European Review for Medical and Pharmacological Sciences 2022; 26: 2057-2074

Link between gut microbiota dysbiosis
and chronic kidney disease

A. NOCE', M. MARCHETTI?, G. MARRONE', L. DI RENZO?, M. DI LAURO',
F. DI DANIELE?*, M. ALBANESE®, N. DI DANIELE', A. DE LORENZO?

'Department of Systems Medicine, UOC of Internal Medicine-Center of Hypertension and Nephrology

Unit, University of Rome Tor Vergata, Rome, Italy

’Department of Biomedicine and Prevention, Section of Clinical Nutrition and Nutrigenomic,

University of Rome Tor Vergata, Rome, Italy

3School of Applied Medical, Surgical Sciences, University of Rome Tor Vergata, Rome, Italy

‘Department of Systems Medicine, UOSD of Dermatology, University of Rome Tor Vergata, Rome, Italy
>Neurology Unit, University Hospital of Rome Tor Vergata, Rome, Italy; Department of Systems
Medicine, University of Rome Tor Vergata, Rome, Italy

Nicola Di Daniele and Antonino De Lorenzo equally contributed as senior authors

Abstract. During chronic kidney disease (CKD),
typical alterations in the gut microbiota are ob-
served. The kidney no longer plays the role of the
main excretory organ as this function is performed
by the intestine. In CKD patients, an alteration of in-
testinal permeability and a degradation of the pro-
tective mucous layer are observed. These chang-
es in the intestinal barrier allow the passage of
bacterial material from the intestine to the blood-
stream through the intestinal wall. This phenome-
non contributes to the induction of the chronic in-
flammatory state, typical of CKD. In nephropath-
ic patients, there is an increase in circulation of
p-cresyl sulfate (p-CS), indoxyl sulphate (IS), in-
dole-3 acetic acid (IAA) and trimethylamine-N-ox-
ide (TMAO), all gut-derived uremic toxins. The
changes in gut microbiota composition are re-
lated to CKD stage and this phenomenon is ex-
acerbated in hemodialysis (HD) adult and pediat-
ric patients. Interestingly, it is observed a posi-
tive shift in gut microbiota composition after re-
nal transplantation and at the same time a reduc-
tion of circulating gut-derived uremic toxins. Ei-
ther gut dysbiosis or uremic toxins accumulation
contribute to the CKD onset and progression.
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Abbreviations

Ach: Acetylcholine; AH: Arterial hypertension; CKD:
Chronic kidney disease; CRP: C-reactive protein; CV: Car-
diovascular; DM: Diabetes mellitus; ESRD: End stage re-
nal disease; GABA: y-aminobutyric acid; GFR: Glomeru-
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lar filtration rate; GLP: Glucagon-like peptide; HD: Haemo-
dialysis; HPA: Hypothalamus-pituitary-adrenal; IAA: In-
dole-3 acetic acid; IgAN: IgA nephropathy; IL: Interleukin;
IMN: Idiopathic membranous nephropathy; INS: Idiopath-
ic nephrotic syndrome; IS: Indoxyl sulphate; KA: Ketoana-
logues; K/DOQI: Kidney Foundation Kidney Disease Out-
come Quality Initiative; LOS: Lipooligosaccharides; LPD:
Low-protein diet; LPS: Lipopolysaccharide; MD: Mediter-
ranean diet; MYD: Myeloid differentiation; NF-xB: Nuclear
factor kappa B; NOX2: Nicotinamide adenine dinucleotide
phosphate oxidase; NRF2: Nuclear factor erythroid-2-relat-
ed factor 2; OS: Oxidative stress; p-CS: p-cresyl sulfate; PD:
Peritoneal dialysis; RAAS: Renin-angiotensin-aldosterone
system; ROS: Reactive oxygen species; RPF: renal plasma
flow; RRT: Renal replacement therapy; SCFAs: Short chain
fatty acids; TLR4: Toll-like-receptor 4; TMAO: Trimethyl-
amine-N-oxide; TNF: Tumour necrosis factor o; VLPD: Very
low-protein diet.

Introduction

Chronic kidney disease (CKD) is a global
health burden, and its prevalence has remarkably
expanded in the last decades because of the in-
crease in old age of the general population and
the comorbidity associated with it', such as arte-
rial hypertension (AH), diabetes mellitus (DM),
obesity? and metabolic syndrome?’.

The alteration of the gut microbiota is often
found in CKD patients and it is related to the low-
grade chronic inflammation, the oxidative stress
(OS) and the AH, commonly present in CKD pa-
tients**.

The relationship between gut microbiota and
CKD has been known for a long time’. With the
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Figure 1. Gut-derived uremic toxins. A) Metabolic pathways for TMAO generation from dietary L-carnitine and choline; B)
Metabolic pathways for p-cresyl-sulfate and p-cresyl-glucuronide generation from dietary tyrosine; C) Metabolic pathways for
indoxyl sulfate and indole-3-aldehyde generation from dietary tryptophan. Ones generated, these uremic toxins are excreted
by the kidneys in healthy subjects while they accumulate in chronic kidney disease.

Abbreviations: CyP, Cytochrome P450; PST, Phenol sulfotransferase; SULT, Sulfotransferase; TMA, Trimethylamine; TMAO,

Trimethylamine-N-oxide.

CKD progression, the kidney loses the ability to
eliminate catabolites produced by human metab-
olism*!'* and by its symbiote (gut microbiota)'’.
Some of these substances are included in the “ure-
mic toxins” category. Among those of intestinal
derivation, the main and most studied are p-cre-
syl sulfate (p-CS), indoxyl sulphate (IS), indole
3 acetic acid (IAA) and trimethylamine N-oxide
(TMAO)'* (Figure 1). The latter is a derivative of
the catabolism of products of animal origin con-
taining choline, phosphatidylcholine, carnitine,
and betaine'*'.

With the progressive loss of kidney function, tox-
ic compounds accumulate in the bloodstream caus-
ing the uremic state. Therefore, it is speculative that
CKD not only induces a reduction in the elimination
of uremic toxins but it also favors their production'?,
involving in this process the gut microbiota.

In fact, an alteration in the gut microbiota com-
position might be influenced by many factors in-
cluding smoking, drugs, food patterns and some
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pathological conditions'®. Among these, CKD de-
serves a special mention as several studies have
shown that the gut microbiota composition in
CKD patients is completely different from those of
healthy subjects. This imbalance is called “dysbio-
sis” (Figure 2).

CKD causes an expansion of the proteolytic
bacterial populations (resulting in increased pro-
duction of ammonia and of other uremic toxins
like phenols and indoles) and a reduction of the
saccharolytic ones (leading to the decrease of the
short chain fatty acids-SCFAs formation)'’. De-
pending on the substrate that bacteria use to get
energy, the microbiota can follow two main meta-
bolic pathways: saccharolytic or proteolytic. The
first one might prevail in a healthy intestine. In
the case of food imbalances or pathological con-
ditions, the lack of substrate available for fermen-
tation favors the imbalance towards the second
way, in which bacteria use amino acids for energy
purposes, rather than for anabolic function, re-
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Figure 2. The bidirectional relationship between gut dys-
biosis and chronic kidney disease.
Abbreviations: CKD, Chronic kidney disease.

sulting in the toxins production. The balance be-
tween saccharolytic fermentation and proteolytic
decay might be in favor of the former, due to the
different physiological effects of the metabolites
downstream of the two pathways. With saccharo-
lytic fermentation, there is the production of SC-
FAs which, in addition to inhibiting the growth of
pathobionts, are endowed with a trophic action for
the colon epithelium and with a local and systemic
endocrine action (Figure 3). They are also charac-
terized by an anti-inflammatory activity, exercised
directly through signalling on some immune cells
including neutrophils. This is due to the induction,
through epigenetic mechanisms, of the differen-
tiation of Treg lymphocytes, and activation of a
tolerogenic phenotype. The anti-inflammatory ac-
tion is also indirect through the upregulation of
tight junctions, a phenomenon that improves the
functionality of the intestinal barrier with subse-
quent systemic anti-inflammatory action. In CKD
patients, a vicious circle is established in which
proteolytic-derived metabolites (such as p-CS and
IS) symbolize the principal circulating uremic
toxins. Moreover, their accumulation worsens
dysbiosis and it induces CKD progression's.
Among the possible causes of dysbiosis in CKD
patients, there is the long-term and at high dosage
assumption of a polypharmacy (like phosphate and

potassium-binders, iron-based compounds, etc.)®.
Phosphorus-binders are taken by CKD patients for
the management of hyperphosphatemia and it has
been shown that their long-term intake induces an
alteration of the intestinal lumen'?.

In a vitro model of the human colon it was
demonstrated that iron therapy decreases the lev-
els of Bifidobacteriaceae and Lactobacillaceae
and enhances the concentrations of Roseburia and
Prevotella®?*'. From the metagenomic analysis
of this study, it is clear that the gut metabolism
undergoes changes passing from a saccharolytic
to a proteolytic profile. The only iron-based com-
pound that would seem to positively modulate the
composition of the intestinal microbiota is iron
citrate, whose intake, in a rat model, induces the
expansion of beneficial species such as Akker-
mansia muciniphila, which plays a key role in
maintenance of the intestinal integrity and in the
degradation of mucin®.

The dysbiosis induced by uraemia is attribut-
able also to another series of causes both local (in-
testinal) and systemic. In fact, with the reduction
of renal function, the colon assumes the role of
the main excretory organ and the elimination of
urea from the intestine impairs the gut chemical
microenvironment. The resulting increase in the
pH levels in the colon exerts a selective pressure
in favor of urease-positive species responsible for
the conversion of urea into ammonia. This causes
a degradation of the protective mucus layer and
an alteration of intestinal permeability due to the
destruction of tight junctions®. The consequences
are the passage of bacterial material through the
mucosa in the bloodstream and the activation of a
local and systemic inflammatory mechanism.

Several scientific studies*** attributed the in-
flammatory state to the translocation of intestinal
bacterial fragments in the systemic circulation, as
demonstrated by the presence of DNA from intes-
tinal bacterial species in the blood. This, in turn,
contributes to the onset of endotoxemia and to the
systemic inflammation, as proved by Vaziri et al*.
Therefore, the gut microbiota seems to be a medi-
ator of systemic inflammation in CKD.

In CKD patients, an increase of Bacteroide-
tes and Proteobacteria and a decrease of Lacto-
bacillus have been observed?%. In particular,
Proteobacteria are involved in inflammatory re-
sponse, inducing the impairment of gut mucosal
permeability and the enhancement of intestinal
T helper 17 cell to T regulatory cell ratio, and
promoting the lipopolysaccharide (LPS) trans-
location®-!.
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Figure 3. Impact of dietary patterns and pathological conditions on proteolytic and saccharolytic pathways for gut-derived

uremic toxins generation.

Abbreviations: CKD, Chronic kidney disease; CV, Cardiovascular; RAAS, Renin-angiotensin-aldosterone system, ROS, Re-

active oxygen species; SCFAs, Short-chain fatty acids.

The aims of this literature review are to ana-
lyze the impact of CKD on gut microbiota com-
position both in CKD patients under conservative
therapy and in renal replacement therapy (RRT)
and to define the possible role of gut dysbiosis on
CKD onset and progression.

Materials and Methods

An extensive search of the papers published
on the 20th of October 2021 was conducted on
PubMed and Scopus online database. Terms in-
cluded in the search items were: “alteration of gut
microbiota” [Title/Abstract] in combination with
“chronic kidney disease” [Title/Abstract] and/or
“gut microbiota in CKD conservative patients”
[Title/Abstract] and/or “gut microbiota in renal
replacement therapy” [Title/Abstract].

All the articles were written in English and se-
lected manually by the authors.

Gut Microbiota in CKD Patients Under
Conservative Therapy

In CKD patients under conservative therapy,
two fundamental factors play a key role in the mod-
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ulation of the gut microbiota: (1) the accumulation
of uremic toxins inversely correlate with the reduc-
tion of the glomerular filtration rate (GFR) and (2)
the nutritional therapy characterized mainly by a
normalized/reduced protein intake®>*,

Among the uremic toxins deriving from gut
metabolism, as above-mentioned, there are IS
and p-CS which tend to accumulate progressively
with the worsening of renal function, and they are
characterized by a high ability to bind albumin.
This latter feature makes them difficult to remove
also during haemodialysis (HD) session**. These
compounds are produced in the intestine by pro-
teolytic microbes and they are eliminated through
the urine. Their clearance is linked to the excreto-
ry capacity of the kidney, so in CKD patients their
accumulation is observed**.

In CKD patients under conservative therapy,
the ideal nutritional treatment is represented by
the dietetic control of proteins and the reduction
of salt intake. The specialist dietician is responsi-
ble for customizing this diet according to the clin-
ical and nutritional characteristics of each patient.

In general, this type of dietary-nutritional treat-
ment has several potential benefits confirmed by
scientific literature®*53#: it contrasts the intestinal
dysbiosis®, it increases the production of SCFAs
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Table I. Changes in gut microbiota observed in CKD patients under conservative therapy.

-{l}:g itzt:ly Reference Year Methods Main findings Conclusions
Human Black 2018  Treatment of CKD patients,  Reduction of p-cresyl sulfate LPD appears to reduce
study et al® for six months, with LPD serum and changes in the gut gut-derived uremic
(0.6 g protein/ kg IBW/ microbiota profile after diet toxins in CKD patients.
day) treatment
Human Lai 2019 Treatment of CKD patients,  Significant variation of gut LPD associated with
study et al® for six months, with (i) microbiota composition in CKD inulin positively changes
LPD (0.6 g protein/ kg patients under LPD. Reduction of ~ the gut microbiota and
IBW/ day) and (ii) LPD chronic inflammatory state and reduces inflammatory
with inulin (19 g/day) oxidative stress of CKD patients and oxidative stress
compared to untreated in LPD with inulin. parameters in CKD
control group. patients.
Human Di lorio, 2019  Gut-microbiota metabolites ~ Reduction of inflammatory VLPD presents
study et al® analysis of CKD patients Proteobacteria and increase beneficial effects on gut
in free diet, Mediterranean of potential anti-inflammatory microbiota modulation
dietand VLPD (0.3 g bacteria in VLPD group. in CKD patients.
protein/ kg IBW/ day).
Animal Li 2019  Comparison of gut Greater abundance of the phylum The high protein-low
study et al® microbiota composition in Bacteroidetes and of the genus carbohydrate diet
mice undergoing different Akkermansia after high protein- improves the gut
dietary and exercise low carbohydrate diet and greater ~ microbiota and appears
interventions. abundance of Oscillospira and to improve the overall
Oscillibacter after obesigenic health of the mice
chronic high-fat diet.
Human Wu 2020 16S rRNA Gene LPD induces significant changes The gut microbiota is
study et al'¥ Sequencing of fecal in the B-diversity of the gut profoundly influenced
samples from (i) CKD microbiota respect to ND. by dietary restrictions.
patient in LPD (<0.8 g
protein/kg IBW, (i) CKD
patient in ND and (iii)
healthy subjects.
Human Hu 2020 Characterization of the gut ~ Lower levels of butyrate- The alteration of gut
study et al® microbiota by analyzing producing bacteria and higher microbiota is correlated
fecal samples from CKD levels of potentially pathogenic with CKD severity.
patients and healthy bacteria in CKD patients.
subjects.
Human Rocchetti 2021 Treatment of CKD patients, Decrease of Clostridiaceae, The MD supplemented
study et al*® for six months, with Methanobacteriaceae, with ketoanalogues
MD supplemented with Prevotellaceae, and positively modulates the
ketoanalogs. Lactobacillaceae, and increase gut microbiota.
of Bacteroidaceae and
Lachnospiraceae, after diet
treatment.

Abbreviations: MD, Mediterranean diet; ND, Normal diet, LPD, Low protein-diet; VD, Vegan diet; VLPD, Very low-protein diet;

1IBW, Ideal body weight.

in the colon®, it reduces the intestinal permeabili-
ty*!, it has greater alkalizing power*’, it decreases
the production of uremic toxins*, it improves the
intestinal transit and has also beneficial effects on
azotaemia levels*** (Table I).

The important impact on the composition of
the gut microbiota, induced by the different di-
etary-nutritional patterns in CKD patients under
conservative therapy, was examined by a study
conducted by Di Torio et al®, called “Medika

Study”. This study highlighted that a very low
-protein diet (VLPD), after six months, decreases
inflammatory Proteobacteria and enhances Actino-
bacteria phyla®. Specifically, the authors carried out
a prospective crossover-controlled trial on 60 CKD
patients (stages III-IV) in which they investigated
the effect of free diet, VLPD and Mediterranean diet
(MD) on gut microbiota. According to several stud-
ies, the MD is useful in the clinical management of
the early stages of CKD**** but with its progression,

2061



A. Noce, M. Marchetti, G. Marrone, L. Di Renzo, M. Di Lauro, F. Di Daniele, M. Albanese, et al

it is necessary to reduce the protein intake in order
to counteract the CKD signs and symptoms and
to delay the RRT beginning, using the vegan diet,
the low-protein diet (LPD) and the VLPD supple-
mented with ketoanalogues (KA)"11384649-53 The
“Medika Study” demonstrated that the MD and,
especially, the VLPD increase butyrate-forming
species like Roseburia spa and Faecalibacterium
prausnitzii®. Among Firmicutes, Faecalibacteri-
um prausnitzii plays a pivotal role as it induces an
increase in the butyrate production, it deactivates
the transcription factor nuclear factor kappa B
(NF-xB) and it reduces the production of interleu-
kin (IL)-8 namely macrophage chemotactic fac-
tor®. Moreover, MD and VLPD, through a con-
trolled protein intake, induce significantly lower
urea levels with simultaneous reduction of IS and
p-CS promoting intestinal integrity®.

The reduction of IS induced by a VLPD sup-
plemented with KA had already been demonstrat-
ed by a previous study conducted on 32 CKD
patients under conservative therapy. In fact, after
just one week of this dietary-nutritional treatment,
a significant reduction of uremic toxins, produced
by gut metabolism, was observed®.

In “Medika2 Study”, the authors evaluated the
impact of the MD supplemented with KA on the
gut microbiota composition and on the concen-
tration of uremic toxins in CKD patients, show-
ing that six months of a MD supplemented with
KA are more effective, compared to MD alone,
in reducing Clostridiaceae, Methanobacteriace-
ae, Prevotellaceae and Lactobacillaceae and in
increasing Lachnospiraceae and Bacteroidaceae.
Moreover, this dietary-nutritional treatment in-
duces a greater decrease of the IS and p-CS lev-
els compared to the free diet and the MD alone,
but it is not as effective as the VLPD. This study
has highlighted how the reduction in azotemia in-
duced by VLPD supplemented with KA is greater
than that obtained by the MD supplemented with
KA and consequently the beneficial modifications
induced on the gut microbiota by VLPD supple-
mented with KA are also greater. Therefore, these
beneficial effects seem to be caused by the reduced
protein intake rather than the KA themselves™.

Regarding to protein intake, it must be consid-
ered that proteins, after digestion and absorption
in the small intestine, undergo fermentation pro-
cess, at the level of the colon, by proteolytic bac-
teria with the formation of both beneficial (such
as SFCAs) and toxic (such as indoles, ammonia,
phenols etc.) substances®’*. It is very important to
evaluate the protein source. In fact, red meats are
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rich in sulphur-containing amino acids (such as
methionine and cysteine) while inorganic sulphur
is often used as food additive. The intake of com-
pounds containing sulphur induces an increase
in sulphur-reducing bacteria, for example Esch-
erichia coli and Clostridium spp with increased
production of hydrogen sulphide®®®!,

A recent study conducted by Lobel et al®? on an-
imals showed how dietary modifications can cause
post-translational changes in the microbiota pro-
teins. Specifically, the authors observed that a dietary
regimen characterized by a high content of sulphur
amino acids leads to post-translational reactions of
S-sulthydration of the tryptophanase enzyme.

Therefore, the reduction of protein intake plays
a key role in view of the beneficial modulation of
gut microbiota in CKD patients, in which the re-
nal pathology induces in itself negative changes,
both in the composition of the microbiota and in
the intestinal permeability. In fact, the promising
data obtained with the VLPD are also confirmed
by the studies about the effects of LDP.

A study by Jiang et al® examined the possi-
ble changes observed in the composition of the
gut microbiota in patients with stage V of CKD
in LPD, highlighting how this dietary-nutritional
treatment induces an increase of rumen bacteria
and faecalis bacteria which can help the host to
digest and to absorb energy so providing an in-
testinal protection. Moreover, these changes in
the gut microbiota composition present in stage V
CKD patients in LPD can be transferred from hu-
mans to rats by fecal microbiota transplantation.

Lai et al* evaluated the effects of LPD and in-
ulin assumption on some clinical parameters and
on gut microbiota composition in a group of CKD
patients under conservative therapy. LPD seems to
significantly increase the presence of species such
as Akkermansiaceae and Bacteroidaceae and reduce
the presence of Christensellenaceae, Clostridiace-
ae, Lactobacillaceae and Pasteurellaceae, while the
assumption of inulin in association with LPD seems
to enhance Bifidobacteriaceae. The inulin treatment
seems to reduce the chronic inflammatory state and
OS in CKD patients, inducing a decrease of the
C-reactive protein (CRP), the tumour necrosis factor
o, (TNF-a)) and the nicotinamide adenine dinucleo-
tide phosphate oxidase-2 (NOX2).

The only study that does not agree with the
others previously described was conducted by
Wu et al®. These authors demonstrated how LPD,
in CKD patients, is responsible for a significant
change in B-diversity, that represents the intra-in-
dividual difference in the bacterial community®®.
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In particular, the authors observed a significant
reduction in the abundance of bacterial species
butyrate-producing (family Lachnospiraceae and
Bacteroidaceae) with a consequent reduction of
SCFAs serum levels. Moreover, serum concentra-
tions of p-CS and IS were not different between
subjects following LPD and normal protein diet.
While in LPD patients, it was observed a signif-
icant enhancement of glyco A-muricholic acid
(secondary bile acid).

In CKD patients, the reduction of the intake
of salt to less than 3 g/day becomes fundamental.
Numerous studies have shown that gut dysbiosis
represents the link between the high salt intake,
typical of the Western diet, and the presence of re-
nal damage or AH. The salt may be able to induce
dysbiosis by increasing intestinal osmotic pres-
sure, resulting in the suppression of the growth of
Firmicutes and the increasing growth of Bacteroi-
dete521’35’67.

Gut Microbiota in Renal
Replacement Therapy Patients

It has been widely demonstrated that also
CKD patients undergoing RRT show chronic
low-grade inflammation. The latter can induce
bacterial translocation, starting from the gastro-
intestinal tract, representing an additional risk
factor for cardiovascular (CV) mortality and
morbidity®®. In fact, the serum concentration
of endotoxins represents a biomarker of bacte-
rial translocation and an independent predictor
of mortality in HD patients®”’. In particular, a
study evaluated the presence of bacterial DNA
in the blood of three groups of subjects: HD
patients, pre-dialysis CKD patients and healthy
subjects. It showed bacterial DNA presence in
27% of HD patients and in 20% of pre-dialysis
CKD patients. Most of the bacteria isolated in
the blood were also present in the patient’s fecal
samples, while they were not present in the dial-
ysate®!. The dialytic treatment itself worsens the
gut damage induced by the uremic state. Further-
more, the episodes of intra-dialytic and post-di-
alytic hypotension can cause ischemic intestinal
injury, while intradialytic fluid retention can in-
duce intestinal edema’!’"".

Numerous studies have shown that end stage
renal disease (ESRD) patients exhibit numerous
changes in gut microbiota composition character-
ized overall by the reduction of the a-diversity,
the B-diversity and the richness!>’* (Table II).

The first systematic study, investigating alter-
ations of the gut microbiota in patients undergo-
ing RRT, was conducted on 24 ESRD patients'.
The authors highlighted some differences in the
composition of the gut microbiota between ure-
mic patients and healthy subjects (control group).
In particular, the Brachybacterium, Catenibac-
terium, Enterobacteriaceae, Halomonadaceaea,
Moraxellaceaea, Nesterenkonia, Polyangiaceae,
Pseudomonadaceae and Thiothrix families were
more abundant in ESRD patients compared to the
control group. Subsequently, the same authors
studied the composition of the gut microbiota in
rats, eight weeks after nephrectomy 5/6, in order
to understand how uraemia itself induced changes
in the gut microbiota and to limit the possible bias
induced by intra-individual variations, eating hab-
its and comorbidities. In uremic rats compared to
healthy animals, a reduction of the Lactobacilla-
ceae and Prevollaceae families was observed, al-
lowing speculation that the uremic state is the pri-
mary cause of gut dysbiosis in ESRD patients'.

In support of these data, further investigations
confirm that ESRD patients show enhanced ure-
ase, uricase, and p-CS-producing bacterial fami-
lies. On the contrary, the butyrate-producing fam-
ilies are fewer’'.

Therefore, advanced kidney disease induces
changes in the gut microbiota due to a series of
factors: a) the increased concentration of urea in
the intra and extracellular fluids is able to cause a
rise in its inflow into the gastro-intestinal tract by
passive diffusion. The hydrolysis of urea by the
urease enzyme, present in some species of the
gut microbiota, leads to the formation of ammo-
nia with consequent pH alteration of the intesti-
nal lumen and development of uremic enteroco-
litis”>"¢; b) under physiological conditions, uric
acid, which is the final product of purine metab-
olism, is excreted in the urine. In ESRD patients,
the colon becomes the primary site of uric acid
elimination’’%; ¢) as it is observed for uric acid,
also for oxalates, in CKD patients, the colon be-
comes the main site of their elimination”; d) the
polypharmacotherapy impacts on dysbiosis, as
previously described; e) in the more advanced
stages, the dietary-nutritional treatment is char-
acterized by a tight restriction of the fibres and a
further imbalance of the microbial metabolism in
the proteolytic direction. In fact, to prevent hy-
perkalemia in RRT patients, the diet is based on a
low intake of fruit and vegetables. The reduction
of the fibres decreases the substrate for sacchar-
olytic fermentation'>*.
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Table II. Changes in gut microbiota observed in RRT patients.

yECich Reference  Year Methods Main findings Conclusions
the study
Human  Bossolaetal” 2009  Regearch of bacterial Presence of bacterial DNA and The presence of
study DNA in bloodstream and elevated levels of CRP and bacterial DNA in
analysis of CRP and IL-6 IL-6 in the bloodstream of HD the bloodstream
level in HD patients and patients compared to the control is associated
control group. group. with high levels
of inflammatory
parameters.
Human  Vazirietal® 2013 [golation of microbial DNA  Alterations of gut The uremic state
study from fecal samples of microbiota mainly increase represents one of the
ESRD patients and healthy  the Brachybacterium, main factors causing
subjects. Catenibacterium, intestinal dysbiosis.
Enterobacteriaceae,
Halomonadaceae, Moraxellaceae,
Nesterenkonia, Polyangiaceae,
Pseudomonadaceae, and
Thiothrix families.
Human  Wongetal 2014 \ficrobiota composition Increased presence of microbial The condition
study analysis of ESRD patients ~ families that produce urease, of ESRD alters
and healthy subjects. uricase, indole and p-cresyl the microbiota
sulfate and reduced presence of composition.
butyrate-producing families in
ESRD patients.
Human  Fricke etal® 2014 Apalysis of gut microbiota  Kidney transplantation and the The analysis of the
study changes before and after use of associated drugs bring gut microbiota of
1 and 6 months of kidney important changes to the gut- transplanted patients
transplantation. microbiota could represent a valid
strategy to evaluate
the general health
status of the patient.
Human  Shi et al” 2014 Analysis of gut microbiota,  Increase of IL-6 and CRP and ESRD involves an
study search for bacteria in the presence of intestinal bacteria increase in chronic
bloodstream and evaluation  in the bloodstream, in ESRD inflammation,
of inflammatory cytokine patients with gut microbiota partially due to the
levels, in ESRD patients. alteration. alteration of the gut
microbiota
Human  Crespo-Salgado 2016 Apalysis and comparison Reduction of Firmicutes and RRT alters the
study etal® of the gut microbiota of Actinobacteria in PD patients, composition of the
patients (i) in PD, (ii) increase of Bacteroidetes in gut microbiota.
in HD, (iii) after kidney HD patients, reduction of
transplantation and (iv) in Bifidobacteria and a-diversity
healthy controls. in PD and transplant patients,
compared to controls.
Human  Stadlbauer 2017 Analysis of faecal Increase in potentially pathogenic ~ The RRT seems to be
study etal® microbiome composition species and decrease in beneficial ~ an important driver of
in HD and PD patients species in RRT patients, dysbiosis in ESRD.
compared to healthy compared to controls.
controls.
Human  Pan etal® 2020 probiotic treatment of Decrease of CRP and IL-6 level ~ Treatment with
study CKD patients for two after two months of probiotic probiotics improves
months compared with treatment. the inflammatory
a control group that did state, quality of life
not receive any probiotic and malnutrition in
treatment. CKD patients.

Abbreviations: ESRD, End-stage renal disease; CKD, Chronic kidney disease; CRP, C-reactive protein; HD, Hemodialysis;
1L, Interleukin,; PD, Peritoneal dialysis; RRT, Renal replacement therapy.
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Furthermore, it has been shown that “uremic
dysbiosis” varies in relation to the CKD stage®!
and to the type of RRT®**,

Hu et al®*® demonstrated the lower levels of
butyrate-producing bacteria and higher levels of
potentially pathogenic bacteria in CKD patients
compared to healthy subjects, it is more evident
in stage V of CKD. Therefore, the alterations of
composition of the gut microbiota are related also
to the severity of the renal dysfunction and they
could represent a new valid marker both in CKD
early diagnosis and in its monitoring.

A recent study investigated®? the impact of
different dialysis techniques on gut microbio-
ta composition in adult RRT patients, showing
that the enhancement in potentially pathogen-
ic microbial species and the reduction in those
with beneficial effects is more evident in HD
patients compared to those undergoing perito-
neal dialysis (PD). The authors explain this data
above all with the different state of systemic
inflammation detected in the two subgroups of
patients rather than with the different dialysis
vintage present in the two subgroups of patients
examined (HD vs. PD).

A longitudinal study examined the possible
changes in blood, in urine, in oral and gut mi-
crobiota of a group of adult renal transplanted
patients before, at one and at six months after
transplantation, demonstrating a shift in gut mi-
crobiota composition induced by transplantation
and immunosuppressive therapy which tends to
persist over time®’. Moreover, in this study some
alterations in gut microbiota before transplanta-
tion were related to adverse events occurring after
transplantation (like rejection and infectious com-
plications). Specifically, a reduction of diversity
in gut microbiota seems to be related to a worse
outcome, highlighting the possible predictive val-
ue of this parameter®.

The same results were highlighted in RRT pe-
diatric patients®. In fact, ESRD children present
an altered gut microbiota composition. In partic-
ular, it was observed that in PD pediatric patients
there was a reduction of Firmicutes and Actino-
bacteria compared to healthy children, while in
HD patients there was a greater presence of Bac-
teroidetes than in the control group. Therefore, the
gut microbiota composition is different according
to the dialysis technique. RRT pediatric patients
showed enhanced serum concentrations of gut-de-
rived uremic toxins. This phenomenon is evident
in both HD and PD patients, but the serum con-
centration of uremic toxins tends to normalize af-

ter renal transplantation®.

The altered composition of the gut microbiota
in RRT patients seems to be related also to chronic
inflammation. Therefore, it has been hypothesized
that the assumption of probiotics could represent a
valid therapeutic tool in the clinical management
of RRT patients. This hypothesis was confirmed
by Pan et al*® that evaluated the effect induced
by probiotics assumption for two months on the
inflammatory state. The study also analyzed the
quality of life in a group of patients undergoing
PD. The authors demonstrated that probiotics sig-
nificantly reduce the level of inflammatory bio-
markers (such as high sensitivity-CRP and 1L-6)
and they improve the quality of life and the mal-
nutrition state.

Gut Microbiota Dysbiosis is Caused by
CKD or it Represents a Risk Factor for its
Onset and Progression

and its Related-Complications?

Gut dysbiosis may be associated with onset
and progression of CKD and with the comparison
of its related-complications'®, especially the CV
ones. At the same time, however, as previously de-
scribed, CKD causes changes in the composition
and in the function of gut microbiota. Therefore,
there would be a bidirectional link between CKD
and the gut microbiota. The mechanisms that are
hypothesized to underlie this relationship are me-
diated by: 1) microbiota-derived toxins (like p-CS,
IS and TMAO), ii) immune cells, and iii) neuro-
toxic metabolites?”78,

In CKD patients, p-CS and IS reach levels even
a hundred times higher than in healthy subjects
and they derive from the degradation of aromatic
amino acids, such as tryptophan, phenylalanine,
and tyrosine®.

The microbiota-derived toxins are related to
CV morbidity and mortality as well as they are
involved in the progression of the CKD#®%2,
Some animal studies'>** demonstrated that p-CS
and IS induced an enhancement production of
reactive oxygen species (ROS), a stimulation of
intrarenal renin-angiotensin-aldosterone system
(RAAS) and tubulointerstitial fibrosis, acceler-
ating and favoring the progression of CKD. In
particular, IS seems to be a predictor of the loss
of renal function, as an animal study has demon-
strated that it influences the renal expression of
genes involved in tubulointerstitial fibrosis (like
transforming growth factor B 1 and the tissue in-
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hibitor of metalloproteases)™. Moreover, IS ap-
pears to be a new CV risk factor and its concen-
tration is related to developing peripheral vascular
disease and thrombosis of the vascular access®.

Regarding p-CS, a study demonstrated that
in a rat model of nephropathy, it was able to rise
the ROS production, through the activation of
nicotinamide adenine dinucleotide phosphatase
oxidase, and to increase of caspase-3 activity
with consequent enhancement of cardiomyocytes
apoptosis. Therefore, this study demonstrated that
p-CS represents a further CV risk factor in CKD,
having a cardiotoxic action®.

As for the other microbiota-derived toxins also
for TMAO, scientific studies have highlighted
its relevant role in the CKD progression and in
the development of CV complications related to
CKD?*%?7 (Figure 4).

Specifically, in CKD patients, the TMAO
higher plasma concentration is related to an in-
creased risk of mortality for all-causes. This data
is confirmed also after adjustment for traditional
risk factors. Moreover, in CKD animal models
increased dietary intake of choline (its precur-
sor) or of TMAO is associated with a greater de-
gree of renal tubulointerstitial fibrosis and renal
dysfunction®®. The TMAO serum concentrations
are inversely related to GFR and it was observed
a reduction of its levels after kidney transplanta-
tion. In CKD patients, enhanced TMAO levels
are associated with coronary atherosclerosis and
long-term mortality?”**.

All scientific evidence suggests that microbi-
ota-derived toxins represent a risk factor for the
CKD progression and for the development of CV
complications related to CKD, therefore therapeu-
tic strategies aimed at reducing the concentration
of these toxins could be a valid tool in the clinical
management of CKD patients.

The gut dysbiosis that is observed in CKD
patients is able to induce immunological effects
as the gut microbiota can form bacterial products
with immunostimulating action'*”. In fact, the
alterations of the intestinal wall, present in CKD
patients, allow more easily the bacterial translo-
cation, through the intestinal wall, into the blood-
stream. Among these, LPS plays a key role in
inducing a state of systemic inflammation, which
mainly involves one of its components, called
lipid A" Lipid A represents the glycolipid
portion of LPS and it is the endotoxin that carries
out the toxic action in the organism'®. The lipid
A interacting with the toll-like-receptor 4 (TLR4)
and with myeloid differentiation (MYD) factor 2,
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leads to the formation of the TLR4-MYD2-LPS
complex which is able to activate the pathway
responsible for the expression of the genes of in-
flammation, resulting in an increased production
of pro-inflammatory cytokines (like IL-1p, IL- 6,
TNF-0)''2. TLR4 is a specific receptor of bac-
terial endotoxins, and in particular, it recognizes
LPS or its fragments, such as lipooligosaccharides
(LOS) and lipid A. TLR4 has a protective role for
the body, as it triggers immune and inflammatory
responses in relation to the presence of pathogens.
However, if the TLR4 activation is too powerful
or too prolonged, as in the case of the formation
of the TLR4-MYD2-LPS complex, it induces
an excessive release of pro-inflammatory cyto-
kinele4’105.

A study conducted by Mclntyre has shown
that the circulating levels of bacterial endotox-
ins are increased in all CKD stages and in par-
ticular in RRT patients, highlighting how the
inflammatory state related to gut dysbiosis rep-
resents an independent predictor of mortality in
renal patients'®'.

A further mechanism involved in the CKD
progression is the nuclear factor erythroid-2-relat-
ed factor 2 (NRF2) pathway which its expression
appears to be reduced in CKD and inversely re-
lated to the inflammation!'®. The chronic inflam-
matory status and OS, typical of CKD, cause an
activation of NF-kp signalling with a consequent
induction of immune response and production of
pro-inflammatory cytokines'?’. The inflammation
itself could virtually affect all organs through an
organ-interaction'®. Moreover, NRF2 is able to
neutralize NF-kP signalling. In addition to the
above-mentioned actions, NRF2 is able to upreg-
ulate several antioxidant and anti-inflammatory
genes that promote the reduction of OS and in-
flammatory status'®.

There is a close communication between the
intestinal microbiota and the nervous system guar-
anteed through the production of many hormones
and neurotransmitters''’. Several studies showed
that gut microbiota is able to modulate the hypo-
thalamus-pituitary-adrenal (HPA) axis, controlling
the secretion of serotonin and other neurotransmit-
ters''>112, Therefore, a bidirectional communication
between the HPA axis and gut microbiota is ob-
served. In fact, gut dysbiosis is related to an altered
activity of the HPA axis and vice versa.

Bifidobacteriaceae, Lactobacillaceae and
Prevotellaceae species secrete some neurotrans-
mitters such as y-aminobutyric acid (GABA),
acetylcholine (ACh) and can produce gut incre-
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Figure 4. Development mechanisms of uremic enterocolitis and its systemic consequences.
Abbreviations: CKD, Chronic kidney disease; CV, Cardiovascular; 1S, Indoxyl sulphate; LPS, Lipopolysaccharide; p-CS,
p-cresyl sulfate; TMA, Trimethylamine; TMAO, Trimethylamine-N-oxide.

tins (like glucagon-like peptide-GLP 1 and 2) and
intestinal hormone peptide YY'.

An animal study demonstrated that GABA in-
teracts with the cholinergic pathway to regulate
urinary excretion of sodium and potassium'*. In
particular, GABA is able to stimulate natriuresis
and to inhibit activation of the renal sympathetic
nervous system'”®. While ACh and GLP-1 would
seem to induce renal vasodilation and reduce the
production of angiotensin II, with a consequent
increase in renal plasma flow (RPF)!'°. In an ani-
mal model, the infusion of ACh in the renal artery
at a dose of 40 micrograms/min is able to enhance
RPF and natriuresis'".

Therefore, uremic dysbiosis by reducing the
presence of beneficial bacterial species, such as
Bifidobacteriaceae and Lactobacillaceae, acti-
vates the RAAS, contributing to the development
of AH and consequently to the CKD progression.

Finally, an altered production of incretins and
peptide Y'Y is capable of impacting on energy ex-
penditure, reducing it, on insulin sensitivity and
on the lipolysis process, becoming a risk factor
in the development of dyslipidemia and DM and
predisposing to obesity. Therefore, indirectly it
has an impact on a more sudden progression of
CKD, as those previously listed are all CKD risk
factors!''>!€.

Another mechanism by which intestinal dysbi-
osis influences and accelerates the CKD progres-
sion is proteinuria. In fact, it is well known that
proteinuria represents a risk factor for the CKD
onset and progression®”!"!18, There would seem
to be a correlation with gut dysbiosis either for
IgA nephropathy (IgAN) or for lupus nephritis,
glomerulonephritis characterized also by the pres-
ence of proteinuria!>!%120,

Zhang et al'?' examined the impact of nephrot-
ic syndrome on the composition of the gut micro-
biota. The authors enrolled 158 subjects divided
into three subgroups: patients with CKD without
the nephrotic syndrome, patients with idiopath-
ic membranous nephropathy (IMN) and healthy
subjects (control group), highlighting that subject
with IMN had a different o and B-diversity com-
pared to the other groups and a reduction in SC-
FAs production'?'.

The possible correlation between idiopath-
ic nephrotic syndrome (INS) and gut microbiota
would seem to occur via control of Treg. A recent
study by Tsuji et al'?, conducted in pediatric pa-
tients with INS, evaluated if there was a possible
association between Treg cells, monitored at the
time of the INS diagnosis, and the subsequent and
more frequent occurrence of relapses. A lower in-
crement of Tregs, following a steroid treatment,
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was related to a higher frequency of relapses and
to the presence of gut dysbiosis. Specifically,
these patients exhibited a less abundance of bu-
tyrate-producing bacterial species.

These promising results were confirmed also
in adult patients with INS'®. In particular, they
showed a decrease of a- and B-diversity, char-
acterized by a reduction of Acidobacteria, Neg-
ativicutes, Selenomonadales, Veillonellaceae,
Clostridiaceae, Dialister, Rombousia, Rumini-
clostridium, Lachnospira, Alloprevotella, Clos-
tridium, Megamonas, and Phascolarctobacterium
compared to healthy subjects.

Therefore, the assumption of prebiotics and/or
probiotics could represent a new adjuvant thera-
py, in association with immunosuppressive drugs,
in the treatment of INS patients. Such treatment
could amplify the therapeutic effect of immuno-
suppressive therapy alone. Furthermore, the eval-
uation of the gut microbiota composition could
symbolize a useful parameter for assessing the
patient’s therapeutic response and the severity of
glomerular disease.

IgAN, the most frequent primary glomeru-
lonephritis in the world, is characterized by an
impaired production and defective glycosylation
of IgA1"™* In this disease, it is observed a me-
sangial IgA deposition that causes mesangial
proliferation, glomerular fibrosis, and after-
wards a progressive reduction of renal function.
A recent study demonstrated that IgAN patients
present an increased gut bacterial translocation
in the blood compared to healthy subjects but
at the same time, the authors showed significant
taxonomic differences between faecal and blood
samples either in IgAN patients or in the control
group'®. It is hypothesized that in the pathogene-
sis of I[gAN, the intestinal bacterial translocation
into the blood plays a key role, in particular this
link between the IgAN onset and the gut micro-
biota would seem to be guaranteed by the LPS.
In fact, the presence of LPS would appear to be
related to the increased production and hypo-ga-
lactosylation of IgA 1'%,

Finally, a study compared the gut microbi-
ota composition of IgAN and membranous ne-
phropathy patients with that of healthy subjects.
It demonstrated that the immune-dysregulation
that characterizes the two forms of glomeru-
lonephritis seems to be mediated by gut dys-
biosis, confirming how the monitoring of the
composition of the gut microbiota is a useful
instrument for the diagnosis and staging of glo-
merular diseases'?’.
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Lifestyle Changes and Gut
Microbiota Composition

Bidirectional communication between gut mi-
crobiota and the host can influence several im-
munological pathways that can promote or affect
host health'?®. Lifestyle routine such as diet, phar-
maceutical therapy, physical activity, smoke and
nicotine-exposure impact on the variable portion
of the microbiome composition and on its func-
tions'?. Among lifestyle modification, nutritional
therapy plays a key role in the disease manage-
ment and could improve gut microbiota balance in
CKD patients as it counteracts the uremic toxins
formation, reduces high urea levels and favors the
SCFAs production. When LDP is necessary, the
absorption of dietary fibers could be impaired'.
For this reason, an expertise team of dietary pro-
fessionals should prescribe a personalized and
balanced nutritional therapy, possibly empowered
with pre or probiotics''.

In addition to renal diet, also physical exer-
cise might positively impact on gut microbiota
composition'*2, In fact, as suggested by Kidney
Foundation Kidney Disease Outcome Quali-
ty Initiative (K/DOQI) clinical practice guide-
lines'®, if compatible with cardiovascular func-
tion, physical exercise in CKD patients, should
represent an innovative approach to positively
modulate gut microbiota composition'**. The
potential effects of physical exercise include
the re-establishment of gut barrier integrity, the
increase of vagal tone that is able to reduce the
inflammatory status in the intestinal-lumen sur-
face, the enhancement of gut commensal bacte-
ria and the decrease of TRLs signalling pathway
activation'®* (Figure 4).

Conclusions

Recent studies have highlighted how the pro-
gression of CKD can be influenced by dietary pat-
terns and by the impact that they exert on the gut
microbiota composition!3®,

Some authors underline the importance of
personalized nutrition to prevent chronic degen-
erative non-transmissible diseases'""*”'**, among
these CKD. Specifically, some types of dietary-nu-
tritional treatment including MD, the LPD and the
VLPD slow down the progression of CKD!#,
The reduced production of uremic toxins, induced
by nutritional patterns, plays a key role in positive
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modulation of gut microbiota and in clinical man-
agement of nephropathic patients®'*.

The hope is that with a proper nutritional treat-
ment, combined, where necessary, with symbiotic
integration'**!*7 the CKD clinical management
can improve with significant beneficial effects on
life quality and expectancy. Moreover, nutritional
therapy could reduce the health costs related to
the treatment of RRT patients and better the signs
and symptoms of CKD'. The correction of the
gut dysbiosis in CKD patients could represent an
additional therapeutic goal for clinicians, due to
the important implications for the general health
status of nephropathic patients.

Acknowledgments

We would like to thank Prof. Giuseppe Merra for his scien-
tific support and Dr. Gabriella Venafro and Giada lafrate for
English language revision.

Conflict of Interests

The authors declare that they have no conflict of interests.

References

1) Hill NR, Fatoba ST, Oke JL, Hirst JA, O’Callaghan
CA, Lasserson DS, Hobbs FD. Global preva-
lence of chronic kidney disease - a systematic
review and meta-analysis. PLoS One 2016; 11:
e0158765.

2) De Lorenzo A, Gratteri S, Gualtieri P, Cammarano
A, Bertucci P, Di Renzo L. Why primary obesity is
a disease? J Transl Med 2019; 17: 169.

3) Lee WC, Lee YT, Li LC, Ng HY, Kuo WH, Lin PT,
Liao YC, Chiou TT, Lee CT. The number of comor-
bidities predicts renal outcomes in patients with
stage 3(-)5 Chronic Kidney Disease. J Clin Med
2018; 7: 493.

4) Mafra D, Borges N, Alvarenga L, Esgalhado M, Car-
dozo L, Lindholm B, Stenvinkel P. Dietary compo-
nents that may influence the disturbed gut microbio-
ta in chronic kidney disease. Nutrients 2019; 11: 496.

5) De Angelis S, Noce A, Di Renzo L, Cianci R,
Naticchia A, Giarrizzo GF, Giordano F, Tozzo C,
Splendiani G, De Lorenzo A. Is rasburicase an ef-
fective alternative to allopurinol for management
of hyperuricemia in renal failure patients? A double
blind-randomized study. Eur Rev Med Pharmacol
Sci 2007; 11: 179-184.

6) Rovella V, Rodia G, Di Daniele F, Cardillo C, Cam-
pia U, Noce A, Candi E, Della-Morte D, Tesauro M.
Association of gut hormones and microbiota with
vascular dysfunction in obesity. Nutrients 2021;
13: 613.

7) Noce A, Tarantino A, Tsague Djoutsop C, Vasili E,
De Lorenzo A, Di Daniele N. Gut microbioma pop-
ulation: an indicator really sensible to any change
in age, diet, metabolic syndrome, and life-style.
Mediators Inflamm 2014; 2014: €901308.

8) Bocedi A, Noce A, Marrone G, Noce G, Cattani G,
Gambardella G, Di Lauro M, Di Daniele N, Ricci G.
Glutathione transferase P1-1 an enzyme useful in
biomedicine and as biomarker in clinical practice and
in environmental pollution. Nutrients 2019; 11: 1741.

9) Noce A, Rovella V, Marrone G, Cattani G, Zinga-
retti V, Limongi D, D’Agostini C, Sorge R, Casasco
M, Di Daniele N, Ricci G, Bocedi A. Hemodialysis
biomarkers: total advanced glycation end products
(AGEs) against oxidized human serum albumin
(HSAox). Acta Diabetol 2019; 56: 1323-1331.

10) Noce A, Ferrannini M, Fabrini R, Bocedi A, Dessi M,
Galli F, Federici G, Palumbo R, Di Daniele N, Ricci
G. Erythrocyte glutathione transferase: a new bio-
marker for hemodialysis adequacy, overcoming the
Kt/V(urea) dogma? Cell Death Dis 2012; 3: €377.

11) Noce A, Marrone G, Di Daniele F, Ottaviani E,
Wilson Jones G, Bernini R, Romani A, Rovella V.
Impact of gut microbiota composition on onset and
progression of chronic non-communicable diseas-
es. Nutrients 2019; 11: 1073.

12) Sun CY, Chang SC, Wu MS. Uremic toxins induce
kidney fibrosis by activating intrarenal renin-an-
giotensin-aldosterone system associated epitheli-
al-to-mesenchymal transition. PLoS One 2012; 7:
€34026.

13) Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison
BS, Dugar B, Feldstein AE, Britt EB, Fu X, Chung
YM, Wu Y, Schauer P, Smith JD, Allayee H, Tang
WH, DiDonato JA, Lusis AJ, Hazen SL. Gut flora
metabolism of phosphatidylcholine promotes car-
diovascular disease. Nature 2011; 472: 57-63.

14) Janeiro MH, Ramirez MJ, Milagro FI, Martinez JA,
Solas M. Implication of Trimethylamine N-Oxide
(TMAO) in disease: potential biomarker or new
therapeutic target. Nutrients 2018; 10: 1398.

15) Vaziri ND, Wong J, Pahl M, Piceno YM, Yuan J,
DeSantis TZ, Ni Z, Nguyen TH, Andersen GL.
Chronic kidney disease alters intestinal microbial
flora. Kidney Int 2013; 83: 308-315.

16) Merra G, Noce A, Marrone G, Cintoni M, Tarsitano
MG, Capacci A, De Lorenzo A. Influence of Med-
iterranean Diet on Human Gut Microbiota. Nutri-
ents 2020; 13: 7.

17) Ramezani A, Massy ZA, Meijers B, Evenepoel P,
Vanholder R, Raj DS. Role of the gut microbiome
in uremia: a potential therapeutic Target. Am J Kid-
ney Dis 2016; 67: 483-498.

18) Montemurno E, Cosola C, Dalfino G, Daidone
G, De Angelis M, Gobbetti M, Gesualdo L. What
would you like to eat, Mr CKD Microbiota? A Med-
iterranean Diet, please! Kidney Blood Press Res
2014; 39: 114-123.

19) Kim SM, Song IH. The clinical impact of gut micro-
biota in chronic kidney disease. Korean J Intern
Med 2020; 35: 1305-1316.

2069



A. Noce, M. Marchetti, G. Marrone, L. Di Renzo, M. Di Lauro, F. Di Daniele, M. Albanese, et al

20) Kortman GAM, Dutilh BE, Maathuis AJH, Engelke
UF, Boekhorst J, Keegan KP, Nielsen FGG, Betley J,
Weir JC, Kingsbury Z, Kluijtmans LAJ, Swinkels DW,
Venema K, Tjalsma H. Microbial Metabolism Shifts
Towards an Adverse Profile with Supplementary Iron
in the TIM-2 In vitro Model of the Human Colon. Orig-
inal Research. Front Microbiol 2016; 6: 1481.

21) Mafra D, Borges NA, Lindholm B, Shiels PG, Eve-
nepoel P, Stenvinkel P. Food as medicine: target-
ing the uraemic phenotype in chronic kidney dis-
ease. Nat Rev Nephrol 2021; 17: 153-171.

22) Lau WL, Vaziri ND, Nunes ACF, Comeau AM, Lan-
gille MGI, England W, Khazaeli M, Suematsu Y,
Phan J, Whiteson K. The Phosphate Binder Fer-
ric Citrate Alters the Gut Microbiome in Rats with
Chronic Kidney Disease. J Pharmacol Exp Ther
2018; 367: 452-460.

23) Lashhab R, Rumley AC, Arutyunov D, Rizvi M, You
C, Dimke H, Touret N, Zimmermann R, Jung M,
Chen XZ, Alexander T, Cordat E. The kidney anion
exchanger 1 affects tight junction properties via
claudin-4. Sci Rep 2019; 9: 3099.

24) Anders HJ, Andersen K, Stecher B. The intestinal
microbiota, a leaky gut, and abnormal immunity in
kidney disease. Kidney Int 2013; 83: 1010-1016.

25) Wang F, Jiang H, Shi K, Ren Y, Zhang P, Cheng S.
Gut bacterial translocation is associated with micro-
inflammation in end-stage renal disease patients.
Nephrology (Carlton) 2012; 17: 733-738.

26) Vaziri ND, Yuan J, Norris K. Role of urea in intes-
tinal barrier dysfunction and disruption of epithe-
lial tight junction in chronic kidney disease. Am J
Nephrol 2013; 37: 1-6.

27) Kanbay M, Onal EM, Afsar B, Dagel T, Yerlikaya A,
Covic A, Vaziri ND. The crosstalk of gut microbiota
and chronic kidney disease: role of inflammation,
proteinuria, hypertension, and diabetes mellitus.
Int Urol Nephrol 2018; 50: 1453-1466.

28) Vaziri ND. CKD impairs barrier function and alters
microbial flora of the intestine: a major link to in-
flammation and uremic toxicity. Curr Opin Nephrol
Hypertens 2012; 21: 587-592.

29) Jakobsson HE, Rodriguez-Pineiro AM, Schutte A,
Ermund A, Boysen P, Bemark M, Sommer F, Back-
hed F, Hansson GC, Johansson ME. The compo-
sition of the gut microbiota shapes the colon mu-
cus barrier. EMBO Rep 2015; 16: 164-77.

30) Omenetti S, Pizarro TT. The Treg/Th17 Axis: a dy-
namic balance regulated by the gut microbiome.
Front Immunol 2015; 6: 639.

31) Shi K, Wang F, Jiang H, Liu H, Wei M, Wang Z,
Xie L. Gut bacterial translocation may aggravate
microinflammation in hemodialysis patients. Dig
Dis Sci 2014; 59: 2109-2117.

32) Cupisti A, D’Alessandro C, Gesualdo L, Cosola C,
Gallieni M, Egidi MF, Fusaro M. Non-Traditional
Aspects of Renal Diets: Focus on Fiber, Alkali and
Vitamin K1 Intake. Nutrients 2017; 9: 444.

33) Castillo-Rodriguez E, Fernandez-Prado R, Es-
teras R, Perez-Gomez MV, Gracia-lguacel C,
Fernandez-Fernandez B, Kanbay M, Tejedor A,

2070

Lazaro A, Ruiz-Ortega M, Gonzalez-Parra E, Sanz
AB, Ortiz A, Sanchez-Nino MD. Impact of Altered
Intestinal Microbiota on Chronic Kidney Disease
Progression. Toxins (Basel) 2018; 10: 300.

34) Cosola C, Rocchetti MT, Cupisti A, Gesualdo L.
Microbiota metabolites: Pivotal players of cardio-
vascular damage in chronic kidney disease. Phar-
macol Res 2018; 130: 132-142.

35) Canale MP, Noce A, Di Lauro M, Marrone G, Can-
telmo M, Cardillo C, Federici M, Di Daniele N, Te-
sauro M. Gut Dysbiosis and Western Diet in the
Pathogenesis of Essential Arterial Hypertension: A
Narrative Review. Nutrients 2021; 13: 1162.

36) Weir MR. Is it the low-protein diet or simply the salt
restriction? Kidney International 2007; 71: 188-190.

37) Apetrii M, Timofte D, Voroneanu L, Covic A. Nutri-
tion in Chronic Kidney Disease-The Role of Pro-
teins and Specific Diets. Nutrients 2021; 13: 956.

38) Noce A, Vidiri MF, Marrone G, Moriconi E, Bocedi
A, Capria A, Rovella V, Ricci G, De Lorenzo A, Di
Daniele N. Is low-protein diet a possible risk factor
of malnutrition in chronic kidney disease patients?
Cell Death Discov 2016; 2: 16026.

39) Li Z, Rasmussen TS, Rasmussen ML, Li J, Hen-
riquez Olguin C, Kot W, Nielsen DS, Jensen TE.
The Gut Microbiome on a Periodized Low-Pro-
tein Diet Is Associated With Improved Metabolic
Health. Front Microbiol 2019; 10: 709.

40) Li LZ, Tao SB, Ma L, Fu P. Roles of short-chain
fatty acids in kidney diseases. Chin Med J (Engl)
2019; 132: 1228-1232.

41) de Andrade LS, Ramos CI, Cuppari L. The cross-
talk between the kidney and the gut: implications
for chronic kidney disease. Nutrire 2017; 42: 27.

42) Noce A, Marrone G, Wilson Jones G, Di Lauro
M, Pietroboni Zaitseva A, Ramadori L, Celotto R,
Mitterhofer AP, Di Daniele N. Nutritional Approach-
es for the Management of Metabolic Acidosis in
Chronic Kidney Disease. Nutrients 2021; 13:
2534.

43) Black AP, Anjos JS, Cardozo L, Carmo FL, Dolen-
ga CJ, Nakao LS, de Carvalho Ferreira D, Rosado
A, Carraro Eduardo JC, Mafra D. Does Low-Pro-
tein Diet Influence the Uremic Toxin Serum Levels
From the Gut Microbiota in Nondialysis Chronic
Kidney Disease Patients? J Ren Nutr 2018; 28:
208-214.

44) Rhee CM, Ahmadi SF, Kovesdy CP, Kalan-
tar-Zadeh K. Low-protein diet for conservative
management of chronic kidney disease: a sys-
tematic review and meta-analysis of controlled
trials. J Cachexia Sarcopenia Muscle 2018; 9:
235-245.

45) Di lorio BR, Rocchetti MT, De Angelis M, Cosola
C, Marzocco S, Di Micco L, di Bari |, Accetturo M,
Vacca M, Gobbetti M, Di lorio M, Bellasi A, Ge-
sualdo L. Nutritional Therapy Modulates Intestinal
Microbiota and Reduces Serum Levels of Total
and Free Indoxyl Sulfate and P-Cresyl Sulfate in
Chronic Kidney Disease (Medika Study). J Clin
Med 2019; 8: 1424.



CKD and gut microbiota

46) Chauveau P, Aparicio M, Bellizzi V, Campbell K,
Hong X, Johansson L, Kolko A, Molina P, Sezer S,
Wanner C, Ter Wee PM, Teta D, Fouque D, Car-
rero JJ, European Renal Nutrition Working Group
of the European Renal Association-European Di-
alysis Transplant A. Mediterranean diet as the diet
of choice for patients with chronic kidney disease.
Nephrol Dial Transplant 2018; 33: 725-735.

47) Di Daniele N, Di Renzo L, Noce A, lacopino L, Fer-
raro PM, Rizzo M, Sarlo F, Domino E, De Lorenzo
A. Effects of Italian Mediterranean organic diet vs.
low-protein diet in nephropathic patients according
to MTHFR genotypes. J Nephrol 2014; 27: 529-536.

48) De Lorenzo A, Noce A, Bigioni M, Calabrese V, Della
Rocca DG, Di Daniele N, Tozzo C, Di Renzo L. The
effects of Italian Mediterranean organic diet (IMOD)
on health status. Curr Pharm Des 2010; 16: 814-824.

49) Cupisti A, Brunori G, Di lorio BR, D’Alessandro
C, Pasticci F, Cosola C, Bellizzi V, Bolasco P,
Capitanini A, Fantuzzi AL, Gennari A, Piccoli GB,
Quintaliani G, Salomone M, Sandrini M, Santoro
D, Babini P, Fiaccadori E, Gambaro G, Garibotto
G, Gregorini M, Mandreoli M, Minutolo R, Cancar-
ini G, Conte G, Locatelli F, Gesualdo L. Nutritional
treatment of advanced CKD: twenty consensus
statements. J Nephrol 2018; 31: 457-473.

50) Noce A, Marrone G, Ottaviani E, Guerriero C, Di
Daniele F, Pietroboni Zaitseva A, Di Daniele N.
Uremic Sarcopenia and Its Possible Nutritional
Approach. Nutrients 2021; 13: 147.

51) Romani A, Bernini R, Noce A, Urciuoli S, Di Lauro
M, Pietroboni Zaitseva A, Marrone G, Di Daniele
N. Potential Beneficial Effects of Extra Virgin Olive
Oils Characterized by High Content in Minor Po-
lar Compounds in Nephropathic Patients: A Pilot
Study. Molecules 2020; 25: 4757.

52) Naber T, Purohit S. Chronic kidney disease: role of
diet for a reduction in the severity of the disease.
Nutrients 2021; 13: 3277.

53) Noce A, Bocedi A, Campo M, Marrone G, Di Lauro
M, Cattani G, Di Daniele N, Romani A. A Pilot Study
of a Natural Food Supplement as New Possible
Therapeutic Approach in Chronic Kidney Disease
Patients. Pharmaceuticals (Basel) 2020; 13: 148.

54) Ferreira-Halder CV, Faria AVS, Andrade SS. Ac-
tion and function of Faecalibacterium prausnitzii in
health and disease. Best Pract Res Clin Gastroen-
terol 2017; 31: 643-648.

55) Marzocco S, Dal Piaz F, Di Micco L, Torraca S, Sir-
ico ML, Tartaglia D, Autore G, Di lorio B. Very low
protein diet reduces indoxyl sulfate levels in chronic
kidney disease. Blood Purif 2013; 35: 196-201.

56) Rocchetti MT, Di lorio BR, Vacca M, Cosola C,
Marzocco S, di Bari |, Calabrese FM, Ciarcia R,
De Angelis M, Gesualdo L. Ketoanalogs’ Effects
on Intestinal Microbiota Modulation and Uremic
Toxins Serum Levels in Chronic Kidney Disease
(Medika2 Study). J Clin Med 2021; 10: 840.

57) Canadas-Garre M, Anderson K, McGoldrick J,
Maxwell AP, McKnight AJ. Genomic approaches
in the search for molecular biomarkers in chronic
kidney disease. J Transl Med 2018; 16: 292.

58) Wing MR, Devaney JM, Joffe MM, Xie D, Feldman
HI, Dominic EA, Guzman NJ, Ramezani A, Susztak
K, Herman JG, Cope L, Harmon B, Kwabi-Addo B,
Gordish-Dressman H, Go AS, He J, Lash JP, Kusek
JW, Raj DS, Chronic Renal Insufficiency Cohort S.
DNA methylation profile associated with rapid de-
cline in kidney function: findings from the CRIC
study. Nephrol Dial Transplant 2014; 29: 864-872.

59) Suliman ME, Barany P, Kalantar-Zadeh K, Lind-
holm B, Stenvinkel P. Homocysteine in uraemia--a
puzzling and conflicting story. Nephrol Dial Trans-
plant 2005; 20: 16-21.

60) Madsen L, Myrmel LS, Fjaere E, Liaset B, Kristian-
sen K. Links between Dietary Protein Sources, the
Gut Microbiota, and Obesity. Front Physiol 2017; 8:
1047.

61) Zhao J, Zhang X, Liu H, Brown MA, Qiao S. Dietary
Protein and Gut Microbiota Composition and Func-
tion. Curr Protein Pept Sci 2019; 20: 145-154.

62) Lobel L, Cao YG, Fenn K, Glickman JN, Garrett
WS. Diet posttranslationally modifies the mouse
gut microbial proteome to modulate renal function.
Science 2020; 369: 1518-1524.

63) Jiang X. The Examined Life: Chinese Perspec-
tives: Essays on Chinese Ethical Traditions. Glob-
al Publications, Binghamton University; 2002.

64) Lai S, Molfino A, Testorio M, Perrotta AM, Curra-
do A, Pintus G, Pietrucci D, Unida V, La Rocca D,
Biocca S, Desideri A. Effect of low-protein diet and
inulin on microbiota and clinical parameters in pa-
tients with chronic kidney disease. Nutrients 2019;
11: 3006.

65) Wu IW, Lee CC, Hsu HJ, Sun CY, Chen YC, Yang
KJ, Yang CW, Chung WH, Lai HC, Chang LC, Su
SC. Compositional and functional adaptations of
intestinal microbiota and related metabolites in
CKD patients receiving dietary protein restriction.
Nutrients 2020; 12: 493.

66) Ricotta C. Of beta diversity, variance, evenness,
and dissimilarity. Ecol Evol 2017; 7: 4835-4843.

67) Sarmugam R, Worsley A. Current levels of salt
knowledge: a review of the literature. Nutrients
2014; 6: 5534-5559.

68) Lau WL, Kalantar-Zadeh K, Vaziri ND. The gut as
a source of inflammation in chronic kidney dis-
ease. Nephron 2015; 130: 92-98.

69) Raj DS, Carrero JJ, Shah VO, Qureshi AR, Ba-
rany P, Heimburger O, Lindholm B, Ferguson J,
Moseley PL, Stenvinkel P. Soluble CD14 levels,
interleukin 6, and mortality among prevalent he-
modialysis patients. Am J Kidney Dis 2009; 54:
1072-80.

70) Raj DS, Shah VO, Rambod M, Kovesdy CP, Ka-
lantar-Zadeh K. Association of soluble endotoxin
receptor CD14 and mortality among patients un-
dergoing hemodialysis. Am J Kidney Dis 2009; 54:
1062-1071.

71) Wong J, Piceno YM, DeSantis TZ, Pahl M, An-
dersen GL, Vaziri ND. Expansion of urease- and
uricase-containing, indole- and p-cresol-forming
and contraction of short-chain fatty acid-producing

2071



A. Noce, M. Marchetti, G. Marrone, L. Di Renzo, M. Di Lauro, F. Di Daniele, M. Albanese, et al

intestinal microbiota in ESRD. Am J Nephrol 2014;
39: 230-237.

72) Bossola M, Sanguinetti M, Scribano D, Zuppi C,
Giungi S, Luciani G, Torelli R, Posteraro B, Fadda
G, Tazza L. Circulating bacterial-derived DNA
fragments and markers of inflammation in chron-
ic hemodialysis patients. Clin J Am Soc Nephrol
2009; 4: 379-385.

73) Jazani NH, Savoj J, Lustgarten M, Lau WL, Vazi-
ri ND. Impact of gut dysbiosis on neurohormon-
al pathways in chronic kidney disease. Diseases
2019;7: 21.

74) Meijers B, Evenepoel P, Anders HJ. Intestinal mi-
crobiome and fitness in kidney disease. Nat Rev
Nephrol 2019; 15: 531-545.

75) Vaziri ND, Dure-Smith B, Miller R, Mirahmadi MK.
Pathology of gastrointestinal tract in chronic he-
modialysis patients: an autopsy study of 78 cases.
Am J Gastroenterol 1985; 80: 608-611.

76) Kang JY. The gastrointestinal tract in uremia. Dig
Dis Sci 1993; 38: 257-68.

77) Vaziri ND, Freel RW, Hatch M. Effect of chronic
experimental renal insufficiency on urate metabo-
lism. J Am Soc Nephrol 1995; 6: 1313-1317.

78) Hatch M, Vaziri ND. Enhanced enteric excretion
of urate in rats with chronic renal failure. Clin Sci
(Lond) 1994; 86: 511-516.

79) Hatch M, Freel RW, Vaziri ND. Intestinal excre-
tion of oxalate in chronic renal failure. J Am Soc
Nephrol 1994; 5: 1339-1343.

80) Nallu A, Sharma S, Ramezani A, Muralidharan J,
Raj D. Gut microbiome in chronic kidney disease:
challenges and opportunities. Transl Res 2017;
179: 24-37.

81) Hu X, Ouyang S, Xie Y, Gong Z, Du J. Characteriz-
ing the gut microbiota in patients with chronic kid-
ney disease. Postgrad Med 2020; 132: 495-505.

82) Stadlbauer V, Horvath A, Ribitsch W, Schmerbock
B, Schilcher G, Lemesch S, Stiegler P, Rosenk-
ranz AR, Fickert P, Leber B. Structural and func-
tional differences in gut microbiome composition
in patients undergoing haemodialysis or peritoneal
dialysis. Sci Rep 2017; 7: 15601.

83) Fricke WF, Maddox C, Song Y, Bromberg JS. Human
microbiota characterization in the course of renal
transplantation. Am J Transplant 2014; 14: 416-427.

84) Crespo-Salgado J, Vehaskari VM, Stewart T,
Ferris M, Zhang Q, Wang G, Blanchard EE,
Taylor CM, Kallash M, Greenbaum LA, Aviles
DH. Intestinal microbiota in pediatric patients
with end stage renal disease: a Midwest Pedi-
atric Nephrology Consortium study. Microbiome
2016; 4: 50.

85) Hu X, Ouyang S, Xie Y, Gong Z, Du J. Charac-
terizing the gut microbiota in patients with chronic
kidney disease. Postgrad Med 2020; 1-11.

86) Pan Y, Yang L, Dai B, Lin B, Lin S, Lin E. Effects of
probiotics on malnutrition and health-related quali-
ty of life in patients undergoing peritoneal dialysis:
a randomized controlled trial. J Ren Nutr 2021; 31:
199-205.

2072

87) Plata C, Cruz C, Cervantes LG, Ramirez V. The gut
microbiota and its relationship with chronic kidney
disease. Int Urol Nephrol 2019; 51: 2209-2226.

88) Koppe L, Fouque D, Soulage CO. The role of gut
microbiota and diet on uremic retention solutes
production in the context of chronic kidney dis-
ease. Toxins (Basel) 2018; 10: 155.

89) Sirich TL, Funk BA, Plummer NS, Hostetter TH,
Meyer TW. Prominent accumulation in hemodialy-
sis patients of solutes normally cleared by tubular
secretion. J Am Soc Nephrol 2014; 25: 615-622.

90) Han H, Zhu J, Zhu Z, Ni J, Du R, Dai Y, Chen
Y, Wu Z, Lu L, Zhang R. p-Cresyl sulfate ag-
gravates cardiac dysfunction associated with
chronic kidney disease by enhancing apoptosis
of cardiomyocytes. J Am Heart Assoc 2015; 4:
e001852.

91) Bollero P, Di Renzo L, Franco R, Rampello T, Pujia
A, Merra G, De Lorenzo A, Docimo R. Effects of
new probiotic mouthwash in patients with diabe-
tes mellitus and cardiovascular diseases. Eur Rev
Med Pharmacol Sci 2017; 21: 5827-5836.

92) Noce A, Marrone G, Di Lauro M, Urciuoli S, Pietro-
boni Zaitseva A, Wilson Jones G, Di Daniele N,
Romani A. Cardiovascular Protection of Nephro-
pathic Male Patients by Oral Food Supplements.
Cardiovasc Ther 2020; 2020: 1807941.

93) Pelletier CC, Croyal M, Ene L, Aguesse A, Bil-
lon-Crossouard S, Krempf M, Lemoine S, Gue-
bre-Egziabher F, Juillard L, Soulage CO. Elevation
of Trimethylamine-N-Oxide in Chronic Kidney Dis-
ease: Contribution of Decreased Glomerular Fil-
tration Rate. Toxins (Basel) 2019; 11: 635.

94) Miyazaki T, Ise M, Seo H, Niwa T. Indoxyl sulfate
increases the gene expressions of TGF-beta 1,
TIMP-1 and pro-alpha 1(l) collagen in uremic rat
kidneys. Kidney Int Suppl 1997; 62: S15-22.

95) Rukavina Mikusic NL, Kouyoumdzian NM, Choi
MR. Gut microbiota and chronic kidney disease:
evidences and mechanisms that mediate a new
communication in the gastrointestinal-renal axis.
Pflugers Arch 2020; 472: 303-320.

96) Tang WH, Wang Z, Kennedy DJ, Wu Y, Buffa JA,
Agatisa-Boyle B, Li XS, Levison BS, Hazen SL.
Gut microbiota-dependent trimethylamine N-oxide
(TMAO) pathway contributes to both development
of renal insufficiency and mortality risk in chronic
kidney disease. Circ Res 2015; 116: 448-455.

97) Stubbs JR, House JA, Ocque AJ, Zhang S, John-
son C, Kimber C, Schmidt K, Gupta A, Wetmore
JB, Nolin TD, Spertus JA, Yu AS. Serum Trime-
thylamine-N-Oxide is Elevated in CKD and Cor-
relates with Coronary Atherosclerosis Burden. J
Am Soc Nephrol 2016; 27: 305-313.

98) Noce A, Canale MP, Capria A, Rovella V, Tesau-
ro M, Splendiani G, Annicchiarico-Petruzzelli M,
Manzuoli M, Simonetti G, Di Daniele N. Coro-
nary artery calcifications predict long term car-
diovascular events in non diabetic Caucasian
hemodialysis patients. Aging (Albany NY) 2015;
7:269-279.



CKD and gut microbiota

99) Rooks MG, Garrett WS. Gut microbiota, metabo-
lites and host immunity. Nat Rev Immunol 2016;
16: 341-352.

100) Grant C, Harrison L, Hoad C, Marciani L, Cox
E, Buchanan C, Costigan C, Francis S, Lai KB,
Szeto CC, Gowland P, MclIntyre C. Endotoxemia
in Peritoneal Dialysis Patients: A Pilot Study to
Examine the Role of Intestinal Perfusion and
Congestion. Perit Dial Int 2017; 37: 111-115.

101) Mclintyre CW, Harrison LE, Eldehni MT, Jefferies
HJ, Szeto CC, John SG, Sigrist MK, Burton JO,
Hothi D, Korsheed S, Owen PJ, Lai KB, Li PK.
Circulating endotoxemia: a novel factor in sys-
temic inflammation and cardiovascular disease
in chronic kidney disease. Clin J Am Soc Nephrol
2011; 6: 133-141.

102) Szeto CC, Kwan BC, Chow KM, Lai KB, Chung
KY, Leung CB, Li PK. Endotoxemia is related
to systemic inflammation and atherosclerosis
in peritoneal dialysis patients. Clin J Am Soc
Nephrol 2008; 3: 431-436.

103) Rietschel ET, Wollenweber HW, Russa R, Brade
H, Zahringer U. Concepts of the chemical struc-
ture of lipid A. Rev Infect Dis 1984; 6: 432-438.

104) Guijarro-Munoz |, Compte M, Alvarez-Cien-
fuegos A, Alvarez-Vallina L, Sanz L. Lipopoly-
saccharide activates Toll-like receptor 4 (TL-
R4)-mediated NF-kappaB signaling pathway and
proinflammatory response in human pericytes. J
Biol Chem 2014; 289: 2457-2468.

105) Bryant CE, Spring DR, Gangloff M, Gay NJ. The
molecular basis of the host response to lipopoly-
saccharide. Nat Rev Microbiol 2010; 8: 8-14.

106) Pedruzzi LM, Stockler-Pinto MB, Leite M, Jr.,
Mafra D. Nrf2-keap1 system versus NF-kappaB:
the good and the evil in chronic kidney disease?
Biochimie 2012; 94: 2461-2466.

107) Schmitz ML, Weber A, Roxlau T, Gaestel M,
Kracht M. Signal integration, crosstalk mech-
anisms and networks in the function of inflam-
matory cytokines. Biochim Biophys Acta 2011;
1813: 2165-2175.

108) Armutcu F. Organ crosstalk: the potent roles of
inflammation and fibrotic changes in the course
of organ interactions. Inflamm Res 2019; 68:
825-839.

109) Stenvinkel P, Meyer CJ, Block GA, Chertow GM,
Shiels PG. Understanding the role of the cytopro-
tective transcription factor nuclear factor eryth-
roid 2-related factor 2-lessons from evolution, the
animal kingdom and rare progeroid syndromes.
Nephrol Dial Transplant 2020; 35: 2036-2045.

110) Yang T, Richards EM, Pepine CJ, Raizada MK.
The gut microbiota and the brain-gut-kidney axis
in hypertension and chronic kidney disease. Nat
Rev Nephrol 2018; 14: 442-456.

111) Farzi A, Frohlich EE, Holzer P. Gut Microbiota
and the Neuroendocrine System. Neurothera-
peutics 2018; 15: 5-22.

112) Asao T, Oki K, Yoneda M, Tanaka J, Kohno N. Hy-
pothalamic-pituitary-adrenal axis activity is associ-

ated with the prevalence of chronic kidney disease
in diabetic patients. Endocr J 2016; 63: 119-126.

113) Onal EM, Afsar B, Covic A, Vaziri ND, Kanbay M.
Gut microbiota and inflammation in chronic kid-
ney disease and their roles in the development
of cardiovascular disease. Hypertens Res 2019;
42:123-140.

114) dos Reis LC, Franci CR. Effects of GABA natri-
uresis induced centrally by cholinergic stimula-
tion. Life Sci 1987; 40: 891-898.

115) Yun JC, Oriji G, Gill JR, Jr., Coleman BR, Peters
J, Keiser H. Role of muscarinic receptors in renal
response to acetylcholine. Am J Physiol 1993;
265: F46-52.

116) Ramezani A, Raj DS. The gut microbiome, kid-
ney disease, and targeted interventions. J Am
Soc Nephrol 2014; 25: 657-670.

117) de Goeij MC, Liem M, de Jager DJ, Voormo-
len N, Sijpkens YW, Rotmans JI, Boeschoten
EW, Dekker FW, Grootendorst DC, Halbesma
N, Group P-S. Proteinuria as a risk marker for
the progression of chronic kidney disease in pa-
tients on predialysis care and the role of angio-
tensin-converting enzyme inhibitor/angiotensin I
receptor blocker treatment. Nephron Clin Pract
2012; 121: ¢73-82.

118) Burton C, Harris KP. The role of proteinuria in the
progression of chronic renal failure. Am J Kidney
Dis 1996; 27: 765-775.

119) Coppo R. The Gut-Renal Connection in IgA Ne-
phropathy. Semin Nephrol 2018; 38: 504-512.

120) Coppo R. The gut-kidney axis in IgA nephropa-
thy: role of microbiota and diet on genetic predis-
position. Pediatr Nephrol 2018; 33: 53-61.

121) Zhang J, Luo D, Lin Z, Zhou W, Rao J, Li Y, Wu J,
Peng H, Lou T. Dysbiosis of gut microbiota in adult
idiopathic membranous nephropathy with nephrot-
ic syndrome. Microb Pathog 2020; 147: 104359.

122) Tsuji S, Akagawa S, Akagawa Y, Yamaguchi T,
Kino J, Yamanouchi S, Kimata T, Hashiyada M,
Akane A, Kaneko K. ldiopathic nephrotic syn-
drome in children: role of regulatory T cells and
gut microbiota. Pediatr Res 2021; 89: 1185-1191.

123) He H, Lin M, You L, Chen T, Liang Z, Li D, Xie
C, Xiao G, Ye P, Kong Y, Zhou Y. Gut Microbi-
ota Profile in Adult Patients with Idiopathic Ne-
phrotic Syndrome. Biomed Res Int 2021; 2021:
8854969.

124) Kwon CS, Daniele P, Forsythe A, Ngai C. A Sys-
tematic Literature Review of the Epidemiology,
Health-Related Quality of Life Impact, and Eco-
nomic Burden of Immunoglobulin A Nephropathy.
J Health Econ Outcomes Res 2021; 8: 36-45.

125) Shah NB, Nigwekar SU, Kalim S, Lelouvi-
er B, Servant F, Dalal M, Krinsky S, Fasano
A, Tolkoff-Rubin N, Allegretti AS. The Gut and
Blood Microbiome in IgA Nephropathy and
Healthy Controls. Kidney360 2021; 10.34067/
K1D.0000132021.

126) Han L, Fang X, He Y, Ruan XZ. ISN Forefronts
Symposium 2015: IgA Nephropathy, the Gut Mi-

2073



A. Noce, M. Marchetti, G. Marrone, L. Di Renzo, M. Di Lauro, F. Di Daniele, M. Albanese, et al

crobiota, and Gut-Kidney Crosstalk. Kidney Int
Rep 2016; 1: 189-196.

127) Dong R, Bai M, Zhao J, Wang D, Ning X, Sun S.
A Comparative Study of the Gut Microbiota Asso-
ciated With Immunoglobulin a Nephropathy and
Membranous Nephropathy. Original Research.
Front Cell Infect Microbiol; 10: 557368.

128) Martinez JE, Kahana DD, Ghuman S, Wilson
HP, Wilson J, Kim SCJ, Lagishetty V, Jacobs JP,
Sinha-Hikim AP, Friedman TC. Unhealthy Life-
style and Gut Dysbiosis: A Better Understanding
of the Effects of Poor Diet and Nicotine on the
Intestinal Microbiome. Front Endocrinol (Laus-
anne) 2021; 12: 667066.

129) Feng Z, Wang T, Dong S, Jiang H, Zhang J,
Raza HK, Lei G. Association between gut dys-
biosis and chronic kidney disease: a narrative
review of the literature. J Int Med Res 2021; 49:
3000605211053276.

130) Di lorio BR, Marzocco S, Nardone L, Sirico M,
De Simone E, Di Natale G, Di Micco L. Urea and
impairment of the Gut-Kidney axis in Chronic
Kidney Disease. G Ital Nefrol 2017; 34: 34.

131) Lau WL, Vaziri ND. Urea, a true uremic toxin: the
empire strikes back. Clin Sci (Lond) 2017; 131: 3-12.

132) Grazioli E, Romani A, Marrone G, Di Lauro M, Ce-
rulli C, Urciuoli S, Murri A, Guerriero C, Tranchi-
ta E, Tesauro M, Parisi A, Di Daniele N, Noce A.
Impact of Physical Activity and Natural Bioactive
Compounds on Endothelial Dysfunction in Chron-
ic Kidney Disease. Life (Basel) 2021; 11: 841.

133) Workgroup KD. K/DOQI clinical practice guide-
lines for cardiovascular disease in dialysis pa-
tients. Am J Kidney Dis 2005; 45: S1-153.

134) Kidney Disease: Improving Global Outcomes
CKDMBDUWG. KDIGO 2017 Clinical Practice
Guideline Update for the Diagnosis, Evalua-
tion, Prevention, and Treatment of Chronic Kid-
ney Disease-Mineral and Bone Disorder (CKD-
MBD). Kidney Int Suppl (2011) 2017; 7: 1-59.

135) Esgalhado M, Borges NA, Mafra D. Could phys-
ical exercise help modulate the gut microbiota in
chronic kidney disease? Future Microbiol 2016;
11: 699-707.

136) Pluznick JL. The gut microbiota in kidney dis-
ease. Science 2020; 369: 1426-1427.

137) Di Renzo L, Gualtieri P, Romano L, Marrone G,
Noce A, Pujia A, Perrone MA, Aiello V, Colica C,
De Lorenzo A. Role of personalized nutrition in
chronic-degenerative diseases. Nutrients 2019;
11:1707.

138) Kang JX. Nutritional problems and solutions for
the modern health epidemic. J Nutrigenet Nutrig-
enomics 2014; 7: 188-190.

139) Kang JX. Nutrigenomics and systems biology. J
Nutrigenet Nutrigenomics 2012; 5: I-I1.

140) Magni P, Bier DM, Pecorelli S, Agostoni C, As-
trup A, Brighenti F, Cook R, Folco E, Fontana
L, Gibson RA, Guerra R, Guyatt GH, loannidis
JP, Jackson AS, Klurfeld DM, Makrides M, Ma-
thioudakis B, Monaco A, Patel CJ, Racagni G,
Schunemann HJ, Shamir R, Zmora N, Peracino
A. Perspective: improving nutritional guidelines
for sustainable health policies: current status and
perspectives. Adv Nutr 2017; 8: 532-545.

141) Abenavoli L, Scarpellini E, Colica C, Boccuto L,
Salehi B, Sharifi-Rad J, Aiello V, Romano B, De
Lorenzo A, 1zzo AA, Capasso R. Gut Microbio-
ta and Obesity: A Role for Probiotics. Nutrients
2019; 11: 2690.

142) Di Renzo L, Cinelli G, Dri M, Gualtieri P, Attina
A, Leggeri C, Cenname G, Esposito E, Pujia A,
Chiricolo G, Salimei C, De Lorenzo A. Mediterra-
nean personalized diet combined with physical
activity therapy for the prevention of cardiovas-
cular diseases in Italian women. Nutrients 2020;
12: 3456.

143) Vanni G, Pellicciaro M, Materazzo M, Palombi L,
Buonomo OC. Breast Cancer Diagnosis in Coro-
navirus-Era: Alert From lItaly. Opinion. Front On-
col 2020; 10: 938.

144) Rebholz CM, Crews DC, Grams ME, Steffen
LM, Levey AS, Miller ER, 3rd, Appel LJ, Coresh
J. DASH (Dietary Approaches to Stop Hyperten-
sion) Diet and Risk of Subsequent Kidney Dis-
ease. Am J Kidney Dis 2016; 68: 853-861.

145) Bocedi A, Noce A, Rovella V, Marrone G, Cattani
G, lappelli M, De Paolis P, laria G, Sforza D, Gal-
lu M, Tisone G, Di Daniele N, Ricci G. Erythrocyte
glutathione transferase in kidney transplantation:
a probe for kidney detoxification efficiency. Cell
Death Dis 2018; 9: 288.

146) Colica C, Avolio E, Bollero P, Costa de Miranda
R, Ferraro S, Sinibaldi Salimei P, De Lorenzo A,
Di Renzo L. Evidences of a New Psychobiotic
Formulation on Body Composition and Anxiety.
Mediators Inflamm 2017; 2017: 5650627 .

147) Gualtieri P, Marchetti M, Cioccoloni G, De Lo-
renzo A, Romano L, Cammarano A, Colica C,
Condo R, Di Renzo L. Psychobiotics Regulate
the Anxiety Symptoms in Carriers of Allele A of
IL-1beta Gene: A Randomized, Placebo-Con-
trolled Clinical Trial. Mediators Inflamm 2020;
2020: 2346126.

148) Di Renzo L, Gualtieri P, de Lorenzo A, Capacci A,
Merra G. The effective cost of healthy diet. Eur
Rev Med Pharmacol Sci 2020; 24: 479-480.

149) Wu IW, Lee CC, Hsu HJ, Sun CY, Chen YC, Yang
KJ, Yang CW, Chung WH, Lai HC, Chang LC, Su
SC. Compositional and Functional Adaptations
of Intestinal Microbiota and Related Metabolites
in CKD Patients Receiving Dietary Protein Re-
striction. Nutrients 2020; 12: 2799.



