Clostridiales Lachnospiraceae Stomatobaculum 3 
Bacillota Clostridia Clostridiales Lachnospiraceae Lachnoanaerobaculum 2 
Pseudomonadota AlphaPseudomonadota Rhizobiales Methyloligellaceae Unknown 1 
Pseudomonadota GammaPseudomonadota Enterobacteriales Enterobacteriaceae Pantoea 1 
Actinomycetota Actinomycetota Micrococcales Micrococcaceae Pseudoglutamincibacter 2 
Actinomycetota Actinomycetota Micrococcales Multi-affiliation Multi-affiliation 1 
Bacteroidota Bacteroidia Bacteroidales Prevotellaceae Prevotellaceae UCG-001 1 
Bacillota Clostridia Clostridiales Peptostreptococcaceae Filifactor 1 
Bacillota Negativicutes Selenomonadales Veillonellaceae Megasphaera 2 
Fusobacteriota Fusobacteriia Fusobacteriotales Leptotrichiaceae Sneathia 2 
Pseudomonadota AlphaPseudomonadota Rhizobiales Rhizobiaceae Mesorhizobium 2 
Pseudomonadota GammaPseudomonadota Pasteurellales Pasteurellaceae Actinobacillus 1 
Pseudomonadota GammaPseudomonadota Vibrionales Vibrionaceae Vibrio 1 
Actinomycetota Actinomycetota Micrococcales Demequinaceae Multi-affiliation 1 
Actinomycetota Actinomycetota Micrococcales Micrococcaceae Nesterenkonia 1 
Actinomycetota Actinomycetota Micrococcales Promicromonosporaceae Cellulosimicrobium 1 



Microbiome and CKD  Results 

   

Bacteroidota Bacteroidia Bacteroidales Prevotellaceae Prevotella 1 1 
Elusimicrobia Lineage Iic Unknown Unknown Unknown 1 
Bacillota Clostridia Clostridiales Lachnospiraceae Shuttleworthia 1 
Bacillota Clostridia Clostridiales Ruminococcaceae Fastidiosipila 1 

 

Table 6: Taxonomic groups found exclusively in urine samples with one exception (one 
read either in feces or blood samples). 

Phylum Class Order Family Genus urine gut blood 
Bacillota Clostridia Clostridiales Family XI Anaerococcus 125 1 0 
Bacteroidota Bacteroidia Bacteroidales Porphyromonadaceae Porphyromonas 52 1 0 
Fusobacteriota Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium 31 1 0 
Epsilonbacteraeota Campylobacteria Campylobacterales Campylobacteraceae Campylobacter 22 1 0 
Fusobacteriota Fusobacteriia Fusobacteriales Leptotrichiaceae Leptotrichia 20 0 1 
Actinomycetota Coriobacteriia Coriobacteriales Atopobiaceae Atopobium 18 0 1 
Bacillota Bacilli Lactobacillales Enterococcaceae Enterococcus 18 1 0 
Bacillota Clostridia Clostridiales Peptostreptococcaceae Peptostreptococcus 15 1 0 
Actinomycetota Actinomycetota Bifidobacteriales Bifidobacteriaceae Alloscardovia 13 1 0 
Bacteroidota Bacteroidia Flavobacteriales Flavobacteriaceae Capnocytophaga 10 0 1 

 

Demographic and clinical variables of PD patients were studied to find 

correlations with the urinary microbiome, being the largest significance found 

for gender (p = 0.001). Lactobacillus was linked to females and other families, 

such as Staphylococcus and Anaerococcus, to males (Table 7 and Figure 

11). Figure 11 shows the taxonomic groups significantly affected by the 

separation of urinary samples in two groups according to different clinical 

variables. 

PD patients with more than 3.5 µg/mL sCD14 levels showed increased levels 

of Lactobacilllus, Dermabacter, and Gardnerella in urine microbiome (p = 

0.03) when compared with patients with equal or lower levels of sCD14. 

Residual diuresis lower than or equal to 1500 ml/24h, proteinuria, and 

creatinine clearance lower than 50 L/week were also associated to 

differences in the PD urobiome. Also of note, lower relative abundance of 

Atopobium, Dermabacter, and Gardnerella were found in diabetic PD 

patients (p = 0.055; p = 0.04 by removing two outgroup samples). 
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Table 7: Demographic and clinical characterization of PD patients and the association of 
these variables with urinary microbiome. 

Variable Mean ± SD Specificity n (%) 
Gender, female   Female 15 (33%) 
Age, years  56.10±10.66   More than 65 years 9 (20%) 

  Less than 51 years 14 (30%) 
Time in PD, years 2.68±2.45  More than 5 years 5 (11%) 

  Less than 1 year 12 (26%) 
Type of peritoneal dialysis      Automated   22 (48%) 
History of peritonitis   Presence 11(24%) 
Iron supplementation  On  35 (76%) 
Hypouricemic  On  18 (39%) 

Phosphate binders   On 39 (85%) 
Diabetes  Presence 14 (30%) 
Obesity  BMI higher than 30 5 (11%) 
Cardiovascular disease      Presence  10 (22%) 
Neoplasm  Present or previous 9 (20%) 
Adragao Index  No calcification 12 (26%) 
Charlson Index  Less than 2 12 (26%) 
Creatinine clearance, L/week 114.09±56.21 Less than 50L/week 3 (7%) 
Urea, mg/dl  126.37±37.02 Higher than 150mg/dl 10 (22%) 
Urea depuration, Kt/V (urea) 2.22±0.52 Less than 1.7 6 (13%) 
Renal clearance total, ml/min  5.62±3.94 Less than 10ml/min 18 (39%) 
Residual diuresis, cc/24h 1301.04±830.69 Higher than 1500cc/24h 19 (41%) 
Proteinuria, g/24h  1.01±1.25 Presence 39 (85%) 
Albumin, g/l 37.03±3.33 Less than 35g/l 11(24%) 
Cholesterol, mg/dl  171.48±55.86  Higher than 200mg/dl 9 (20%) 
C- reactive protein, mg/l  5.25±8.33  Higher than 10mg/L 6 (13%) 
Ferritin, ng/ml 361.75±218.09 Higher than 600ng/ml 6 (13%) 
Hemoglobin, g/dl 11.5±0.6 Higher than 12g/dl 15 (33%) 
Sedimentation velocity, mm  63.28±25.41 Higher than 81mm 14 (30%) 
Soluble CD14, ug/ml 5.13±2.10 Less than 3.5µg/ml  9 (20%) 
IL-10, pg/ml 17.98±14.44 Less than 11.1pg/ml 17 (37%) 
IL-6, pg/ml 2.82±6.18 Equal or higher than 1.3pg/ml 18 (39%) 
IL-1β, pg/ml  1.32±0.92 Less than 1.0pg/ml 22 (48%) 
TNF-α, pg/ml  11.47±4.33 Less than 6.0pg/ml 3 (7%) 
TLR4, pg/ml  632.85±442.02 Less than 451pg/ml 19 (41%) 
LBP, pg/ml 39.94±17.17  Equal or higher than 41pg/ml 18 (39%) 

Results expressed in mean and standard deviation (Mean ± SD) for continuous variables 
and number of patients (n) and prevalence (%) for categoric variables. For statistical 
analysis, continuous variables were transformed in categoric variables. 
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Figure 11: post-hoc analyses describing prevalence differences of multiple taxonomic 
groups (and p values associated to each taxa) considering the clinical and demographic 
factors associated to urobiome; all the remaining taxa not displayed in the figures are similar 
in both groups of patients – the figure displays only the differences. Gender, sCD14, residual 
diuresis, history of peritonitis, proteinuria and creatinine clearance were significantly 
associated to urobiome profiles (p<0.05; see Table 7 with values for the analysis of 



Microbiome and CKD  Results 

   

similarities (ANOSIM) and confirmed by permutational multivariate analysis of variance 
(PERMANOVA). Post-hoc analyses were done in STAMP 2.1.3. 

 

History of peritonitis (occurred more than 3 months before samples collection) 

was also associated with differences in the urinary microbiome, being 

Gardnerella, Staphylococcus, and Corynebacterium decreased in such 

patients (Figure 11). Previous peritonitis was reported in 11 patients, being 

caused by Staphylococcus epidermidis (n=2), Streptococcus salivarius (n=2), 

Rhizobium radiobacter, Klebsiella oxytoca, Streptococcus mitis, Pantoea 

spp., Serratia marcescens, while no agents were identified in 4 cases. Also, 

there were 4 cases of reported urinary infections (occurring more than 3 

months before sample collection) among these patients, being caused by E. 

coli (n=2), Streptococcus haemolyticus (n=1), and one unidentified agent. 

Neither the history of peritonitis, nor previous urinary infection were 

associated to the specific subtypes described above.  

In this work, we also measured markers of intestinal translocation 

(endotoxins, LPS-binding protein, TLR4, and sCD14), inflammatory 

parameters (CRP, ferritin, SV, IL-1, IL-6, TNF-α, and the anti-inflammatory 

IL-10), and other routine laboratory parameters (such as urea, proteinuria, 

albumin, hemoglobin, cholesterol and its different fractions, triglycerides, 

calcium, PTH, BNP), but no statistically significant differences were found 

(Table 7). No difference was observed on the urinary microbiome of patients 

depending on their PD modality (automated or manual). 
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6. DISCUSSION 

6.1. Chronic kidney disease is associated with changes in 

gut, blood, and urinary microbiomes 

6.1.1. Hemodialysis is associated with gut dysbiosis 

In CKD patients on HD, we analyzed the gut microbiome of 12 HD patients 

in Hospital Universitari Germans Trias i Pujol. The gut microbiome in our HD 

patients is dominated by Bacteroidota and Bacillota phyla, being 

Actinomycetota, Pseudomonadota, and Verrucomicrobiota in the second line 

of colonization, and this is in accordance with previous reports (45,71). These 

described in HD patients’ dominant phyla are the same as described in 

healthy individuals (26–28). Although the gut microbiome of HD patients 

seems similar to healthy individuals at phyla level, some studies that compare 

HD patients to healthy controls report that HD patients present higher relative 

abundances of Bacteroidota and Bacillota (37).  Moreover, studies in HD 

patients report an increase in potentially pathogenic species, particularly of 

the phyla Pseudomonadota, Actinomycetota, and Bacillota (106). The 

content of Pseudomonadota in the gut microbiome of healthy people has 

been reported to be less than 1% (107). Some studies propose that an 

increase in the relative abundance of Pseudomonadota would be a potential 

diagnostic signature of dysbiosis and risk of disease, and this increase has 

been observed in studies comparing HD patients to healthy controls 

(108,109). In our HD study, we do not have healthy controls to compare, so 

it is no possible to calculate the comparative proportions between different 

phyla. Nowadays, most microbiome analysis are only used in an 
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experimental field, so there are not reference values to describe what is 

“normal”. To discover the changes in the microbiome of a diseased 

population, we need healthy controls or a different group of patients for 

comparison.    

In the present study, differences in the gut microbiome of HD patients were 

observed compared by age or gender. In accordance, some alterations have 

been demonstrated in the gut microbiome by aging (110). Elderly patients, 

especially those with high frailty scores, present relative proportions of 

Bacteroidota predominating, less microbial diversity, and decreases in 

Bifidobacteria, Bacteroides/Prevotella, Lactobacillus, and Clostridium cluster 

IV, when compared with young individuals, who present more microbial 

diversity and higher proportions of Bacillota, among others (111,112). There 

is also mounting evidence supporting that there are alterations in the gut 

microbiome when comparing women and men (113,114). In this study in HD 

patients, some differences were observed in the gut microbiome according 

to gender and age, but the differences found among each patient were much 

more pronounced. So, microbial profiles were very distinct among patients 

and, when the samples of all the different time-points were considered, the 

clustering analysis grouped the samples of the same patient, independently 

of the clinical condition analyzed (gender, age, ischemic cardiomyopathy, or 

catheter as vascular access).  

It is essential to consider that the present study presents some limitations. 

On the one hand, the size of the patient sample is small, so it is difficult to 

draw solid conclusions, especially on the effects of the clinical and 

biochemical variables analyzed. To validate our results, a larger study, with 
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an increased number of patients is needed. On the other hand, our patients 

display different backgrounds, with distinctive comorbidities and different 

pharmacological therapies which can influence on the gut microbiome. So, 

our study alerts about the high variability of profiles found on the gut 

microbiome of HD patients. 

6.1.2. Peritoneal dialysis is associated with gut dysbiosis 

In CKD patients on PD, we studied in one time-point the gut, blood, and 

urinary microbiomes of 46 PD patients in Centro Hospitalar Universitário de 

São João. The gut microbiome of this PD population was dominated by 

Bacillota and Bacteroidota at the phylum level (115), as described in the 

previous subchapter in healthy individuals and HD patients. At the family 

level, the gut microbiome of PD patients was dominated by 

Ruminococcaceae, Bacteroidaceae, Lachnospiraceae, and Prevotellaceae, 

according to other studies describing the gut microbiome of PD patients 

(72,75,77,79). Jiang et al. (77) related Ruminococcaceae with a declined 

residual renal function in PD patients. In line with this, some studies suggest 

that uremic condition resulted from impaired renal function may favor the 

growth of some genera belonging to Ruminococcaceae family (116). We 

have observed a similar gut microbiome in our PD patients to that previously 

described in other ESRD populations. Although this seems to be not very 

innovative, given the fact that there are very few studies in PD patients, with 

our results we might make our contribution to PD microbiome knowledge.  

6.1.3. Peritoneal dialysis and changes in the blood microbiome 

Since human blood has traditionally been considered an entirely sterile 

environment, comprising only blood-cells, platelets and plasma, the detection 
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of microbes in blood was consistently interpreted as an indication of infection 

(86,88). Nonetheless, although still controversial, there is evidence 

supporting the existence of a healthy and a diseased non-infectious human 

blood-microbiome (81,86,88,117,118). In our PD patients, the results of this 

thesis show that the blood microbiome is dominated by Pseudomonadota 

and Actinomycetota at the phylum level and by Pseudomonadaceae, 

Burkholderiaceae, and Legionellaceae at the family level (115). 

Pseudomonadota is a major phylum of Gram-negative bacteria, which 

includes a wide variety of pathogens such as Escherichia, Salmonella, Vibrio, 

Yersinia, Pseudomonas, Burkholderia, Legionella, and many other genera. 

Pseudomonadota is higher both in the gut and blood in many chronic 

inflammatory diseases, including inflammatory bowel disease, metabolic 

syndrome, CVD, and chronic lung diseases (81,117,119).  

Regarding CKD patients, Shah et al. (82), carefully profiled blood microbial 

DNA from non-dialysis CKD patients and compared that microbiome with gut 

and blood microbiome from healthy controls. They observed that 

Pseudomonadaceae and Enterobacteriaceae families were significantly 

higher in the blood microbiome of CKD patients. They also demonstrated 

higher Pseudomonadota and Actinomycetota predominance in the blood in 

contrast to Bacteroidota and Bacillota predominance in the gut, in line with 

our findings in PD patients. An important question raised by Shah et al. (82) 

results and by our findings is whether microbial DNA in the blood is derived 

from microorganisms of the colon or from other body habitats (120). However, 

taking in consideration that both studies found that more than half of the 16S 

rDNA sequences in the blood of the participants were derived from 
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Pseudomonadota phylum, which represents a small minority of the normal 

colon microbial population, this suggests that the blood microbiome is not 

derived from the colon microbiome in CKD patients, and other body sites 

must be explored (120). 

It is also relevant to note that families found in the blood microbiome of our 

PD patients include serious clinical pathogens, such as Pseudomonadaceae, 

Burkholderiaceae, and Legionellaceae. Although PD patients with history of 

infections in the last 3 months were excluded from this study, when evaluating 

the history of previous infections, five presented previous Pseudomonas 

aeruginosa infections (between 4 months to 2 years before sample 

collection), with this pathogen being isolated in the catheter exit-site in four 

of these five patients, and in the respiratory tract in the remaining patient 

(115). However, it is important to highlight that our PD patients were stable 

and not infected at the time of blood samples collection. The detection of such 

families in the blood microbiome of stable PD patients, may be explained by 

the translocation of phagocyted microbial cells of microorganisms from other 

body sites, such as the gut, the oral cavity, the PD catheter biofilm, or even 

from PD solutions (81,120). These findings also support the existence of a 

healthy and a diseased non-infectious human blood microbiome 

(81,86,88,117,118), with relevance in acute diseases, but also in a moment 

of stability and chronicity of these diseases.  

6.1.4. Peritoneal dialysis and changes in the urinary microbiome 

The existence of an urobiome has been recognized since 2010 (121) and 

multiple studies described its diversity and complexity (85,92,97). The urinary 

microbiome has not been previously described in PD patients. Most PD 
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patients preserve residual renal function and we thought that, given the easy 

and not harmful urine collection procedure, it was useful to analyze the 

urobiome in PD patients and understand its relation to clinical conditions. In 

our study in PD patients, the urobiome was dominated by Bacillota, 

Actinomycetota, and Pseudomonadota, specifically by the families 

Streptococcaceae, Enterobacteriaceae, Lactobacillaceae, and 

Bifidobacteriaceae and it is similar to the urobiome previously described for 

CKD patients stages 3 to 5 that were not on dialysis (85). The urine subtypes 

we described in this set of samples are dominated by the genera 

Lactobacillus, Staphylococcus, Streptococcus, Gardnerella, Prevotella, and 

Escherichia-Shigella. And this is in concordance with previously described 

subtypes in CKD humans and CKD cats (84,85,122) suggesting that those 

subtypes may be transversal to distinct groups of CKD patients (85) and may 

have a role in CKD pathophysiology.  

It has been recognized the relation of the urinary microbiome on recurrent 

urinary infections among women (123). In the present work, PD patients with 

history of infections and antibiotic intake in the last 3 months were excluded. 

History of catheter exit-site infections and history of urinary infections were 

not associated to urinary microbiome differences in PD patients. 

Nevertheless, history of peritonitis (more than 3 months before sample 

collection) was described as a factor associated to changes in the urobiome 

in this study, being Gardnerella, Staphylococcus, and Corynebacterium 

decreased in these patients. This fact suggests that peritonitis occurrence 

may promote a microbial translocation to the bladder, and this may alter the 

urobiome persistently even after successful treatment. It would be interesting 
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to have a long-term follow-up of infectious events to better evaluate if the 

urobiome may have an impact on infectious episodes. 

This is the first study that analyze the urinary microbiome in PD patients. In 

our PD patients, we found that gender and diabetes were associated to 

differences in the urobiome, while age did not alter this microbiome. In 

previous reports, some clinical conditions, such as diabetes, dyslipidemia, 

older age, or gender (85,97) have been associated with fluctuations in the 

urinary microbiome of non-CKD patients. Regarding the gender, in the 

present study, all urinary samples of Lactobacillus were linked to female PD 

patients, while Staphylococcus and Anaerococcus dominated samples were 

exclusively found in male PD patients, as described in a previous study 

analyzing non-dialysis CKD women and men (85). Lactobacillus has been 

also previously described in healthy women (124). Lower relative 

abundances of Atopobium, Dermabacter, and Gardnerella were found in 

diabetic PD patients. Gardnerella has also been shown to be depleted in the 

urobiome of diabetic patients compared to healthy controls and was not found 

in a diabetes plus dyslipidemia cohort comparing with other cohorts (diabetes 

only, diabetes plus hypertension, and diabetes plus hypertension and 

dyslipidemia) (125,126). 

Residual diuresis, proteinuria, and creatinine clearance were associated to 

changes in the urobiome of our PD patients. We observed higher levels of 

Corynebacterium and Staphylococcus in patients with residual diuresis 

≤1500ml/24h. The genera Staphylococcus and Corynebacterium, among 

others, have been shown to be increased in patients with urinary tract 

infection (127). The reduction in the residual diuresis is an indicator of loss of 
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residual renal function and a risk factor for poor outcomes and prognosis in 

PD patients (100). Some species of Corynebacterium have a potent ability to 

metabolize urea and some studies relate an increase of this bacterium to 

urinary calculi (128). We also observed that proteinuria and creatinine 

clearance < 50 L/week were associated to multiple different taxonomic 

groups in the PD urobiome. Still, such findings result from a low number of 

samples analyzed and should be further explored. 

The levels of inflammatory parameters and intermediate size molecules 

clearance may be related to specific taxonomic groups frequently present in 

urine (123), but confirmatory studies supporting these associations are still 

lacking. Interestingly, in our study PD patients with higher sCD14 levels 

presented an increase in Lactobacillus, Dermabacter, and Gardnerella in the 

urobiome. CD14 is a human monocyte differentiation antigen that acts as a 

pattern recognition receptor by binding to pathogen-associated molecular 

patterns such as LPS, working as TLR co-receptor for the detection of 

infections (129). Particularly in CKD, we have also associated in our PD 

study, as described in subchapter 5.6, higher levels of sCD14 to VC, CVD, 

and all-cause mortality.  

6.1.5. Differences between gut, blood, and urinary microbiome in 
peritoneal dialysis patients 

In the present study, the urinary microbiome of PD patients showed a lower 

biodiversity (Shannon index) compared to gut and blood microbiomes, as 

described for other non-dialysis CKD patients (85). In this study, the urinary 

microbiome of PD patients was distinct from the gut and blood microbiome 

and presented some exclusive taxa such as Gardnerella. Gardnerella has 
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been increasingly recognized as a common and often abundant member of 

the female urinary microbiome. Some studies even suggest that the presence 

of Gardnerella is associated with urological or gynecological disorders 

(130,131). Gardnerella has been also identified in the urobiome of patients 

with history of high blood pressure (95). The inoculation of Gardnerella into 

the bladders of mice results in urothelial exfoliation, urothelial turnover, and 

increased susceptibility to subsequent urinary tract infections caused by 

pathogenic Escherichia coli (132). In our PD population, we observed an 

increase in Gardnerella in PD patients with higher levels of sCD14, but we 

have observed a depletion of Gardnerella in PD patients with diabetes and in 

those with history of peritonitis more than 3 months before sample collection. 

Given these findings and considering that PD patients with history of infection 

in the last 3 months were excluded, we cannot clarify the role of Gardnerella 

in PD patients. 

PD patients may present a different quantitative and qualitative microbial 

profile in gut, blood, and urine when compared to healthy individuals. Results 

showed shared OTUs between gut, blood, and urine microbiomes. These 

similarities can be influenced by the uremic environment that promotes the 

disruption of intestinal tight junctions, and the translocation of gut taxonomic 

groups and toxins into the blood and other body fluids (92). Nonetheless, this 

is a unicentric, cross-sectional study. For this reason, future studies should 

explore unrecognized mobility pathways of the human microbiome through 

different body habitats, and its role in infections and systemic inflammation in 

PD patients. 
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6.2. Phosphate binders and the gut microbiome in 

hemodialysis patients 

This is the first study comparing the changes in the gut microbiome of HD patients 

taking CA versus SFO. The patients were divided into two groups and their 

treatment for hyperphosphatemia was changed: 5 patients were placed in CA group 

(4 continuing CA therapy and 1 patient changing from calcium carbonate therapy) 

and 7 were switched to SFO (5 changing from CA therapy and 2 starting phosphate-

binding treatment). The gut microbiome was analyzed in stool samples collected at: 

baseline, 4, 12, and 20 weeks after treatment initiation. The main clinical parameters 

were not different between HD patients assigned to CA or SFO groups at baseline. 

In this study, there were no consistent differences in the bacterial composition of the 

gut microbiome between the two groups treated with these different phosphate-

binding agents. Although different microbiome profiles were observed when both 

groups of treatment were compared, this different profile was already presented at 

baseline, and long-term treatment did not modify this diversity in any of the two 

groups. The treatment with CA or SFO during 4, 12, and 20 weeks in our HD 

population did not significantly modify baseline gut microbiome diversity nor 

composition in any of the two groups, as reported in our results (133). 

Some other studies have previously reported the effects on the gut microbiome of 

phosphate binders. Regarding calcium-based phosphate-binding agents, an 

increase of fecal total SCFAs and a higher relative abundance of the genus 

Clostridium XVIII in healthy individuals taking calcium carbonate (63). Navarro-

Gonzalez et al. (59) analyzed serum samples from HD patients taken either the non-

calcium-based phosphate binder sevelamer or CA and concluded that treatment 

with sevelamer was associated with a significant decrease in high-sensitive CRP, 
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IL-6, serum endotoxin, and sCD14, independent predictors of mortality in HD 

patients. There are not previous studies that specifically analyze the effects of CA 

on the gut microbiome. 

Recently, iron-based phosphate binders, such as ferric citrate and SFO, have been 

approved for the treatment of hyperphosphatemia in dialysis patients. Data 

suggested that the iron contained in these iron-based phosphate binders may switch 

gut microbiome because some gut bacteria use iron to increase their relative 

abundance (64,134,135). Moreover, it has been shown that an increase in the 

amount of iron reaching the colon may promote virulence of some pathogenic 

bacteria and a pro-inflammatory environment (57,136). Given these data, we 

expected that SFO treatment would promote changes in the gut microbiome, but 

our study shows that SFO treatment does not modify the gut microbiome in HD 

patients, nor CA treatment. Regarding previous studies analyzing the effects of iron-

based phosphate binders on the gut microbiome, Lau et al. (65), compared fecal 

microbiome and uremic toxins in serum samples between CKD rats (who underwent 

5/6 nephrectomy) and normal rats, randomly assigned to a regular diet or a diet 

containing 4% ferric citrate for 6 weeks. They observed that CKD rats had lower 

relative abundances of Bacillota, and Lactobacillus and a lower gut microbial 

diversity compared to normal rats, but they also described that ferric citrate 

treatment in CKD rats increased bacterial diversity almost to levels observed in 

control rats and that this treatment did not increase uremic toxins. In a recent study, 

Wu et al. (137), compared HD patients gut microbiome treated with either calcium 

carbonate or ferric citrate. They observed a significantly increased microbial 

diversity in the group treated with ferric citrate, with an increased abundance of 

Bacteroidota and a decreased abundance of Bacillota. Before the publication of our 
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results, Iguchi et al. (138), compared 3 months’ changes in the gut microbiome and 

uremic toxins of HD patients treated with SFO versus no treatment for 

hyperphosphatemia. They also found no changes in the gut microbiome in patients 

treated with SFO throughout time. So, this study confirmed the long-term stability of 

the gut microbiome in HD patients treated with SFO for 5 months. A later publication 

confirmed this stability of the gut microbiome in HD patients and observed a stability 

of the oral microbiome four weeks after starting SFO treatment (139).  

In this study on HD patients, no changes in the gut microbiome after 20 weeks of 

treatment were observed, independently of the phosphate binder taken. For the 

moment, when choosing a phosphate binder, we should rely on their power on the 

reduction of serum phosphate, the pill burden, the association to the progression of 

VC, the adverse events, or the gastrointestinal tolerance (140–143). Although the 

influence of these phosphate binders on the gut microbiome was expected, and 

remains possible, for now, there is no evidence that this aspect should influence our 

approach when treating hyperphosphatemia in ESRD patients. 

6.3. Phosphate binders and clinical and biochemical 

parameters in hemodialysis patients 

As reported, to search if a specific clinical variable could influence on this 

differentiated microbiome profile, the main clinical parameters at baseline of our HD 

patients were analyzed and not statistically significant differences were found 

between both groups of treatment. Patients 5 and 6 were a little bit out of order and 

it can be stated that patient 5 received vancomycin and tobramycin for 3 weeks 

(initiated before week 20 sample collection), while patient 6 presented chronic 
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diarrhea with repeatedly negative cultures and a possible wasting syndrome 

associated. 

Regarding laboratory findings, as expected, HD patients treated with the calcium-

based phosphate binder CA presented higher calcium levels than those treated with 

SFO. CA group compared with SFO group presented, although not statistically 

significant, increased levels of inflammatory parameters, such as SV, CRP, and 

ferritin. Such pleiotropic effect on diminishing inflammation was described for some 

phosphate binders other than calcium-based phosphate binders (143,144). 

6.4. Vascular calcification, all-cause mortality risk, and the 

gut and blood microbiomes in peritoneal dialysis 

patients 

To evaluate the differences in the gut and blood microbiomes in association with the 

severity of VC and the risk of mortality, a subgroup of 44 PD patients in Centro 

Hospitalar Universitário de São João was analyzed, VC was assessed by Adragao 

score, and all-cause mortality risk was estimated by Charlson comorbidity Index. 

Relative changes were observed in specific taxa when comparing PD patients with 

and without VC, namely an increase in Coprobacter, Coprococcus 3, Lactobacillus, 

and Eubacterium eligens group in the gut microbiome of PD patients with VC, and 

an increase in Cutibacterium, Pajaroellobacter, Devosia, and Hyphomicrobium and 

a decrease Pelomonas in the blood microbiome of PD patients with VC (115). An 

association between VC and all-cause mortality risk in PD patients was also 

observed, and patients with higher mortality risk corroborate the changes of E. 

eligens in the gut and Devosia genus in the blood.  
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Coprobacter, Coprococcus 3, Lactobacillus, and E. eligens were more abundant in 

the gut microbiome of PD patients with VC. Despite only a few taxa differed between 

the gut microbiome of PD patients with and without VC, these taxa represent 

relevant groups and some of these taxa are key players in the gut microbiome (145–

148) Regarding this taxa and CVD, some studies relate Lactobacillus to 

cardiotoxicity and ST-segment elevation myocardial infarction (149), some studies 

associate an increase in Eubacterium, Coprococcus (some studies relate 

specifically Coprococcus 3), and Lactobacillus to CVD and stroke (150), and a study 

also relates Lactobacillus to increased homocysteine levels in patients with 

obstructive sleep apnea–hypopnea syndrome (151). Despite that, the role of 

Lactobacillus is controversial, and other studies observe a protective role of 

Lactobacillus in CVD, inflammatory response, and metabolic disorders (152). 

Among the taxonomic differences observed in the gut microbiome of PD patients 

with or without VC, patients with higher mortality risk also demonstrated higher 

relative abundance in E. eligens group, highlighting a potential critical role of this 

taxon in PD patients. The increase in the relative abundance of E. eligens group is 

most frequently associated with a healthy status (153,154). For example, E. eligens 

was depleted in stool samples from atherosclerotic patients from Sweden and China 

cohorts and was appointed as promising probiotics and potential therapeutic target 

for atherosclerosis (153). However, a recent study identified that E. eligens group 

may have causal effects on increasing the risk of CKD (155). In our PD study, the 

microbiome differences associated to gender may have contributed to this result, 

given that participants with VC included more males, and male participants also 

presented higher E. eligens group prevalence in comparison to females. But, as the 
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results of the present study and other studies suggest, the increase in E. eligens 

may not always constitute a protective factor. 

When comparing the blood microbiome of PD patients with and without VC, PD 

patients with VC presented an increase in Cutibacterium, Pajaroellobacter, Devosia, 

and Hyphomicrobium, and a decrease in the relative abundance of Pelomonas. 

Most of these groups appear sporadically in different areas of the human 

microbiome (skin, oral, gut) (156–159), but the real role of these genera remains 

unknown. We observed an increase in the relative abundance of Devosia genus 

both in PD patients with VC (when compared with PD patients without VC), as well 

as in PD patients with higher mortality risk. To our knowledge, Devosia has not been 

previously reported in the blood microbiome but has been found to be increased in 

the gut microbiota of colorectal cancer patients (159) and in rabbits with heat stress 

(160). Given these findings, the role of Devosia as a biomarker of CVD and mortality 

in CKD PD patients should be further explored. 

6.5. Vascular calcification, all-cause mortality risk, and 

clinical and biochemical in peritoneal dialysis patients 

When comparing PD patients with and without VC, patients with VC showed higher 

estimated mortality risk, corroborating previous reports (23). In this study, PD 

patients with VC included more males, older patients, and more diabetics in 

comparison with PD patients without VC. In fact, these three factors were previously 

recognized as major contributors to VC (161,162).  

Moreover, PD patients with VC presented lower Kt/V (urea) values when compared 

with patients without VC. We must remark that, although we found lower Kt/V values 

in PD patients with VC, the Kt/V (urea) values observed in both groups are within 
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the recommended range by the International Society for PD (not less than 1.7) 

(100). To date, there has been a wide debate about the influence of dialysis dose 

on the prognosis of ESRD patients (163). Some studies suggest that a more efficient 

removal of urea leads to decrease morbidity and improves all-cause mortality(164), 

and even describe a negative correlation between Kt/V and pulse wave velocity as 

surrogate marker of VC (165). However, several reports do not support the potential 

benefit of high dose dialysis, and positively correlate Kt/V (urea) values with VC 

(163), contrary to our findings. In summary, the role of Kt/V (urea) in VC needs to 

be clarified. 

When comparing phosphorous levels between PD patients with and without VC, 

patients without VC unexpectedly presented higher phosphorous levels. Higher 

levels of calcium-phosphate product were observed in patients without VC when 

compared with patients with VC but below the cut-off established for higher risk of 

VC and CVD (166). Previous reports (167,168) suggest that VC is marked by 

hyperphosphatemia and higher levels of calcium-phosphate product. Perhaps our 

results could be explained by some peculiarities in this study population. We 

performed a unique blood test, and we did not collect samples in different time-

points, so it is possible that our PD patients with VC presented higher phosphorous 

levels in the past. Another argument is that PD patients on vitamin D analogues and 

activators of VDR (including alpha D, calcitriol, paricalcitol, and VDR activators) 

represented 100% of patients without VC, and only ~72% of patients with VC, 

denoting a significant difference (p < 0.05). The relationship between vitamin D and 

VC is complex. Moderate activation of VDR signaling protects against VC, but a 

deficient or excessive activation of VDR has been associated to VC (169). As some 

studies proved that the treatment with calcitriol and paricalcitol may protect against 
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VC (170), others found no differences in the presence of VC in PD patients treated 

with calcitriol (171). Vitamin D analogues and activators of VDR promote an 

increase in phosphate levels, so the higher intake of these drugs in the group without 

VC may collaborate on the higher levels of phosphorous in that group. Another 

argument to be looked at with caution is that, although not statistically significant, in 

this study the group with VC was treated in a higher proportion with calcium-based 

phosphate binders and in a lower proportion with non-calcium-based phosphate 

binders, resulting in better phosphorous control in that group. In clinical trials, 

calcium-based phosphate binders compared with non-calcium-based phosphate 

binders, have been related to promote hypercalcemia and consequently, to increase 

morbidity and mortality, CVD, and the progression of VC in ESRD patients 

(168,172,173). 

6.6. Vascular calcification, all-cause mortality risk, and 

markers of intestinal translocation, inflammatory 

parameters, and uremic toxins in peritoneal dialysis 

patients 

In the PD patients study, markers of intestinal translocation (endotoxins, LPS-BP, 

TLR4, and sCD14), inflammatory parameters (CRP, ferritin, SV, IL-1β, IL-6, TNF-α, 

and the anti-inflammatory IL-10), uremic toxins (PCS, 3-INDS, 3-IAA, and TMAO), 

and other routine laboratory parameters (such as urea, proteinuria, albumin, 

hemoglobin, cholesterol and its different fractions, triglycerides, calcium, PTH, 

BNP), were also measured but no statistically significant differences were found 

between PD patients with or without VC. Although some studies showed that 

markers of intestinal translocation, uremic toxins, or inflammatory parameters are 
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increased in CKD patients (174–176), we have found no differences in those 

parameters when comparing PD patients with and without VC. It should be noted 

that this PD study population did not include healthy controls for comparison, so we 

can only analyze the changes comparing PD patients with and without VC and we 

cannot define the changes that are promoted by CKD itself. The absence of 

differences between PD patients with or without VC could be associated with the 

relatively small number of patients included in this study. 

Interestingly, sCD14 was positively correlated with VC severity. In accordance, 

plasma sCD14 levels have been independently associated with myocardial 

infarction, coronary heart disease, and all-cause mortality among men and women 

above 65 years old in the Cardiovascular Health Study (177). Longenecker et al. 

(178) observed that sCD14 was independently associated with coronary artery 

calcification measured by computed tomography and predicted the extent of 

subclinical disease in other vascular beds in HIV patients. Poesen et al. (179) 

demonstrated that sCD14 was elevated in patients with decreased kidney function 

and was associated with mortality and CVD in non-dialysis CKD patients during a 

median follow-up of 52–54 months. Other studies positively correlated higher levels 

of sCD14 level to markers of inflammation and negatively to nutritional status and 

concluded sCD14 to be an independent predictor of all-cause mortality in long-term 

HD patients (180,181). Together, these findings support a putative role of sCD14 in 

VC that should be explored in future studies in PD patients. 

In summary, although no differences in uremic toxins, intestinal translocation 

markers, and inflammatory parameters were found among PD patients with and 

without VC, sCD14, a nonspecific marker of monocyte activation, was positively 

correlated with VC severity, suggesting its association with inflammation. 
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Collectively, these results open new avenues for biomarkers discovery in PD 

patients (115). 
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7. CONCLUSIONS 

1. The gut microbiome of our HD patients is dominated by Bacteroidota and 

Bacillota phyla, being Actinomycetota, Pseudomonadota, and 

Verrucomicrobiota in the second line of colonization. The gut microbiome of 

our PD patients is dominated by Bacillota and Bacteroidota at the phylum 

level, and by Ruminococcaceae, Bacteroidaceae, Lachnospiraceae, and 

Prevotellaceae at family level. The blood microbiome of our PD patients is 

dominated by Pseudomonadota and Actinomycetota at the phylum level and 

by Pseudomonadaceae, Burkholderiaceae, and Legionellaceae at the family 

level. The urobiome showed lower diversity than the gut and blood 

microbiomes in our PD patients. The urobiome of our PD patients is 

dominated by Bacillota, Actinomycetota, and Pseudomonadota, specifically 

by the families Streptococcaceae, Enterobacteriaceae, Lactobacillaceae, 

and Bifidobacteriaceae 

2. HD patients receiving CA presented a more diverse gut microbiome 

compared to those treated with SFO at baseline. The treatment for 5 months 

with either CA or SFO does not modify baseline diversity nor bacterial 

composition in the gut microbiome of HD patients. Although the influence of 

these phosphate binders on gut microbiome was expected, and remains 

possible, for now, there is no evidence that this aspect may influence our 

approach when treating hyperphosphatemia.  

3. In PD patients, mortality risk estimated by Charlson Comorbidity Index is 

positively correlated to VC assessed by Adragao score. Relative changes 

when comparing PD patients with and without VC were observed in: 
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Coprobacter, Coprococcus 3, Lactobacillus, and E. eligens in the gut 

microbiome; and Cutibacterium, Pajaroellobacter, Devosia, 

Hyphomicrobium, and Pelomonas in the blood microbiome. PD patients with 

higher mortality risk corroborate the changes of E. eligens in the gut and 

Devosia genus in the blood. 

4. Soluble CD14 is positively correlated with VC severity in our PD patients. PD 

patients with more than 3.5 µg/mL sCD14 levels show an increase of 

Lactobacilllus, Dermabacter, and Gardnerella in their urobiome when 

compared with patients with equal or lower levels of sCD14. 
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8. FUTURE LINES OF INVESTIGATION 

1. Our results suggest that E. eligens in the gut microbiome and Devosia in the 

blood microbiome are related to vascular calcification and all-cause mortality 

risk in PD patients. sCD14 is positively correlated with vascular calcification 

severity, also PD patients with higher sCD14 levels presented an increase in 

Lactobacillus, Dermabacter, and Gardnerella in the urobiome. Given that our 

sample size is small and that we do not have healthy controls to compare, 

future studies should further explore the role as VC biomarkers in CKD 

patients of E. eligens in the gut microbiome, Devosia in the blood microbiome 

and plasma sCD14, as well as the role of Lactobacillus, Dermabacter, and 

Gardnerella in the urobiome. 

2. In our PD study we measured VC using Adragao score because the simplicity 

of that method is of great advantage in clinical studies. Despite that, scoring 

coronary artery calcification by computed tomography entails higher 

specificity and sensibility to estimate VC. In future studies, it could be an 

advantage to measure VC by computed tomography instead of Adragao 

score in ESRD patients. 

3. In my thesis, both HD and PD populations had small sample sizes, and we 

did not have healthy controls to compare, so it is no possible to calculate the 

comparative proportions between different microbiome populations. 

Nowadays, most microbiome analyzes are only used in an experimental field, 

so there are not reference values to describe what is “normal”. To discover 

the changes in the microbiome of a diseased population, we need healthy 

controls or a different group of patients for comparison. Also, it would be 
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desirable if future microbiome studies in CKD patients can be done in larger 

populations, even multi-centric.   

4. It has been recognized the relation of the urinary microbiome on recurrent 

urinary infections. In the present work, PD patients with history of infections 

and antibiotic intake in the last 3 months were excluded, but history of 

peritonitis (more than 3 months before sample collection) was described as 

a factor associated to changes in the urobiome in our PD patients, being 

Gardnerella, Staphylococcus, and Corynebacterium decreased in these 

patients. This fact suggests that peritonitis occurrence may promote a 

microbial translocation to the bladder, and this may alter the urobiome 

persistently even after successful treatment. It would be interesting to have a 

long-term follow-up of infectious events to better evaluate if the urobiome 

may have an impact on infectious episodes. 
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