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ABSTRACT

The human gut microbial ecosystem comprises over 1000 species of bacteria and exhibits considerable interindividual
variability at the species level. This complex microbial ecosystem in the human gut plays a critical role in shaping immune
responses. Recent studies have highlighted that alterations in microbial composition, or gut dysbiosis, are related to
chronic kidney disease and kidney transplantation (KT). Immunosuppressive therapies, which are essential for prevent-
ing graft rejection, can further induce significant changes in gut microbial communities, potentially influencing clinical
outcomes. In KT recipients, alterations in gut microbial composition, characterized by diminished Bacteroidetes and ele-
vated Proteobacteria, have been documented. Additionally, the expansion of potentially pathogenic bacteria, for instance,
Salmonella and Escherichia coli, is indicative of a pro-inflammatory gut microbiota. These microbial alterations may affect
immune responses, infection susceptibility, and graft function. Consequently, the gut microbiome represents a promising
biomarker for disease diagnosis, monitoring, and evaluation of transplantation success.
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INTRODUCTION

In healthy individuals, the gut microbiome is predomi-
nantly comprised of a limited number of dominant bac-
terial taxa, notably Firmicutes and Bacteroidetes, which
collectively make up nearly 90% of the total microbiota.
These groups include various genera such as Clostridium
and Lactobacillus under Firmicutes, and Bacteroides and
Prevotella under Bacteroidetes. These bacteria play
critical roles in digestion, nutrient absorption, immune
defense, and maintaining gut lining integrity.! The
dominant phyla in the healthy human gut comprise
Firmicutes, Actinobacteria, Bacteroidetes, Fusobacteria,
Proteobacteria,andVerrucomicrobia,with Firmicutes and
Bacteroidetes constituting approximately 90% microbial
community. The genera Clostridium, Lactobacillus, and
Enterococcus belong to Firmicutes, whereas Bacteroides
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and Prevotella are associated with Bacteroidetes. These
include key genera such as Clostridium, Lactobacillus,
Bacteroides, and Prevotella, which contribute signifi-
cantly to facilitating digestive functions and nutrient
absorption, and the maintenance of the intestinal lining.
Additionally, they contribute to modulating host immu-
nity and synthesizing vitamins B and K. By sustaining
mucosal barrier function, these microbes play a crucial
role in nutrient metabolism, immune modulation, and
defense against pathogenic intruders; blood pressure
homeostasis and adenosine triphosphate production
are facilitated by short-chain fatty acids (SCFAs). These
influences in chronic kidney disease (CKD) are signifi-
cant and should be carefully considered in understand-
ing disease development and therapeutic strategies.?
Commonly described as the “second human genome,”
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the gut microbiota (GM) exerts a pivotal influence on both the
preservation of health and the development of various diseases.
The concept of ”dysbiosis” was first proposed by the Russian
Nobel laureate Elie Metchnikoff in the early 20th century refer-
ring to a disrupted microbial equilibrium marked by changes
in the diversity, prevalence, and metabolic functionality of gut
microbes. Defined by a dysbiosis of the GM, dysbiosis disturbs
host-microbe symbiosis and gives rise to significant variations
in the qualitative composition and quantitative representation
of microbial diversity and structure.®

GUT FLORA IN CHRONIC KIDNEY DISEASE

Uremic Toxins and Gut Microbiota

Indoxyl sulfate (IS), a known molecule that activates the aryl
hydrocarbon receptor, has been implicated in kidney injury
through its modulation of gene transcription. Together with
p-cresol, a microbial metabolite generated during the fermenta-
tion of dietary proteins in the colon, IS forms part of the protein-
bound uremic toxin group, which accumulates in patients with
impaired kidney function. These solutes are associated with
the progression of systemic complications, including cardio-
vascular and kidney-related diseases. Notably, IS and p-cresol
act synergistically as uremic toxins. P-cresol, derived from the
bacterial catabolism of phenylalanine and other phenolic com-
pounds in the large intestine, is also a precursor in antioxidant
synthesis. Recent findings highlight a critical interplay between
dietary phenol-rich plant foods, microbial metabolism, and
p-cresol production.? In uremia, impaired protein assimilation
causes a large flow of nondigested protein toward the termi-
nal portion of the gastrointestinal system, which supports the
proliferation of proteolytic bacteria. Moreover, in individuals
with CKD, impaired protein digestion results in increased undi-
gested proteins in the colon, fueling the growth of proteolytic
bacteria. These bacteria produce harmful compounds that may
contribute to complications like cardiovascular disease and
neurological symptoms (Figure 1).° In individuals with end-
stage kidney disease, significant dysbiosis has been reported,
associated with the proliferation of aerobic microbes, includ-
ing Enterobacteria, and a decline in beneficial anaerobes,

MAIN POINTS

+ The gut microbiota (GM), implicated in a wide array of dis-
eases, plays a critical role in maintaining kidney function.

« In conditions such as kidney failure and chronic kidney dis-
ease, gut dysbiosis has been shown to influence disease pro-
gression and prognosis.

+ In the context of kidney transplantation, alterations in gut
microbial communities induced by immunosuppressive ther-
apies are associated with transplantation outcomes.

« Collectively, these observations underscore the pivotal role
of the GM in kidney health and its involvement in all kidney-
related conditions.
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Figure 1. Effects of uremia. The accumulation of these uremic toxins can
lead to clinical problems such as neurological disorders, protein energy loss,
cardiovascular disease, and chronic kidney disease.

including Bifidobacteria and Clostridium spp. Such alterations
in microbial composition are linked to elevated levels of uremic
toxin production and are thought to contribute to the progres-
sion of CKD.® The enzymatic activity of Escherichia coli (E. coli)
has been implicated in the progression of CKD due to its role
in enhancing the formation of uremic toxins. This supports the
growing evidence that gut microbial imbalances significantly
influence CKD pathogenesis. The Synbiotics Easing Kidney
Failure by Improving Gut Microbiology project represents a
landmark investigation; outcomes of synbiotic intervention
in CKD patients offer a microbiome-targeted strategy to miti-
gate complications linked to gut-derived toxins and systemic
oxidative stress. The results demonstrated that modifying the
gut microbiome can reduce serum concentrations of uremic
toxins, thereby improving kidney function and mitigating car-
diovascular risks.” The characteristics and diversity of the gut
microbiome are shaped by selective pressures affecting both
the host and resident microbes. A lack of beneficial microbial
populations, or the presence of dysbiotic or defensive taxa, may
predispose individuals to kidney damage upon exposure to
injurious stimuli. Interventions targeting the GM hold consider-
able promise in altering the prognosis of patients with CKD, as
evidenced by early clinical data and studies focused on mitigat-
ing uremic toxicity through microbiome modulation (Figure 2).2

Uric Acid and Gut Microbiota

Chronic kidney disease represents a prominent public health
problem globally, with an approximate prevalence of 8%-16%
among adults. The kidneys act as the main organs respon-
sible for uric acid excretion, accounting for the elimination
of nearly 70% of the uric acid produced in the human body.°
Consequently, diminished kidney performance is correlated
with increased hyperuricemia (HUA) incidence. Moreover, HUA
has been identified as an independent predictor contributing
to the development and progression of CKD.!® The glomerular
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Figure 2. Urea and bacteria relationship. The relationship between host and
microorganisms in the metabolic process is exemplified by the blood urea
nitrogen value. The end product of mammalian protein catabolism is
ammonia, which is toxic to cells at higher concentrations and is therefore
converted to urea via the ornithine-urea cycle. Mammals cannot break down

urea, but intestinal bacteria expressing urease can split urea into ammonia
and carbon dioxide.
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filtration rate (GFR) is a key determinant of serum uric acid
(SUA) levels; consequently, hyperuricemia is a common find-
ing among individuals with CKD. Accumulating evidence dem-
onstrates that hyperuricemia and CKD influence each other
in a bidirectional manner, with hyperuricemia both resulting
from and potentially contributing to the progression of CKD.*
Reductions in GFR can contribute to hyperuricemia, while ele-
vated SUA levels may further compromise kidney function.?

Immunomodaulatory Effects of Gut Microbiota in Chronic
Kidney Disease Progression

NF-xB (Nuclear Factor kappa-light-chain-enhancer of activated
B cells)The intestinal microbiota serves a fundamental role in
shaping hostimmune responses and its dysregulation has been
increasingly implicated in the pathophysiology of CKD progres-
sion. Within CKD populations, alterations in GM characterized
by reduced microbial diversity, increased abundance of pro-
teolytic bacteria, and depletion of SCFA-producing commen-
sals can lead to chronic low-grade systemic inflammation and
immune dysregulation. Short-chain fatty acids, primarily butyr-
ate and propionate, are known to facilitate anti-inflammatory
effects by driving regulatory T cells (Treg) differentiation and
restraining pro-inflammatory mechanism pathways such as sig-
naling.”® In CKD, the decreased production of SCFAs correlates
with elevated systemic inflammation and immune activation.
Furthermore, increased intestinal permeability (“leaky gut”)
leads to endotoxin Lipopolysaccharide (LPS) translocation into
the bloodstream, which stimulates the secretion of pro-inflam-
matory cytokines, including Interleukin (IL)-6 and Tumor necro-
sis factor (TNF)-a, contributing to inflammatory responses that
enhance innate immune responses and contribute to kidney

Gurer-Kluge et al. Gut Microbiota in Kidney Transplantation

injury.’* Recent studies also suggest that bioactive microbial
metabolites, including the uremic toxins indoxyl sulfate and
p-cresyl sulfate, not only act as uremic toxins but also modulate
macrophage polarization and dendritic cell maturation, further
linking gut microbial metabolism with immune-mediated kid-
ney damage. Collectively, these results emphasize the immu-
nomodulatory capacity of the GM as a key mediator in CKD
pathophysiology and a potential therapeutic target.*

Other Metabolic End-Products and Their Impact on Chronic
Kidney Disease Progression

Reveal evidence highlights a pivotal role for GM-derived sec-
ondary metabolites including GM-generated uremic toxins,
notably indoxyl sulfate, p-cresyl sulfate, and trimethylamine
N-oxide (TMAOQ), in modulating kidney health, both in the con-
text of CKD and kidney transplantation (KT). These metabolites,
generated through microbial fermentation, accumulate with
declining kidney function and participate in endothelial dys-
function, enhanced systemic inflammation, oxidative stress,
and progressive kidney injury.’* Furthermore, uremic toxins
of intestinal origin, including TMAO and p-cresyl sulfate, have
been implicated in the aggravation of cardiovascular and kid-
ney pathologies in individuals with CKD and kidney transplant
recipients, and episodes of rejection, exposure to immunosup-
pressive agents, and the systemic accumulation of uremic tox-
ins are recognized contributors to heightened cardiovascular
risk in this population.’

Recent experimental models have further substantiated the
renoprotective GM-mediated effects. In a murine model,
Faecalibacterium prausnitzii was shown to mitigate kidney
inflammation, decrease uremic toxin accumulation, and delay
CKD progression. These findings suggest that F. prausnitzii is
instrumental in correcting intestinal dysbiosis and reestab-
lishing gut homeostasis in CKD.*® Metabolic activity of the host
and microbiota is reflected in blood urea nitrogen (BUN) levels.
Ammonia, the terminal product of protein catabolism in mam-
mals, is highly toxic and is thus rapidly converted into urea
through the ornithine-urea cycle (Figure 3).*

Ammonia generated in the gut can follow multiple metabolic
routes—serving as a precursor for microbial amino acid syn-
thesis or diffusing into host circulation to participate in urease-
catalyzed transformations. Its production in the large intestine
stems from both urea hydrolysis and amino acid fermentation,
processes that play key roles in regulating nitrogen dynamics.
Gut microbiota equipped with urease enzymes convert urea
to ammonia, potentially disturbing systemic nitrogen bal-
ance and increasing the accumulation of nitrogenous toxins.
Furthermore, microbial fermentation of specific amino acids,
including glutamine, serine, threonine, and glycine, represents
an additional source of ammonia in the distal gut.?

Medications and Gut Dysbiosis
The administration of proton pump inhibitors (PPIs), which
suppress gastric acid secretion, has been linked to an increased
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susceptibility to kidney disease when exposed to damage.

Figure 3. Regulation of kidney disease by microbiota modulation. The characteristics and composition of the gut flora reflect selective forces acting on both the
microbial community and the host. It is also possible that the presence of a specific microbiome or the absence of a protective microbiome may increase

abundance of typically oral bacteria in the gut. While the
mechanisms underlying PPl use appear to involve functions
contributed by a wide array of microbial taxa, a more detailed
examination of predicted microbial contributions and associ-
ated gene families indicates that the enrichment of specific
microbial functionsis likely driven by PPl-induced alterations in
gut microbial composition.?

Ferric citrate, a therapeutic agent for hyperphosphatemia and
Iron Deficiency Anemia (IDA) in CKD, has been reported to affect
gut microbial communities. In a study comparing the effects of
ferric citrate and calcium carbonate in hemodialysis patients,
ferric citrate supplementation was associated with increased
gut microbial diversity, characterized by an enhancement of
Bacteroidetes and diminished Firmicutes populations. Notably,
the relative population of specific genera such as Flavonifractor,
Ruminococcaceae UCG-004, and Cronobacter was higher in the
ferric citrate group.? Functional profiling of the gut microbi-
ome in these patients revealed enrichment in pathways related
to cholesterol biosynthesis, clavaminate biosynthesis, and
pathogenic signatures of enterotoxigenic E.coli and Vibrio chol-
erae. However, findings from experimental studies using fer-
ric citrate in CKD rat models have yielded inconsistent results
regarding its modulatory effects on the intestinal microbiota
composition, intestinal integrity, and systemic inflammation.?
The use of glucocorticoids (corticosteroids) in kidney disease
is particularly significant in the treatment of glomerular disor-
ders. Corticosteroids, along with other calcineurin inhibitor-
based immunosuppressive therapies (ISTs) (e.g., tacrolimus
and cyclosporine), mycophenolate mofetil, and mechanistic
target of rapamycin (mTOR) inhibitors, in particular belong

to the immunosuppressive drugs whose impacts on GM have
been more extensively studied. Glucocorticoids (GCs) possess
well-established immunosuppressive properties. For instance,
elevated glucocorticoid levels during physiological stress have
been shown to induce adaptive immune suppression via apop-
tosis of B and T lymphocytes.* Pharmacologically, they are
widely used as potent anti-inflammatory agents. Furthermore,
glucocorticoids act as major circadian and stress-related sig-
nals. Disruptions in microbiota-driven circadian rhythms have
prompted researchers to investigate whether these changes
also affect brain regions involved in the integration of stress
and circadian signaling.?® The GM plays a fundamental role in
maintaining host health, and its composition is susceptible to
modulation by GCs. The intestinal microbiota is integral to the
maintenance of host health, and its composition can be modu-
lated by GCs. Glucocorticoid administration has been associ-
ated with an elevated risk of multiple complications, including
gut dysbiosis. Current evidence highlights that the inflamma-
tory profile of the gut-immune axis and the structure of the
GM may be differentially affected depending on the route and
mode of GC administration.?®

Gut Dysbiosis and Specific Kidney Diseases

Gut dysbiosis has been implicated in the development of vari-
ous kidney diseases, including focal segmental glomeruloscle-
rosis (FSGS), membranous nephropathy, Immunoglobulin A
(IgA) nephropathy, and lupus nephritis. Advances in microbi-
ome research have highlighted a complex, bidirectional rela-
tionship between the GM and kidney function, commonly
termed the gut-kidney axis. Increasing evidence suggests that
dysregulation of this axis contributes to the pathogenesis and
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progression of diseases. Among these, IgA nephropathy exhib-
its the most direct association with gut dysbiosis. The disease
is characterized by the mesangial deposition of aberrantly gly-
cosylated IgAl, which is believed to originate from mucosal
immune responses, particularly in the gut. Dysregulation of GM
in these patients, including loss of microbial diversity and imbal-
ances in key phyla like Firmicutes and Bacteroidetes, can disrupt
mucosal tolerance, increase intestinal permeability, and stimu-
late systemic inflammation, ultimately leading to enhanced IgA
production and kidney deposition.?” In lupus nepbhritis, a kidney
complication of systemic lupus erythematosus, alterations in
the GM have been implicated in the amplification of autoimmu-
nity. Specifically, studies indicate a depletion of SCFA-producing
bacteria, including Faecalibacterium and Roseburia, alongside
an expansion of pro-inflammatory taxa such as Proteobacteria
and members of the Enterobacteriaceae family, which may
exacerbate systemic inflammatory responses and contribute
to disease progression in pathobionts, which may trigger Th17
responses, dysbiosis and play a role in systemic immune acti-
vation. Additionally, experimental models demonstrate that
modulation of GM through antibiotics or probiotics can signifi-
cantly influence lupus activity and kidney outcomes. Although
direct clinical evidence is more limited, FSGS and membra-
nous nephropathy are also believed to be influenced by gut
microbial composition, particularly through immune-mediated
mechanisms. In FSGS, animal models have shown that gut dys-
biosis may potentiate podocyte injury and proteinuria, likely via
enhanced systemic inflammation and alterations in T-cell sub-
sets. Similarly, patients with membranous nephropathy have
demonstrated shifts in gut microbial profiles, with potential
involvement in antigen presentation and autoantibody produc-
tion, although further mechanistic studies are needed.”

Enteric hyperoxaluria is a disorder characterized by exces-
sive intestinal oxalate absorption, often leading to oxalate
nephropathy and progressive kidney damage. This condi-
tion frequently occurs in patients with fat malabsorption syn-
dromes (e.g., bariatric surgery, inflammatory bowel disease)
where unabsorbed fatty acids bind calcium in the gut lumen,
reducing calcium-oxalate complex formation and leaving more
free oxalate available for absorption. A mounting body of lit-
erature implicates gut dysbiosis, particularly the depletion of
oxalate-degrading bacteria such as Oxalobacter formigenes,
as a key contributing factor in the pathophysiology of enteric
hyperoxaluria. In the pivotal study,? showed that patients with
enteric hyperoxaluria demonstrated a marked decrease in the
abundance of Oxalobacter formigenes, which is a key anaerobic
bacterium responsible for intestinal oxalate degradation. This
depletion was associated with increased urinary oxalate excre-
tion and a higher risk of calcium-oxalate stone formation and
kidney injury. The study also highlighted that restoring oxalate-
degrading bacteria or modifying the GM composition through
probiotics or dietary interventions may represent promising
therapeutic strategies to manage or prevent oxalate-related
kidney complications.

Gurer-Kluge et al. Gut Microbiota in Kidney Transplantation

Taken together, these data illustrate the essential function of
GM in maintaining oxalate homeostasis and highlight enteric
hyperoxaluria as a disease state where microbiota-targeted
therapies could be particularly beneficial.

Gut Microbiota and Kidney Transplantation

Over the past decade, research has substantially advanced
the understanding of the GM’s involvement in host metabo-
lism, inflammatory processes, and immune regulation. SOT
and associated ISTs induce persistent changes in GM composi-
tion, often favoring opportunistic pathogens. These alterations
have significant implications for transplant outcomes, as IST-
induced dysbiosis compromises intestinal barrier integrity and
promotes systemic inflammation.*

Accumulating evidence indicates that GM composition at base-
line and after intervention transplantation is closely associated
with post-transplant complications, underscoring the thera-
peutic potential of targeted microbial modulation. SOT itself
is influenced by multiple factors that alter GM, such as prophy-
lactic antimicrobial regimens, anesthetic management, dietary
modifications, and recovery of organ function (Figure 4).3

Kidney transplant recipients frequently experience gut dysbio-
sis, a disruption of the intestinal microbial balance, which can
have significant consequences forimmune regulation, infection
susceptibility, and overall graft outcomes. Immunosuppressive
therapy, essential for preventing rejection, is a major contribu-
tor to microbial alterations. Corticosteroids can suppress the
immune system while simultaneously altering gut barrier integ-
rity and microbial composition, often leading to decreased
microbial diversity and overgrowth of opportunistic patho-
gens.? Mycophenolic acid, a commonly used antimetabolite,
has been shown to mediate cytotoxic impact on the gut epi-
thelium and modify the microbiota, reducing beneficial com-
mensals such as Lactobacillus and Bifidobacterium, which play
protective roles in colonization resistance and anti-inflamma-
tory signaling.®

These drug-induced microbial shifts may predispose recipi-
ents to gastrointestinal complications, recurrent urinary tract
infections (UTls), and systemic inflammation, which in turn can
impact graft function and patient outcomes. Moreover, dys-
biosis has been associated with altered bile acid metabolism,
short-chain fatty acid production, and immune homeostasis,
highlighting a mechanistic link between microbiota composi-
tion and host immune responses. Emerging research suggests
that microbiota-targeted interventions, such as probiotics, pre-
biotics, and fecal microbiota transplantation (FMT), may help
restore microbial balance and potentially mitigate some of the
adverse effects of IST.**

Understanding these interactions is critical for developing
personalized microbiota-modulating strategies to improve
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Figure 4. Association between gut microbiota and kidney transplantation. SOT is associated with many factors involved in the modification of GM, such as anti-
infectious prophylaxis, general anesthesia, dietary changes, and restoration of transplanted organ function.

infection resistance, immune regulation, and long-term graft
survival in kidney transplant recipients.

Immunomodulation

Kidney transplantation provokes a complex immune
response encompassing both innate and adaptive immunity.
Allorecognition arises when recipient T cells detect donor
antigens through the direct, indirect, or semi-direct path-
ways, resulting in the activation of CD4* helper T cells, CD8*
cytotoxic T cells, and B cells responsible for the production of
donor-specific antibodies (DSAs).* Acute rejection is primar-
ily mediated by T-cell-dependent mechanisms, resulting in
cellular infiltration, cytokine release (e.g., Interferon gamma
[IFN-y], Necrosis Factor alpha [TNF-a]), and subsequent tis-
sue injury. Antibody-mediated rejection, on the other hand,
involves DSAs binding to donor endothelial cells, comple-
ment activation, and microvascular inflammation. Chronic
allograft dysfunction may emerge from persistent low-grade

immune activation, leading to interstitial fibrosis and tubular
atrophy. Immunomodulatory therapies including calcineurin
inhibitors, mTOR inhibitors, and emerging biologics target-
ing costimulatory pathways aim to attenuate these immune
responses while preserving overall immune competence.®®
Elucidating the precise mechanisms underlying allograft
rejection is essential for the development of microbiota-tar-
geted and other adjunctive interventions aimed at modulating
immune responses and enhancing graft survival. The dynamic
interplay at the interface of gut microbial communities and
host immunity is increasingly recognized as a critical deter-
minant of transplantation outcomes. Host immune receptors,
including toll-like receptors and nucleotide-binding oligomer-
ization domain-like receptors, sense microbial metabolites
and antigens, thereby regulating both innate and adaptive
immune pathways. Immunosuppressive therapies may induce
gut dysbiosis, potentially contributing to elevated risks of
allograft rejection and infection.’”
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Infection-Related Complications

Post-transplant infections are a significant determinant of
morbidity and mortality in individuals due to the lifelong
IST required to prevent allograft rejection. Both opportunis-
tic infections, such as cytomegalovirus (CMV), BK virus, and
Pneumocystis jirovecii, and community-acquired infections,
such as UTls and respiratory tract infections, are more prevalent
among kidney transplant recipients than in the general popula-
tion. Immunosuppressive agents, including calcineurin inhibi-
tors, antimetabolites, and corticosteroids, impair both innate
and adaptive immune responses, reducing pathogen clearance
and increasing susceptibility to severe or atypical infections.*®

Urinary tract infections are particularly common, with recur-
rent episodes associated with gut dysbiosis and colonization
by multidrug-resistant organisms, which may compromise
graft function. Viral reactivations, especially CMV, can directly
cause tissue injury or indirectly trigger alloimmune responses,
contributing to acute or chronic rejection. Furthermore, post-
transplant infections are often polymicrobial and complicated
by biofilm formation on urinary catheters or stents, posing chal-
lenges for antimicrobial therapy.®

There is growing evidence that interventions targeting the
microbiota may affect infection-related complications. Studies
indicate that gut dysbiosis in transplant recipients correlates
with increased susceptibility to bacteremia, UTls, and viral
reactivation, and that interventions such as probiotics, pre-
biotics, and FMT could enhance colonization resistance and
immune function. Integrating these microbiota-targeted strate-
gies with conventional antimicrobial prophylaxis and personal-
ized immunosuppression may offer a novel approach to reduce
infection burden and improve graft and patient outcomes.*

Recurrent Urinary Tract Infections and Microbiota-Targeted
Interventions

Recurrent urinary tract infections (rUTIs) constitute a consid-
erable clinical challenge, particularly among individuals with
CKD, kidney transplant recipients, and the elderly. Although
the urinary tract has historically been regarded as sterile, recent
investigations into the urogenital microbiome have highlighted
a pivotal role of gut microbial dysbiosis in the pathogenesis
of rUTIs. The gastrointestinal tract functions as a reservoir for
uropathogenic bacteria, including E. coli, and perturbations in
gut microbial composition, particularly the depletion of protec-
tive commensal taxa, may facilitate pathogen colonization and
translocation to the urinary tract. Moreover, dysbiosis-induced
disruption of gut-associated mucosal immunity can compro-
mise local defense mechanisms, thereby enhancing suscepti-
bility to infection. Emerging evidence supports the therapeutic
utility of microbiota-directed interventions in mitigating rUTI
risk. Fecal microbiota transplantation, in particular, has dem-
onstrated promise in patients with complicated or antibiotic-
refractory rUTIs. Prospective studies indicate that FMT not
only restores gut microbial diversity but also diminishes the
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incidence of recurrent UTls, accompanied by reductions in mul-
tidrug-resistant uropathogen carriage and enrichment of micro-
bial taxa linked to colonization resistance. Collectively, these
findings underscore the potential of microbiome modulation—
via FMT, probiotics, or other microbiota-targeted strategies—as
an innovative approach for interrupting the cycle of recurrent
infections, especially in high-risk patient populations.*

Microbiota Research Techniques and Diversity Analysis
Recent advances in microbiota research have been largely
driven by high-throughput sequencing technologies that allow
comprehensive characterization of microbial communities.
Among these, 16S rRNA gene sequencing is broadly used in
metagenomics and utilizes the highly conserved 16S ribosomal
RNA gene for bacterial identification and taxonomic classifi-
cation within complex samples. In contrast, shotgun metage-
nomic sequencing sequences the entire genetic content of the
microbiome, providing a more detailed view of microbial diver-
sity, including bacteria, archaea, viruses, and fungi, as well as
insights into microbial functional potential and metabolic path-
ways. Analysis of microbiota diversity typically involves calcu-
lating alpha diversity (within-sample diversity) metrics such as
Shannon and Simpson indices, which reflect species richness
and evenness, and beta diversity (between-sample diversity),
which assesses compositional differences across samples.*

Shotgun metagenomics also permits functional annotation,
including the prediction of metabolic pathways, antibiotic
resistance genes, and virulence factors, which is critical for
understanding microbiota-host interactions and disease asso-
ciations. In clinical research, shotgun metagenomic sequencing
has been employed to investigate the involvement of diseases
and recurrent UTIs. Furthermore, this approach has been uti-
lized to assess the impact of microbiota-targeted interventions,
such as prebiotics, probiotics, and FMT, on microbial composi-
tion and function. Compared to 16S rRNA sequencing, shotgun
metagenomics provides higher resolution, enabling precise
strain tracking and detection of low-abundance pathogens that
may play a role in disease progression. Despite its advantages,
shotgun metagenomics requires higher sequencing depth and
computational resources, and careful consideration of host
DNA contamination, especially in samples with low microbial
biomass. Nevertheless, it remains a gold-standard tool for
functional and taxonomic microbiota profiling in translational
research.®

Projects such as the Human Microbiome Project and Meta-
HIT have revealed the complexity of the microbiome, increas-
ingly acknowledged as a central modulator of physiological
and pathological processes. These bacteria form intricate, co-
evolved systems with the human host. Bacterial populations
have co-evolved alongside humans, establishing intricate sym-
biotic relationships with their hosts over evolutionary time. In
some cases, the functional activity of bacteria goes even above
and beyond the genes recognized in our own genome. Nobel
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Laureate Joshua Lederberg introduced the concept of the
host-microbe relationship as a “super-organism,” emphasiz-
ing the functional interdependence between host and micro-
bial genomes. This conceptual advancement has substantially
deepened the understanding of symbiotic microbial interac-
tions and their essential contributions to human physiology.®

Indicates that targeted modulation of the GM could provide
novel therapeutic opportunities for managing CKD and improv-
ing outcomes in kidney transplant recipients. Given the estab-
lished link between gut dysbiosis, systemic inflammation,
and uremic toxin production, several microbiota-targeted
strategies have gained attention. Fecal microbiota transplan-
tation has been shown to be effective in the ability to restore
microbial diversity while reducing uropathogen colonization,
particularly in recurrent UTIs and antibiotic-resistant cases.
Clinical studies have reported that probiotic supplementation
with Lactobacillus and Bifidobacterium strains in CKD patients
results in significant decreases in serum levels of uremic toxins
such as indoxyl sulfate and p-cresyl sulfate, possibly slowing
disease progression and reducing inflammation.** A network
meta-analysis further suggested that prebiotics may be most
effective at lowering uremic toxins and oxidative stress mark-
ers, while synbiotics showed the greatest effect on systemic
inflammation, and probiotics contributed mainly to symptom-
atic relief. These findings support the expanding understanding
of the gut-kidney axis and suggest that regulation of the gut
microbiome may become a promising, non-invasive therapeu-
ticapproach in the management of CKD. However, further long-
term, large-scale clinical trials are essential to corroborate their
efficacy and to standardize formulations and dosing regimens.

Recent studies have underscored the potential of microbiome-
targeted interventions as adjunctive therapies in CKD, reflect-
ing the growing recognition of the gut-kidney axis and the role
of gut microbial modulation in mitigating uremic toxin accumu-
lation and systemic inflammation.

These interventions are designed to restore gut microbial
homeostasis, decrease the production of gut-derived uremic
toxins, and modulate systemic inflammatory responses. A
recent comprehensive meta-analysis encompassing 21 ran-
domized controlled trials demonstrated that synbiotics and
probiotics significantly reduced BUN and C-reactive protein
(CRP) levels in patients with CKD, indicating improvements in
both kidney function and systemic inflammation.*

Synbiotics, which combine probiotics and prebiotics, have also
demonstrated enhanced benefits in improving intestinal barrier
function and modulating theimmune response in CKD patients.

According to Guida et al,*® synbiotic supplementation has been
demonstrated to effectively diminish plasma p-cresol concen-
tration levels in KT recipients. P-cresol accumulation occurs
due to enhanced production by a dysbiotic GM. In a random-
ized, placebo-controlled trial, 27 kidney transplant recipients
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presenting with gastrointestinal complaints underwent a
7-week treatment with a prebiotic powder suspension, which
significantly alleviated their symptoms. Additionally, a study
al reported that 3 patients who have undergone KT and who
underwent FMT via colonoscopy experienced no recurrence
of Clostridium difficile infection or diarrhea-related symptoms
throughout the follow-up period.*®

Similarly, synbiotic treatment combinations of probiotics and
prebiotics have demonstrated improvements in microbiota
diversity and patient well-being. Post-transplant dysbiosis of
the GM has been implicated in the emergence of disease-related
complications following KT, including diarrhea, graft rejection,
and UTls. For example, certain bacteria such as Bacteroides
and Dorea tend to dominate in patients with gastrointestinal
symptoms, while reduced diversity in beneficial Clostridiales
species correlates with adverse transplant outcomes. Likewise,
synbiotic therapy has proven effective in alleviating gastroin-
testinal symptoms and augmenting GM diversity in transplant
recipients. Butyrate, a metabolite derived from F. prausnitzii,
has exhibited renoprotective properties through stimulation of
G-protein-coupled receptor 43.%

In transplant recipients, IST contributes to dysbiosis, which may
influence both rejection risk and infection susceptibility. Thus,
microbiota modulation could play a role in enhancing immune
tolerance and minimizing complications. Future well-designed
clinical trials are needed to establish safety, ideal formula-
tions, and sustained outcomes of these interventions, but the
field holds considerable promise for personalized, microbiota-
informed therapies in nephrology.

Studies have identified distinct microbial patterns in patients
experiencing post-transplant complications. For instance, indi-
viduals with post-transplant diarrhea exhibited intestinal dysbi-
osis marked by anincreased relative distribution of Coprococcus,
Ruminococcus, Bacteroides, and Dorea genera. Conversely,
acute transplant rejection was associated with an elevated
presence of Enterococcus, Anaerophilum, Lactobacillales, and
Clostridium tertium, alongside a reduction in Clostridiales,
Blautia, Bacteroidales, Eubacterium dolichum, Ruminococcus,
Lachnospiraceae, and Bacteroides species. Furthermore,
patients who developed UTIs post-KT exhibited relatively higher
levels of Enterococcus species in their fecal microbiota.®

A notable trend observed in these studies is the diminished
prevalence of bacteria from the Clostridiales order, which
has been correlated with adverse post-transplant outcomes.
Interestingly, several of these bacteria are known producers of
SCFAs, which exert beneficial effects on host health.3* Another
study reported that transplant recipients with KT and subse-
quentrejection exhibited reduced diversity in 4 bacterial species
from the Firmicutes phylum prior to transplantation when com-
pared to those without rejection. Additionally, Anaerotruncus
species were notably depleted in the gut microbial communities
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of recipients who experienced post-transplant infections before
undergoing KT.

Fecal microbiota transplantation has been recognized as an
effective therapeutic modality for the restoration of gut micro-
bial balance, enhancement of microbiota diversity, and reestab-
lishment of intestinal homeostasis by transferring commensal
microorganisms from healthy donors to transplant recipients.*
The significant link between intestinal microbiota imbalance
and numerous pathological conditions has positioned FMT as
a promising treatment option for autoimmune, neurodegen-
erative, and metabolic diseases. Additionally, FMT has demon-
strated potential in improving kidney function, as evidenced in
clinical case studies. It has also served as an instrumental tech-
nique in elucidating GM modulation as a key mechanism under-
pinning the renoprotective effects of therapeutic strategies for
CKD. Several FMT studies have corroborated these findings.*’

Collectively, these data indicate the substantial impact of GM
in post-transplant trajectories and supporting kidney function.
Further research is warranted to explore microbiota-targeted
interventions as potential therapeutic strategies for improving
transplant outcomes and mitigating post-transplant morbidity.

CONCLUSION

Microbiota-targeted interventions, including synbiotics, prebi-
otics, and FMT, hold significant clinical potential in the man-
agement of CKD and transplantation. In CKD, modulation of
gut dysbiosis has been shown to reduce systemic inflamma-
tion, decrease uremic toxin production, and improve metabolic
profiles, potentially slowing disease progression. In the trans-
plantation setting, microbiota interventions may enhance graft
tolerance, reduce infection risk, and mitigate post-transplant
complications by shaping immune responses. Taken together,
the evidence supports the incorporation of microbiota-based
strategies in clinical settings, emphasizing the need for person-
alized approaches based on patient-specific microbial profiles.
Key take-home messages include: (a) targeting gut dysbiosis
represents a promising adjunctive therapy in CKD manage-
ment, and (b) modulation of microbiota composition may
improve transplant outcomes and patient prognosis.

Restorative approaches such as FMT are gaining attention for
their dual potential to improve kidney function and attenu-
ate systemic inflammation. These emerging findings under-
score the therapeutic relevance of modulating the GM within
comprehensive treatment frameworks for kidney disease and
transplantation.

The dynamic crosstalk between intestinal microbial commu-
nities and kidney function highlights the promise of microbi-
ome-based interventions in the management of CKD and the
enhancement of KT outcomes. By reshaping the GM, such inter-
ventions may help prevent complications, foster immune tol-
erance, and support long-term graft viability. Future research
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efforts should aim to unravel the mechanistic pathways of host-
microbiota crosstalk and to design personalized therapeutic
modalities tailored to optimize transplant success.
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