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Abstract: During the past decades, the gut microbiome emerged as a key player in kidney disease.
Dysbiosis-related uremic toxins together with pro-inflammatory mediators are the main factors
in a deteriorating kidney function. The toxicity of uremic compounds has been well-documented
in a plethora of pathophysiological mechanisms in kidney disease, such as cardiovascular injury
(CVI), metabolic dysfunction, and inflammation. Accumulating data on the detrimental effect of
uremic solutes in kidney disease supported the development of many strategies to restore eubiosis.
Fecal microbiota transplantation (FMT) spread as an encouraging treatment for different dysbiosis-
associated disorders. In this scenario, flourishing studies indicate that fecal transplantation could
represent a novel treatment to reduce the uremic toxins accumulation. Here, we present the state-
of-the-art concerning the application of FMT on kidney disease to restore eubiosis and reverse the
retention of uremic toxins.

Keywords: fecal microbiota transplantation; PBUTs; chronic kidney disease; acute kidney injury;
kidney transplantation; uremic toxins; oral FMT

Key Contribution: Uremic toxins figure as the chief contributors to the development of uremic
complications during acute or chronic kidney impairment, and they harm several physiological
functions. Based on this evidence, the employment of FMT for kidney disease could represent a
promising strategy for PBUTs reduction.

1. The Gut Microbiome in Health and Kidney Disease

The healthy gut microbial ecosystem consists of trillions of microorganisms that
play a pivotal function in maintaining homeostasis by influencing metabolic, oxidative,
and cognitive status and immune defense against pathogen infections. Each individual
displays a unique microbial profile in early life depending on their gestational date of
birth, type of delivery, milk feeding methods, sex, and gender. In adulthood, this healthy
native microbiota remains relatively stable, despite several factors including body mass
index (BMI), exercise, dietary habits, pharmacological therapies (e.g., antibiotics), and
aging that can alter its composition [1]. According to large-scale studies, higher microbial
diversity and richness in phyla, genera, and families is associated with healthier and
advantageous intestinal status [2,3]. More specifically, the abundance of some enterotypes
as Bifidobacterium Bifidum, Lactobacillus acidophilus, or Streptococcus thermophilus has been
widely described to be beneficial for an effective immune response [4,5]. Furthermore,
bacteria belonging to Clostridiaceae, Bifidobacteriaceae, and Bacteroidaceae families have been
found in microbial communities of centenarians, suggesting that this phenomenon could
reduce the age-related immune system dysfunction [6].
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In this scenario, dysbiosis represents both a structural and a functional alteration
of the microbiome that is closely associated with a specific disease. Importantly, the
comparative metagenomic analysis shows the differences in gut microbiomes profiles
between pathological and non-pathological conditions. For example, chronic diseases (i.e.,
rheumatoid arthritis, inflammatory bowel disease (IBD), diabetes, etc.) are characterized by
lower microbial diversity and richness, higher levels of harmful bacteria, and an abnormal
Firmicutes/Bacteroidetes ratio [7–9]. On the other hand, these studies also suggest that
differences between a microbiome profile occurs between diseases.

Over the last decade, the mutual crosstalk between the gut microbiome and human
disease enticed growing consideration in numerous intestinal and extra-intestinal diseases,
such as chronic inflammatory diseases, metabolic dysfunction, neurological disorder, and
cardiovascular disease [10]. In the context of renal disease, it still needs to be clarified whether
intestinal dysbiosis represents a cause or a consequence, since a noxious cycle was recognized
between uremia and gut microbiome [11]. A large plethora of data established that the alter-
ation in the microbiome arrangement represents a consequence of kidney injury and strongly
drives its exacerbation due to the accumulation of manifold bacterial-derived toxins [11,12].

On the whole, the uremic intestinal community is typically marked by the high pro-
portion of Actinobacteria, Bacteroides, and Firmicutes, which is rarely described in healthy
conditions [13]. According to many metagenomic studies, CKD patients show alterations in
the expression of 16S rRNA associated with the Enterobacteriaceae family (e.g., Enterobacter,
Klebsiella, and Escherichia genera), indicating that the Gram-negative Proteobacteria represent
a fundamental constituent of uremic flora [13,14]. The abundance of urease, which is uricase
accompanied by tryptophanase-tyrosine phenol-lyase positive bacteria (e.g., Actinomycetia,
Methylococcaceae, Micrococcineae, Pseudomonadales, Alteromonadales, Micrococcales, Halomon-
adaceae, and Pseudomonadaceae), was recognized as the hallmark of uremic dysbiosis, due to
its proteolytic activity in producing uremic toxins [15,16]. Additionally, elevated growth of
Bacteroidaceae and Clostridiaceae has been associated with systemic inflammation [17]. On
the other hand, the strong reduction in the relative proportion of both Lactobacilli and Acti-
nobacteria phylum together with the lower proliferation of Prevotellaceae and Bacteroidacee
families reflect a decline in short chain fatty acids (SCFAs) production [17,18]. Of note, it
has also been shown that differences in gut microbiome profiles occur not only between
CKD stages but also between kidney diseases characterized by different phenotypes pat-
terns. For instance, it was shown that hemodialysis (HD) patients exhibit a disproportion
in Gammaproteobacteria and Firmicutes when compared with pre-dialysis patients [13,19].
Furthermore, IgA nephropathy (IgAN) seems to be characterized by the high amount of
many microbial groups, including Streptococcus and Paraprevotella [20,21]. Interestingly,
several studies indicated that the enrichment of Escherichia-Shigella is increased in diabetes-
associated kidney damage [22]. On the other hand, the overgrowth of Anaerosporobacter and
Blautia was associated with metabolic dysfunctions in diabetic nephropathy (DN) [23,24].
Interestingly, recent evidence has indicated that intestinal dysbiosis also occurs in acute kid-
ney injury (AKI) [25]. For instance, Andrianova et al. demonstrated by an in vivo study that
alterations in the microbiome composition occurred following renal ischemia/reperfusion
injury (IRI), and several bacteria including Rothia and Staphylococcus were linked to the high
degree of injury [26]. In line with this research, Yang and their co-workers showed that
the AKI-related microflora contributed to the exacerbation of renal damage, inflammation,
and intestinal permeability when transplanted in germ-free animals [27]. Finally, more
recent data highlighted the involvement of dysbiosis and uremic toxins after solid organ
transplantation, including kidney transplantation. In detail, the 16S analysis of renal trans-
planted patients detected a profound disruption of microbial diversity associated with the
enrichment of uremic toxins producing Proteobacteria and Enterobacteriaceae [28,29]. Based
on this evidence, strategies aimed to restore eubiosis and the levels of microbiome-related
metabolites could represent a promising therapy for kidney disease. However, an alteration
in microbiome composition is not necessarily negative; microbiome composition can be
modified and accommodated by interventions such as the Mediterranean diet, supplements
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(probiotics, prebiotics, and Ω-3 Fatty Acids) or exercise that influences the inflammatory
state, which can decelerate CKD progression [30–32].

The growing knowledge of the detrimental effect of dysbiosis in kidney disease has sup-
ported the development of several targeted strategies to restore the level of uremic toxins. In
the first instance, the therapeutic interventions based on biotic supplements aimed to prevent
the generation of PBUTs by rebalancing the gastrointestinal flora equilibrium. However, a
great number of conflating elements, such as the period of administration, bacterial amount,
and strain selection impede the result interpretation and the method standardization. In
this scenario, the manipulation of microbiota by FMT could represent a novel treatment to
reduce the uremic toxicity in patients with CKD. Therefore, this extensive review highlights
the current knowledge of the role of fecal transplantation in the context of kidney disease,
providing novel insight into the FMT-based strategy to correct the levels of uremic toxins.

2. The Gut–Kidney Axis

When the glomerular filtration rate decreases, a considerable amount of nitrogenous
toxic catabolites (i.e., urea and urates) accumulate into the blood of CKD patients [33].
Against this background, the removal of these toxins is supported by the intestine, resulting
in their retention in the gut lumen. As a result, the uremic milieu promotes a sustained
dysbiosis characterized by the disequilibrium of proteolytic bacteria to the detriment
of the saccharolytic communities. Consequently, the strong urease activity along with
intensive proteolytic fermentation enhances the conversion of urea and amino acids (e.g.,
tyrosine, tryptophan) in toxic compounds, named uremic toxins [11]. Several studies
demonstrated that the retention of such compounds strongly affects the integrity of gut
mucosa by triggering a leaky gut and local inflammation. In line with this evidence, a
marked impairment of epithelial junctions including CLDN, OCLN, and Zonula occludens-
1, was observed within the intestinal barrier of several animal models of CKD [34–36].
Additionally, the translocation of a huge number of toxins in the circulation together with
the triggering of the immune response branch causes a systemic hyperinflammation and
exerts multi-organ damage [37] (Figure 1).
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2.1. Uremic Toxins in CKD

Uremic toxins figure as the chief contributors to the development of uremic compli-
cations during acute or chronic kidney impairment and they harm several physiological
functions. According to their molecular weight and characteristics, they are usually cate-
gorized into small solutes (<0.5 kDa), middle-weight molecules (0.5–60 kDa), and protein-
bound uremic toxins (PBUTs) [38]. Small solutes (creatinine, urea) are usually successfully
removed by the conventional hemodialysis techniques. The second category includes pep-
tides and proteins with middle-molecular weight molecules, such as b2 microglobulin and
alfa1-macroglobulin. In patients with a normal kidney function, renal elimination accounts
for 30–80% of total removal, while during renal injury, the removal of such compounds
may be significantly altered. The final category of uremic toxins (PBUTs) includes relatively
low molecular weight molecules that present specific ionic or hydrophobic characteristics
through which they strongly bind to albumin in the blood [39,40]. In patients with a normal
kidney function, they are usually eliminated by organic anion transporters (OATs) in the
proximal tubules [41]. Although conventional hemodialysis is the main technique used
for the reduction of uremic toxins, it has been demonstrated that it is most effective in
eliminating small water-soluble compounds, while the removal of middle-weight com-
pounds and PBUTs is very limited (reduction rate <30–35%), due to the strong protein-bond
of such compounds and the usual pores’ cutoff of low-flux (LF) membranes that avoid
albumin loss and the consequent hypoalbuminemia [39,42]. Moreover, the increase in
the number of HD sessions and/or the treatment time may improve small and middle
molecules removal, but not for PBU molecules. Only the unbound portion of PBUTs could
be efficiently removed by HD, due to their low molecular weight [39,43,44]. The reduction
rate of PBUTs by conventional HD is listed in Table 1. Interestingly, most of the gut-derived
uremic toxins including indoxyl sulfate (IS), p-cresyl sulfate (PCS), p-cresyl glucuronide
(PCG), indol-3-acetic acid (IAA), and hippuric acid (HA), belong to the PBUTs group. On
the other hand, the bacterial metabolite Trimethylamine-N-Oxide (TMAO) is grouped as
small water-soluble molecules. The metabolic pathways of the most relevant uremic toxins
together with their characteristics are summarized in Table 1. Briefly, phenol-derived PCS
and PCG originate from tyrosine metabolism, while IS and IAA derive from tryptophanase-
positive bacteria. Notably, tryptophan metabolism was also implicated in the kynurenine
pathway [45].

Table 1. Summary of microbially produced uremic toxins, class, precursor, property, and related
toxic effect.

Name Class Precursor Characteristics Conventional HD
Reduction Rate (%) Effect of PBUTs Ref

Indoxyl sulfate Indoles Tryptophan PBUT 30%
CVD, vascular

injury, bone disease,
and nephrotoxicity

[46–49]

Indole3 Acetic Acid Indoles Tryptophan PBUT 40%

Cardiovascular
dysfunction,

endothelial damage,
and cognitive
impairment

[50–52]

Kynurenine,
kynurenic acid,
quinolinic acid

Kinurenine
pathway Tryptophan PBUT 20%

Cardiovascular
dysfunction and

cognitive
impairment

[53,54]

Hippuric Acid Hippurates Benzoic acid PBUT 60–70%
Renal fibrosis and

endothelial
dysfunction

[55,56]

P-cresyl sulfate Phenols Tyrosine PBUT 30%

Cardiovascular
damage, renal

tubular injury, and
insulin resistance

[57–59]

P-cresyl
glucuronide Phenols Tyrosine PBUT 70% Vascular damage [60]

TMAO Amine oxide Choline, betaine,
carnitine

Water-soluble
compound 80% CVD and renal

inflammation [61–63]

Abbreviations: HD, hemodialysis; PBUTs, protein-bound uremic toxins; CVD, cardiovascular disease.
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The toxicity of PBUTs has been well-documented in a plethora of pathophysiological
mechanisms in kidney disease, such as cardiovascular injury (CVI), metabolic dysfunction,
and inflammation [64,65].

In the past years, mounting studies have corroborated the role of PBUTs in cardiovas-
cular dysfunction and capillary rarefaction. For instance, in vivo and in vitro experiments
established that indoles and phenols exert a role in vascular leakage by promoting apoptosis
and affecting the integrity of the adherent junctions in endothelial cells [66,67]. Additionally,
more recent evidence indicated that increased oxidative stress represents the most relevant
consequences of endothelial damage in patients displaying the highest level of uremic tox-
ins [68]. At the cardiac level, gut-related toxins were determined to trigger reactive oxygen
species (ROS) origination by upregulating the NADPH oxidases (NOX) activity [69]. This
finding was closely associated with gap junction damage in cardiac muscle cells resulting
in cardiomyocyte dysfunction [70]. According to several in vitro studies, PBUTs modulate
the endothelial cells senescence by downregulating the expression of klotho leading to
vascular hypertrophy via the endothelial/mesenchymal transition [71,72].

The effect of several uremic toxins on vascular dysfunction may also be due to their
ability to modulate the downstream expression of many intracellular miRNAs in endothe-
lial cells [73,74]. Altogether, this evidence highlights that uremic toxins may represent
the missing player between endothelial damage and uremia-related CVI. On the other
hand, PBUTs induced detrimental consequences on systemic inflammation. For instance,
Ito et colleagues, evaluated that the over-expression of E-selectin was mediated by PCS
via JNK/NF-kB pathways, which resulted in the enhancement of leukocyte rolling on
endothelial cells and organ extravasation [75]. More recently, several groups have found a
cause–effect link between uremic solutes and the expression of certain pro-inflammatory
cytokines [76]. At the renal level, the accumulation of PBUTs was demonstrated to increase
the ROS levels in renal tubular epithelial cells (TEC) and mesangial cells by upregulat-
ing the NOX activity [77–80]. Furthermore, it was shown that the alteration of several
cellular pathways including AhRs, NF-kB, and p53, in response to the elevated level of
PBUTs, was associated with interstitial fibrosis and renin-angiotensin system (RAS) activa-
tion [49,81,82]. Moreover, klotho downregulation represents the hallmark of AKI and CKD
and is strongly correlated with the senescence of renal cells [83]. The growing data suggest
that PBUTs are involved in klotho hypermethylation by affecting the expression of several
methyltransferases, probably via an NF-kB-mediated mechanism [84].

Finally, many experimental data found a strong relationship between uremic dysbiosis
and CKD-related insulin resistance (IR) [85]. IR is indeed recognized as an important clini-
cal condition that affects metabolic complications, sarcopenia, and cardiovascular injury
in the CKD population. Moreover, the alterations in insulin signaling in CKD turns into
kidney lipodystrophy, which is characterized by adipocyte dysfunction [85]. It is worth
noting that adipocytes stimulated with blood from CKD subjects fixed an IR phenotype
characterized by an impaired glucose uptake [86]. Additionally, Stocker-Pinto et al. demon-
strated that an ROS imbalance occurred when the adipocytes were stimulated with uremic
solutes [87]. To elucidate this mechanism, Koppe et al. demonstrated that IR together with
the redistribution of body fat was detected when healthy mice were treated with PCS [59].
Altogether, these data indicate that PBUTs seem to be the missing key in exacerbating the
metabolic complications in uremia. Interestingly, some of the uremic mediators related
to the decline of kidney function seem directly associated with cognitive decline. For
instance, the elevated accumulation of several small water-soluble solutes including uric
acid, guanidino compounds, and asymmetric dimethylarginine (ADMA), were found to
be implicated in neurotoxicity [88–90]. Additionally, many studies indicated that higher
levels of IS and PCS increased neuroinflammation, resulting in the cognitive impairment
of patients with CKD [91,92]. Moreover, indole and cresol can cause BBB impairment via
AhR activation, leading to inflammation and oxidative stress [92]. Homocysteine (Hcy),
which is produced through the intestinal metabolic transmethylation of methionine to
cysteine, has been linked to neuronal damage in many neurological diseases. Patients with
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CKD who show elevated concentrations of plasma Hcy are known to suffer from cognitive
and motor impairment [93]. The proposed mechanism involves the overstimulation of the
N-methyl-D-aspartate receptors (NMDAR) [94]. Neuroinflammation represents another
detrimental factor in CKD-associated cognitive impairment, since pro-inflammatory me-
diators (IL-1β, IL-6, TNF, and TGF-β) and immune cells exacerbate the cognitive decline
in CKD patients [95]. The disruption of BBB during inflammation allows the interaction
of cytokines with the neurotrophic factor (BDNF) in the central nervous system (CNS).
Recently, the kynurenine pathway was found to be strongly implicated in the context
of brain disorders. Several neuroactive metabolites can be catabolized from tryptophan,
including kynurenine, 3-hydroxykynurenine (3HKYN), picolinic acid, and quinolinic acid
(QUIN) [96]. The condition of inflammation can drive the upregulation of the kynurenine
pathway, which lowers the synthesis capacity of serotonin from tryptophan. Elevated
levels of pro-oxidative 3-HKYN in the CNS lead to increased neuronal apoptosis, due to
its involvement in reactive oxygen species (ROS) formation, via superoxide and H2O2
generation [97,98]. QUIN is produced by microglia and penetrated by macrophages [99].
Excessive synthesis of QUIN leads to ROS formation via the excitation of the NMDA recep-
tor [100,101]. This increases lipid peroxidation, nitric oxide levels, protein decomposition,
and cytoskeletal destabilization [101].

2.2. Uremic Toxins in AKI

Compared with CKD, interest in uremic toxins in AKI was in its infancy in 2009, and
the existence of gut–kidney crosstalk in AKI was frequently debated. Today, it is well-
established through a variety of experimental animal studies and clinical trials that acute
renal damage negatively shapes the microbiota composition [25]. Importantly, the AKI–
microbiota relationship is bidirectional: on the one hand, AKI can cause dysbiosis; on the
other hand, the microbial shift influences the severity of the renal injury. To corroborate this
theory, Jang et al. firstly demonstrated that after IRI induction, germ-free rodents displayed
the worst creatinine and histological damage when compared to the controls [102]. Next,
in the context of renal IRI, hypoxia itself can alter the ratio between aerobic and anaerobic
populations [103]. More recently, Andrianova et al. demonstrated by an in vivo study that
alterations in the microbiome composition occurred following IRI [26]. The connection
between uremic toxins and an AKI occurrence has been strengthened by several studies [94].
Indoles and cresols are well-known toxins, and their circulating level has been connected
with CVI and poor survival rates in end-stage renal disease [104,105]. Interestingly, the
rising concentration of PBUTs in AKI is correlated with the severity, according to the
RIFLE criteria [106]. In AKI rodents, the depletion of IS and PCS production alleviated
the renal damage [107]. As already discussed, the gut microbiota composition is of pivotal
importance, but not only for uremic toxins, as it can also influence immune responses. In
addition, germ-free AKI rodents showed a higher activation of NK cells and CD-8+ cells
compared with non-sterile controls. More specifically, the “sterile immunity” showed the
over proliferation of the Th17 population. Th17 lymphocyte affects the kidney dysfunction
by releasing the interleukin-17, which triggers a strong inflammatory response in the
renal environment [108]. Moreover, the gut barrier could also be injured during AKI as
the concentrations of uremic toxins increase. Additionally, circulating endotoxin levels
stimulates a systemic and inflammatory effect. Against this scenario, one of the most recent
interventional studies aiming to modulate AKI by uremic toxins/microbiome modulation
was performed by Dong et al. [109]. The authors showed that antibiotic treatment was able
to ameliorate the severity of acute renal damage.

In conclusion, while uremic toxins could represent the essential factors of AKI, there
is only a limited amount of data available, as the majority of findings are derived from
experimental animal models, which have severe limitations. Moreover, despite the ad-
vancements of dialysis technologies, the poor prognosis of AKI patients could be connected
with microflora-related compounds, which exert multi-organ dysfunction, especially in
kidneys, where its accumulation augments the pre-existent tubular and vascular injury,
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resulting in the delay of the renal recovery. Uremic toxins are the central actors in multi-
organ breakdown and they negatively affect the renal recovery after acute injury. Thereby,
research on the optimal renal replacement therapy cartridge that is able to clear specific
toxins or pharmacological therapies with the effect of bacteria metabolites strongly requires
further exploration.

2.3. Uremic Toxins in Kidney Transplantation

Kidney transplantation represents one of the most effective treatments for patients
with end-stage renal disease, since it significantly improves the survival rate and amelio-
rates the quality of life. Moreover, the implementation of immunosuppressive therapies
was shown to reduce acute rejection episodes and increase the organ survival. On the other
hand, it leads to an increase in complications related to the reduced immunocompetence of
transplanted patients, such as infections, with the subsequent requirement of antimicrobial
therapy. Kidney transplantations are often associated with infectious complications, which
increase the mortality rate of recipients. Over the previous years it has been demonstrated
that kidney transplantation induces perturbations in the gastrointestinal flora that could act
as key players in transplant-associated infections [110]. Moreover, gut dysbiosis can influ-
ence the immune system of the recipient and recent evidence has highlighted a relationship
between alterations in gastrointestinal communities and poor outcomes in renal transplant
recipients [111]. Although it remains to be clarified whether this condition of gut dysbiosis
is strictly related to kidney transplantation or is a common element for all patients with
end-stage renal disease, it has been reported that substantial differences characterize the
microbial pattern of recipients in comparison with healthy subjects [29,111]. In particular,
it has been shown that the gut microbial populations of kidney transplant recipients are
characterized by the prevalence of Firmicutes, whereas an increase in Proteobacteria was
detected within fifteen days after transplantation [29]. Gut dysbiosis represents a risk
factor for the optimal functioning of renal graft and can adversely affect the outcome
of a kidney transplantation through alterations of both the host’s immune system and
inflammatory cytokines production [111]. Indeed, gut dysbiosis can be associated with an
impairment of the gastrointestinal barrier integrity, which can cause bacterial displacement
into the systemic circulation that triggers the pro-inflammatory response. These conditions
can cause graft inflammation and, in the end, graft rejection via the autoreactive and al-
loreactive lymphocyte [111,112]. Microbial metabolism is essential in producing uraemic
retention solutes, such as PBUTs. The toxicity of PBUTs has been well-documented in a
plethora of pathophysiological mechanisms in kidney disease [113–115]. However, the
impact of renal transplantation on these toxins has not been completely explored so far.
Liabeuf et al. reported that the IS amount is markedly lower in transplanted recipients after
12 months than in non-transplanted CKD subjects with similarly estimated glomerular
filtration rates [116]. Additionally, kidney transplantation strongly lowered the blood levels
in a large amount of PBUTs, including phenols, and to a smaller degree, indoles [117].
Several other uremic compound such as HA, PHS, IAA, and kynurenines, have also been
described as significantly reduced in the first week after transplantation [118], although
their reduction seems to not be correlated with the amelioration of neurocognitive functions.
Taken together, these results demonstrated that kidney transplantation can affect uremic
toxins levels, since their accumulation largely declined after renal engraftment. Thus, it
could be speculated that the transplant itself is able to influence the microbiome diversity,
the leaky gut, and consequently, the adsorption of such toxins [117]. This condition could
be dependent on immunosuppression and prophylactic antimicrobial therapy with the
consequent reduction and/or alteration of PBUTs production.

Microbiota-derived metabolites may have a negative impact on the outcomes of
graft survival and function, since high levels of PCS and IS can cause the production of
pro-fibrotic molecules and inflammatory cytokines from renal tubular cells, resulting in
increased tubulointerstitial fibrosis, cellular injury, and nephrotoxicity [58,119]. Korytowska
et al. in 2021 demonstrated that salivary IS can be employed as a non-invasive diagnostic
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marker in order to recognize the loss/deterioration of the graft function (DoGF) more than
a year following kidney transplantation [120]. The study was carried out on 92 kidney
transplant recipients and, although it presents some limitations to the proposed model,
this study assessed the role of IS as a potential predictor of DoGF and as a useful marker
to prevent graft failure, and therefore, extending the survival and the functioning of the
transplanted kidney [120]. Nevertheless, in the case of some uremic toxins, different and
contrasting results, with respect to those previously described, have been reported. For
example, levels of middle-molecular uremic toxin fibroblast growth factor 23 (FGF23)
remain high even after kidney transplantation [121]; alternatively, plasma levels of the
small molecule asymmetric dimethylarginine (ADMA) increase immediately after kidney
transplantation, and its levels reduce over the weeks without this being reflected in an
improvement of renal graft function [122]. The understanding of the biological mechanisms
underlying these findings is still partial, partly because of the limited number of studies
carried out so far on this topic. Thus, it is clear that these results highlight the need for
further investigation of how uremic toxins may affect renal transplantation and vice versa,
with the aim of implementing specific therapeutic interventions to improve the outcome of
kidney transplantations.

3. FMT

In recent years, FMT has been acknowledged as an impactful strategy to manipulate
the gut microbiome [10]. The first report of an FMT application derives from ancient
Chinese medicine for treating severe diarrhea, while its first clinical employment was
documented in the 20th century for the management of pseudomembranous colitis [123].
Currently, FMT represents the first-line strategy for resolving recurrent Clostridium difficile
infection (rCDI). Similarly to solid organ transplantation, the conceptualization behind the
FMT procedure is based on the replacement of a dysbiotic flora with a healthy microbiome.
In clinical practice, FMT concerns the inoculation of fecal material from a healthy subject in
the diseased gut of a recipient patient. Hence, the administration of a healthy microbiomes
purposes is to decolonize and repopulate the intestinal environment with a stable microbial
community [124]. Based on this evidence, fecal transplantation could represent a novel and
promising treatment for different dysbiosis-associated disorders.

FMT Procedure

Similarly to solid organ transplantation, the fecal transfer procedure demands stool col-
lection from healthy donors [125]. Importantly, the workflow concerning donor eligibility
is based on rigorous hematological and stool analysis to avoid the transfer of transmittable
diseases such as HIV, Hepatitis, syphilis, C. difficile, protozoa, and helminths [126]. Addi-
tionally, potential donors undergo a medical interview to check for any history of infectious
diseases or gastrointestinal and metabolic disorders. Of note, following the donation, the
collected stool can be either directly transplanted into the recipient or frozen for later use.
As stated in the European guidelines for FMT application, different routes can be employed
for fecal transfer [126]. Depending on the GI-tract site, the healthy microbiota can be
conducted by lower (colonoscopy or rectal enema) or upper (naso-gastric or nasojejunal)
route [127]. Widely employed, the colonoscopy demonstrated a success rate of 90% for
resolving rCDI. On the other hand, fecal administration by enema is employed only when
colonoscopy is inaccessible. Finally, due to the high risks of tissue perforation, the upper
GI-tract route is hardly ever used [127]. Interestingly, in the view of improving invasiveness
and patient compliance, a novel capsule-mediated FMT approach was developed in recent
years for treating recurrent C. difficile infections [128,129]. Notably, the so-called oral FMT
is based on the encapsulation of lyophilized microbiota into a 0/00 gastro-resistant capsule,
which excellently vehiculates the healthy-associated flora into the recipient’s intestine [130].
Clinical trials assessed the effectiveness of oral fecal transplants for resolving rCDI, with
a success rate of 90% associated with lower unfavorable events [131–133]. Moreover,
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as reported by a few meta-analyses, the capsulo-mediated FMT strongly improved the
microbiota tolerability compared with the traditional routes of delivery [131].

4. FMT and Kidney Disease

Although FMT exerts a primary function in the modulation of the gastrointestinal
flora, its beneficial effects extend to a systemic level in regulating inflammation, oxidative
stress, and metabolic disorders. Based on this evidence, in recent years, the application
of FMT was implemented in many dysbiosis-associated diseases but also extra-intestinal
disorders, such as metabolic syndrome and neurodegenerative diseases [10]. Recently, the
mounting data have highlighted the detrimental effects of dysbiosis-associated uremic
toxicity in kidney disease. In these settings, a broad number of strategies focused on gut
microbiota modulation, such as biotic supplementation, have demonstrated positive results
in lowering the circulating levels of PBUTs. On the other hand, a substantial amount of
data produced contradictory findings [134]. Furthermore, despite their time-limited effect,
the strategies based on pre-, pro-, and syn-biotics provide early evidence that the whole
microbiota repopulation may exert a long-term effect. Thus, the FMT could represent an
auspicious strategy in preserving renal injury from the deleterious effects of gut-derived
PBUTs (Figure 2). Research is in its infancy and prior to the application of FMT on patients,
researchers are focusing on in vivo studies.
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Originally, the fecal transplantation procedure was applied to elucidate the role of
intestinal dysbiosis in kidney diseases (Table 2). Uchiyama et al. elegantly demonstrated
that the transplantation of CKD-derived microbiomes reproduced the uremic phenotype
in healthy, germ-free mice. After the fecal transplantation, the recipient mice showed a
profound dysbiosis associated with high levels of circulating uremic toxins, including
PHS, IS, and HA. Moreover, the overproduction of such toxins induced sarcopenia, insulin
resistance, and intestinal permeability in healthy recipient mice [85]. Conforming with
these data, Li and co-workers demonstrated that the fecal contents of streptozotocin-treated
DN mice induced a microbiome alteration associated with high levels of TMAO and
LPS in antibiotic-treated recipients. The recipient mice displayed a high grade of renal
damage correlated with elevated levels of bacterial toxins when transplanted with the fecal
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contents of DN mice with severe proteinuria (≥300 mg/24 h). On the other hand, low-
grade injury associated with a lower concentration of TMAO and LPS was induced when
recipients were transplanted with fecal microbiota from mice with moderate proteinuria
(<300 mg/24 h) [24]. Notably, a disease-associated microbial pattern was also detected
between the two groups of DN mice, indicating that the dissimilarity in microbiome
patterns can influence the different outcomes of DN.

Comparably, Wang and collaborators evaluated that the fecal microbiota of individ-
uals with advanced CKD worsened the renal injury when transferred in CKD rodents.
The authors show that the dominance of several bacteria, including Eggarthella lenta and
Fusobacterium nucleatum, was closely related to the increase in many PBUTs, such as HA,
PHS, PCS, and IS. Furthermore, the transplantation of healthy donor stool in diseased
rodents improved the circulating level of uremic solutes, such as creatinine, urea, and
PBUTs [14]. Yang and colleagues further explored the relationship between microbiota and
AKI by using the microbiota transplantation procedure. Specifically, they observed that the
post-AKI microbiome strongly influenced the severity of the ischemia/reperfusion injury
when administered in germ-free mice. Altogether, these findings corroborated the causal
link between the detrimental microbiome and kidney disease [27].

In the last two years, few in vivo studies have explored the implementation of FMT in
renal disease, supporting the therapeutic contributions of microbiota replacement in uremia
(Table 2). These attempts aimed to correct PBUTs levels, inflammation, and metabolic
dysfunction. Liu et al. explored the effects of FMT on 1/2 nephrectomy-induced CKD
rats using fecal contents from sham-operated donors. Of note, before the transplantation,
the CKD group was sterilized by an antibiotic cocktail in order to deplete the resident
flora. Fecal administration restored the gut eubiosis of CKD rodents by affecting the
enrichment of Lactobacillaceae (L. johnsonii and L. intestinalis). Interestingly, the FMT strongly
lowered the blood levels of a large amount of PBUTs, including IS, PCS, PHS, TMAO, and
Phenylacetyl glycine. In addition, the sham-related microbiome improved renal injuries
and the inflammatory status when transplanted in CKD animals [135]. A similar study was
performed by Barba et colleagues using adenine-induced CKD mice. In this study, it was
mainly observed that the transfer of healthy mice microbiota in CKD recipients was able to
correct the uremic dysbiosis, resulting in the reduction of plasma tyrosine-derived PBUTs.
Moreover, the improvement of glucose tolerance and IR was further observed after three
incidences of FMT administrations. These findings suggest that the reduction of PCS and
PCG was effective in ameliorating CKD-related metabolic complications [136].

Promising results have also been found in models of DN rodents treated with healthy
microbiota. In this context, the investigation by Hu et al. evidenced that the repopulation
of dysbiotic microbiota from healthy donor GI-flora improved the tubular lesion by ame-
liorating the apoptosis of TECs in DN rats. Furthermore, FMT enriched the amount of
acetate-producing Prevotellaceae, Ruminococcaceae, and Lactobacillaceae families, leading to
the correction of cholesterol homeostasis. Finally, the decrease in serum IL-6 suggested an
improvement in systemic inflammation [137]. In a similar fashion, Lu et al. demonstrated
that DN rats that were transplanted with healthy flora normalized the altered insulin
pathway in podocytes by reducing the circulating levels of microbiota-derived acetate.
Acetate reduction was also associated with GPR43 downregulation in podocytes. Curi-
ously, FMT was also able to recover both the morphology and number of podocytes [138].
More recently, an in vivo study found that the replacement of dysbiotic microbiota with
healthy communities significantly ameliorated the metabolic complications associated with
diabetic nephropathy in leptin-deficient BTBR mice. The fecal bacteriotherapy downreg-
ulated the expression of TNF-α in enterocytes and reestablished gut permeability [139].
Despite the lack of PUBTs analysis in these studies, it can be speculated that the recovery of
metabolic complications may be associated with a decrease in several PBUTs, including
PCS, PCG, and IS, due to their involvement in metabolic dysfunction. The beneficial effects
of fecal transplantation were further explored in IgA nephropathy, where dysbiosis is
involved in driving its pathogenesis by influencing the host immune response [140]. In
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this scenario, Lauriero and collaborators demonstrated that the graft of healthy human
microbiota mitigated inflammation and improved kidney injury and glucose tolerance in a
mice model of IgAN. Additionally, when transplanted, the healthy microflora reversed the
accumulation of dysbiosis-related cresols and indoles and intensified the gut production of
several SCFAs [140].

On the other hand, despite the evidence concerning the beneficial effects of fecal
bacteriotherapy on CKD, there is a limited number of data that support the implementation
of FMT in AKI. Emal et al. detected that the depletion of the intestinal flora via antibiotic
treatment was able to attenuate kidney injury in the I/R model of AKI. Furthermore,
when compared with the antibiotic-untreated group, the sterilized mice exhibited an
improvement in renal dysfunction related to the reduction of several pro-inflammatory
factors (i.e., TNF, IL-6, MCP-1, and MIP). Additionally, the gavage of fecal contents from
untreated donors restored the granulocyte influx and the expression of chemokine receptors
in resident macrophages. However, they further reported that FMT did not influence the
renal function of AKI recipients [141]. In contrast to this observation, the study by Nakade
et al. indicated that the treatment of healthy microbiota for twelve weeks significantly
alleviated acute renal injury and intestinal dysfunction [142].

Finally, within the field of kidney disease, the clinical use of FMT was documented only
in two different case reports regarding CKD patients with intestinal discomfort (Table 2). In
the investigation by Zhao et al., the 20-week fecal transplantation from healthy donors to
IgAN recipients significantly lowered the proteinuria and alleviated intestinal distress by
improving α and β diversity [143]. Consistent with this finding, Zhou et colleagues reported
that FMT decreased the levels of small water-soluble toxins and reversed intestinal edema
and diarrhea in a patient suffering from membranous nephropathy [144]. The oral FMT
treatment, using encapsulated fecal microbiota derived from a healthy gut, was used to treat
a patient with Focal Segmental Glomerulosclerosis. The administration of twenty capsules
once a week for a total of three weeks was able to refurbish the lipidic profile and the
relative proportion of various microbial families, including Prevotellaceae and Bacteroidaceae.
Moreover, authors showed a reduction in several proinflammatory mediators [145].

Traditionally, fecal transplantation is performed using feces collected by untreated
healthy donors (Table 2). However, a small group of studies showed that the stimulation
of donor microbiota with biotic supplements before transplantation could represent an
encouraging strategy in augmenting the effect of FMT. For example, the fecal contents of
resveratrol-treated rodents demolished the elevated ratio of PBUTs producing bacteria,
including Firmicutes, Tenericutes, Deferribacteres, and Enterococci, when implanted in CKD
recipients. The manipulated microbiota was able to reverse the gut injury and inflamma-
tion in diseased rodents [146]. In another study, healthy mice treated with the probiotic
Astragalus membranaceus were used as donors of fecal microbiota. When transplanted, the
A. membranaceus-supplemented microbiota strongly improved the intestinal permeability
and increased the proportion of Akkermansia and Lactobacillus in CKD mice. Moreover,
the reinforced microbiome alleviated glomerular dysfunction and tubular fibrosis [147].
Despite the fact that the levels of PBUTs were not reported, it can be hypothesized that
the demolition of gut dysbiosis together with the recovery of the intestinal barrier may
have limited their blood accumulation. Finally, Zheng et al. developed an engineered
microbiota by micro-encapsulating a synthetic cocktail of different bacteria. Interestingly,
they reported that its administration markedly lowered several small solutes, including
urea and creatinine, in both mice and swine models of AKI and CKD [148]. Altogether,
these data lay the foundation for promising “reinforced FMT” approaches which could
represent a new frontier in personalized therapies to modulate the gut microbiome.
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Table 2. Summary of in vivo studies based on the application of fecal transplantation in
kidney disease.

Author, Year, Ref AIM FMT Modality
Experimental

Design for FMT
Procedure

Main Findings Microbiome
Evaluation

Effect on Uremic
Toxins

Uchiyama et al.,
2020
[85]

Explore the role of
uremic dysbiosis in
CKD-associated IR

and sarcopenia.

Donor: CKD mice
treated with

adenine diet (0.2%).
Recipient: healthy

germ-free mice.

FMT was
performed once in
healthy germ-free
mice from control
mice or CKD mice.

Uremic flora
induced sarcopenia,

IR, and intestinal
permeability in
recipient mice.

Decrease in Bacilli,
Lactobacillales, and

Lactonifactor.
Increase in

Erysipelotrichi,
Erysipelotrichales

Allobaculum,
Clostridium, and

Alistipes.

↑ IS
↑ PHS
↑ HA
↑ IL-6

Li et al., 2020
[24]

Explore the role of
gut microbiota in

diabetic
nephropathy.

Donors: DN mice
(STZ-treated)

grouped by severe
or moderate
proteinuria.
Recipient:

Antibiotic-treated
mice.

Study 1: mice were
treated with

antibiotics and then
with FMT from

severe/mild
proteinuria group,

daily, for 3 days.
After, FMT mice

were treated with
STZ.

Study 2: STZ was
administered before

FMT in
antibiotic-treated
mice. FMT was
performed from

severe/mild
proteinuria group,
daily, for 3 days.

Alterations in gut
microbiome

modulated the
kidney function of

DN models.
The author suggests

that Allobaculum
and

Anaerosporobacter
may worsen renal

function, while
Blautia may be a

protective factor in
DN.

Firmicutes were
more abundant in
mice treated with

fecal content of
mild proteinuria.

Allobaculum
increased in the

recipients
transplanted with
severe proteinuria

flora.
Blautia increased in
mice that received

the microbiome
from the mild

proteinuria mice.

FMT from severe
proteinuria mice:
↑ TMAO
↑ LPS
↓ SCFAS

FMT from moderate
proteinuria mice:
↓ TMAO
↓ LPS
↑ SCFAS

Wang et al., 2020
[14]

Explore the
relationships

between gut flora
and renal failure.

Donor: ESRD
patients or healthy

donors.
Recipient: CKD
mice (adenine
treated) and

CKD rats
(5/6 nephrectomy

treated with
antibiotics).

CKD mice:
200 ul (0.1 g/mL) of

pooled stool was
gavaged for 3 days.

CKD rats:
1 mL (0.1 g/mL) of
pooled stool was
gavaged daily for

3 weeks.

FMT from ESRD
patients increased

uremic toxins levels
and aggravated
kidney injury.

FMT from healthy
donors lowered

serum creatinine,
urea, and several

uremic toxins.

E. lenta was found
to increase the

production of HA
and PAG.

Fusobacterium
nucleatum increased

the production of
indole and phenol.

Mice/rats receiving
ESRD stool:
↑ IS
↑ pCS
↑ PAG
↑ PhS

ice/rats receiving
healthy donor stool:

↓ TGF-β1

Yang et al., 2020
[27]

Explore the link
between kidney and

gut microbiota
during AKI.

Donor:
sham-operated mice
or IRI mice models.

Recipient:
germ-free mice.

FMT was
performed via

gastric gavage on
day 0 and day 10.

After renal IRI, gut
microbiota
modulated

inflammation and
severity of kidney

injury.

NA ↓ TNF-α
↓ IFN-γ

Liu et al., 2022
[135]

Explore the role of
FMT on CKD.

Donor:
sham-operated rats.

Recipients: 1/2
nephrectomy rats

treated with an
antibiotic cocktail.

FMT was
performed daily for

21 days.

FMT improved
kidney function and

oxidative stress.

FMT restored the
proportion of
Lactobacillus
johnsonii and
Lactobacillus
intestinalis.

↓ IS
↓ PCS
↓ PhS

↓ Phenylacetyl
glycine
↓ TMAO

Barba et al., 2020
[136]

Explore the role of
FMT on the
metabolic

complication and
uremic toxins level.

Donor: healthy
mice.

Recipient: CKD
mice induced with

adenine diet
(0.25%).

FMT was
performed once a
week for a total of

three weeks by oral
gavage.

FMT improved
glucose intolerance,

and IR.

FMT induced a
significant

amelioration
α-diversity and

restored the
abundance of

Oscillospira and
Desulfovibrio.

↓ PCS
↓ PCG

Hu et al., 2020
[137]

Investigate the role
of microbiome on

diabetic
nephropathy.

Donor: healthy rats.
Recipient: DN rats
(STZ-treated rat).

FMT was
performed once a

day for 3 days.

FMT improved
tubulointerstitial

injury and
inflammation and

reduced both
triglycerides and

serum acetate
levels.

FMT restored the
proportion of
Prevotellaceae,

Ruminococcaceae,
and Lactobacillaceae.

↓ IL-6

Lu et al., 2021
[138]

Investigate the role
of gut microbiota in

diabetic
nephropathy.

Donor: healthy rats.
Recipient:

STZ-induced rat
model of DKD.

Total of 200 uL of
the suspended fecal

microbiota was
administered in

diabetic rats by oral
gavage.

FMT improved
renal injury,

reduced the serum
acetate levels, and

restored renal
insulin signaling via

Akt
phosphorylation.

NA NA
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Table 2. Cont.

Author, Year, Ref AIM FMT Modality
Experimental

Design for FMT
Procedure

Main Findings Microbiome
Evaluation

Effect on Uremic
Toxins

Bastos et al., 2022
[139]

Investigate the
efficacy of FMT in a
model of type DKD

using BTBRob/ob

mice.

Donor: BTBR
wild-type mice.

Recipient:
BTBRob/ob mice:

homozygous for the
leptin gene
knockout.

FMT was
administered via
rectal delivery.

FMT improved
body weight and

glomerular
hypertension and
reversed IR and

colon permeability.

The treatment
enriched the
abundance of

Odoribacteraceae.

↓ TNF-α

Lauriero et al., 2021
[140]

Explore the link
between gut flora

and IgA
nephropathy

outcome.

Donors: healthy
controls or

non-progressor
IgAN or

progressor IgAN
patients.

Recipient:
antibiotic-treated
humanized IgAN

mice.

FMT was
performed for five

days.

FMT modulated
renal phenotype

together with BAFF
levels, IR, and
inflammation.

FMT modulated the
proportion of
Bacteroidetes,

Bacteroides spp., and
Actinobacteria, and

increased
colonization of

Firmicutes.

↓ indole
↓ pCS
↓KC

Emal et al., 2017
[141]

Investigate the role
of gut microbiota in

kidney disease.

Donor: untreated
mouse.

Recipient: AKI
mouse

(antibiotic-treated
before I/R injury).

FMT was
performed for three

days via oral
gavage.

FMT modulated the
expression of

macrophage influx
and the expression

of chemokines
receptors.

NA NA

Nakade et al., 2018
[142]

Explore the
pathophysiologic
role of microbiota

associated with
D–amino acids AKI.

Donor: healthy B6
mouse.

Recipient:
germ-free B6 AKI

mouse.

FMT was
performed for 12
weeks before I/R
injury via rectal

route.

FMT protected
against tubular
injury in AKI

mouse.

NA NA

Case reports:

Zhao et al., 2021
[143]

Case report of FMT
treatment in two

female patients with
IgA nephropathy.

Donor: male
healthy donor.

Recipient: female
patients with IgAN

with intense GI
discomfort.

FMT was
performed 40 times

(200 mL/day for
5 days/week) and

then a further
57 times over

5 months.

FMT lowered the
24 h urinary protein
and improved the

protein loss.

Case 1:
FMT reversed α
and β diversity.

Case 2: FMT
decreased

Verrucomicrobia.

NA

Zhou et al., 2021
[144]

Case report of FMT
treatment in an

adult patient with
membranous

nephropathy (MN).

Donor: male
healthy donor.

Recipient: patient
with MN.

FMT was
performed 2 times:
on day 0 and after

28 days.

FMT decreased urea
and creatine levels
and reversed the

symptoms of edema
and diarrhea.

NA NA

Zhi et al., 2022 [145]

Evaluate the effect
of oral FMT

(encapsulated FMT)
on Focal Segmental
Glomerulosclerosis.

Donor: healthy
donor.

Recipient: CKD
patient.

Twenty FMT
capsules were

administered once a
week for three
weeks via oral

capsule.

FMT ameliorated
urinary proteinuria
and hyperlipidemia

(triglyceride and
cholesterol levels).

A reduced levels of
proinflammatory

mediators was
observed in the first

three month after
therapy.

FMT treatment
restored the balance

of Prevotella coprii
and Bacteroides

uniformiis.

↓ IL-5
↓ IL-4
↓ IL-1β

FMT with pre-stimulated donors:

Cai et al., 2020
[146]

Determine the role
of gut microbiome
and resveratrol on

diabetic
nephropathy.

Donor:
resveratrol-treated

mice or control
db/m.

Recipient: animal
model of DN
(db/db mice).

FMT was
performed by oral
gavage daily for

7 days.

FMT improved
renal dysfunction,

intestinal
permeability, and

inflammation.

FMT increased
Proteobacteria,

Alistipes, Turicibacter,
Odoribacter, and

Rikenellagenus and
reduced the

abundance of
Firmicutes,
Tenericutes,

Deferribacteres, and
Enterococci.

↓ TNF-α,
↓ IFN-γ,
↓ IL-6,
↓ IL-1β

Han et al., 2021
[147]

Explore the
protective effect of
microbiome and

Astragulis
membranaceus on

CKD.

Donor: CKD mice
treated with
Astragalus

membranaceus.
Recipient: CKD

mice (Cyclosporin
A-treated).

FMT was
performed for

6 weeks.

FMT ameliorated
kidney function

(glomerular
dysfunction, renal

tubules
vacuolization, and

fibrosis).

FMT reversed the
proportion of

Akkermansia and
Lactobacillus.

NA

Abbreviations: IR, insulin resistance; CKD, chronic kidney disease; AKI, acute kidney injury; IS, Indoxyl sulfate;
PHS, phenyl sulphate; HA, hippuric acid; IL; DN, diabetic mephropathy; DKD, diabetic kidney disease; STZ,
streptozotocin; TMAO, Trimethylamine N-Oxide, lipopolysaccharide; SCFAs, short chain fatty acids; ESRD, end-
stage renal disease; PAG, phenylacetylglutamine; PCS, P-cresyl sulfate; TGF-β1, transforming grow factor β1; IRI,
ischemia reperfusion injury; TNF-α; IFN-γ, interferon-γ; PCG, p-cresyl glucuronide; BTBRob/ob mice, black and
tan brachyuric obese mutant mice; IgAN, IgA nephropathy; BAFF, B cells’ activating factor; GI, gastrointestinal;
MN, membranous nephropathy; and NA, not assessed.
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Effects of FMT on Kidney Transplantation

The relevant data support the interconnection between gut microbial profiles and the
outcomes in renal transplantation [149]. Great amounts of research have highlighted that
the microflora alteration is induced by the elevated administration of immunosuppressants
and antimicrobial-prophylactic drugs to prevent graft failure and infections. The detrimen-
tal microflora is usually marked by the alteration of an alpha/beta diversity correlated
with high amounts of Proteobacteria [28,29,150,151]. The microbiota profile alters the host’s
immune response through the activation of numerous pivotal factors (i.e., Myd-88 or TLR-9)
and affects the over-proliferation of many lymphocyte populations, worsening the func-
tional outcome of the graft [112,152]. Another important aspect is related to the link existing
between dysbiosis and infectious complications [111]. Magruder et al. demonstrated that
dysbiosis could be connected with the occurrence of a urinary tract infection (UTI) in trans-
planted patients [153]. As mentioned previously, the evaluation of metabolic profiles has
been considered a hallmark of bacterial richness and diversity [149]. Poesen and colleagues
observed that PBUTs derived from kidney-transplanted patients were reduced in patients
with CKD [117]. This finding was further sustained by the evidence that the changes in
severity of gut bacteria was achieved immediately after transplantation and ameliorated
after twelve months after transplantation [154]. The accumulated knowledge supports
the notion that diet and biotic supplements could represent therapeutic approaches in
modulating the GI microflora and ameliorating the outcome of the graft. Until now, there
have been limited data concerning the efficacy of fecal transplantation in preventing the
accumulation of PBUTs. Stripling et al. reported the effectiveness of fecal bacteriotherapy
in a kidney recipient with rCDI [155]. In another study, the authors demonstrated that FMT
led to the resolution of recurrent CDI in eight patients who were non-transplant [156].

5. FMT: A Mixed Blessing for Kidney Disease

Intestinal dysbiosis is closely linked to kidney disease. Moreover, the high accumula-
tion of a large amount of microbiota-derived PBUTs is strongly associated with metabolic
dysfunction, inflammation, and CVI [85,87,157]. In recent years, the use of oral supplements
together with different dialysis settings has been designed to counteract the accumulation
of uremic solutes. However, the effectiveness of these strategies remains controversial [134].
Beyond the lowering of uremic toxins, strong evidence supports the pivotal impact of FMT
in restoring uremia-related complications by ameliorating the gut uremic milieu. Moreover,
in many pathologic conditions, fecal transplantation was related to the improvement of
bacterial richness [158–160]. In line with these data, the application of FMT in kidney dis-
ease indicates that the gut recolonization with a healthy microbiome is able to re-establish
a stable microbial community in the gut of the recipient [135,136,140]. Moreover, as a result
of FMT, a strong reduction of many PBUTs was observed, especially those derived from the
proteolytic metabolism of tyrosine, tryptophan, and choline [135,136,140]. Based on this
observation, it can be assumed that gut repopulation could alleviate the detrimental effect
of uremic toxins.

In recent years, a large number of data demonstrated that that fecal transplantation
is able to induce recipient homeostasis by modulating inflammation and metabolic dys-
function [126,161]. In CKD, the retention of PBUTs is associated with a wide range of
metabolic disorders including insulin resistance and dyslipidemia [85]. Interestingly, the
data presented in this study show that fecal transplantation may represent a novel approach
to restore glucose intolerance, insulin signaling, and triglyceride and cholesterol levels.
Moreover, FMT ameliorated the systemic inflammation in CKD and AKI recipients, since a
reduction of many pro-inflammatory mediators (e.g., IFN-γ, IL-6, TNF-α, and IL-1β) was
observed after the treatment [27,135,145,146]. Comparable results were observed in many
other diseases in which the fecal transplantation alleviated inflammation and the immune
response [161–163]. Hence, the loss of pathogenic flora followed by the reduction of several
microbial toxins such as LPS and PBUTs may clarify, at least in part, the modulation of the
local immune system leading to the downregulation of inflammation.
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Finally, several data show that the gut dysbiosis represents a pivotal mechanism in
modulating the renin-angiotensin-aldosterone system (RAAS) in kidney disease [164]. In
detail, few pieces of evidence suggest that the RAAS activation could be, at least in part,
linked to the microbiota-derived PBUTs. Consistently with this statement, experimental
studies demonstrated that the dysbiosis-related uremic toxins are involved in promoting the
kidney injury by activating the intrarenal angiotensin II [165,166]. Based on this evidence,
the improvement of RAAS after FMT may represent the missing link involved in the
improvement of renal injury [77,135,139,142].

Despite its growing experimentation in animal models of kidney disease, there is
no scientific guideline for the best approach. On the one hand, various procedures in
fecal contents processing, storage, and delivery, are not well standardized. Additionally,
the frequency and duration of FMT administration can profoundly affect FMT results.
Finally, the use of antibiotics before transplantation to deplete the dysbiotic flora remains
controversial. Of note, particular focus should be placed on the experimental model of
kidney disease including adenine-treated mice, 5/6 nephrectomy.

6. Conclusions

In recent years, FMT has been accepted as an impactful strategy to manipulate the
gut microbiome. Currently, FMT represents a first-line therapy for resolving rCDI. C.
difficile fecal transplantation is demonstrated to be an auspicious strategy in treating a great
number of disorders, including kidney disease. In this scenario, several in vivo studies
shed light on FMT applications in the context of CKD as a novel strategy for regulating
PUBUT levels. Although it produced promising results, the method’s standardization
including the delivery route, fecal amount, and the time of administration, should be well-
established before human application. From a practical standpoint, for the treatment of
several dysbiosis-associated chronic diseases, the FMT probably needs to be administered
over a long period. For instance, in CKD, where dysbiosis represents a result of chronic
renal injury, a single FMT administration could be ineffective over the long term. Based on
this observation, it can be hypothesized that capsulo-mediated FMT, due to its safety and
low invasiveness, could represent the future direction to achieve “chronic fecal microbiota
repopulation” therapy. Finally, the next generation of approaches could be represented by
“reinforced FMT” therapies to personalize the microbiome interventions.
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