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Abstract

Chronic kidney disease (CKD) is increasingly linked to alterations in the gut microbiome;
however, current evidence remains fragmented regarding the causal contribution of
dysbiosis, the mechanisms connecting intestinal disturbances with renal injury, and the
clinical effectiveness and safety of microbiome-targeted interventions. This review aims
to synthesize current knowledge on the gut—kidney axis in CKD and to identify emerging
therapeutic and research directions. The review discusses the physiological functions of
the gut microbiota in maintaining metabolic homeostasis, intestinal barrier integrity,
immune regulation, and short-chain fatty acid production. It further examines CKD-
associated dysbiosis, including the depletion of beneficial saccharolytic bacteria,
expansion of urease- and toxin-producing microorganisms, accumulation of indoxyl
sulfate and p-cresyl sulfate, impaired intestinal barrier function, endotoxemia, systemic
inflammation, oxidative stress, renal fibrosis, and progressive kidney dysfunction.
Variations in gut—kidney interactions across diabetic kidney disease, hypertension, aging,
pediatric populations, and kidney transplantation are also considered. Therapeutic
approaches discussed include probiotics, prebiotics, synbiotics, postbiotics, dietary
modification, fecal microbiota transplantation, intestinal adsorbents, selective antibiotics,
bacteriophages, engineered bacteria, and other emerging precision strategies. Particular
attention is given to differences in the maturity of clinical evidence, potential safety
concerns, and barriers to implementation. The review highlights the need for standardized
microbiome assessment, prospective clinical studies, and integration of metagenomics,
metabolomics, proteomics, and artificial intelligence to support patient-specific
interventions. The gut—kidney axis represents a promising therapeutic target, but its
translation into routine CKD management requires stronger clinical validation.
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Introduction

Chronic kidney disease (CKD) is a complex condition characterized by the progressive and

irreversible loss of kidney function [1]. CKD affects more than 10% of the global population,
representing over 800 million people, and imposes a substantial burden on healthcare systems
worldwide [2]. It is also a leading cause of premature mortality, accounting for approximately 1.5
million deaths annually—equivalent to one death every 20 seconds—particularly as the disease
progresses to end-stage renal disease [3]. Established risk factors for CKD include hypertension,
diabetes mellitus, proteinuria, and systemic inflammation. However, emerging evidence also
highlights the potential contribution of the gut microbiome to CKD pathogenesis and progression
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[4-6]. The intestinal environment serves as a reservoir of precursors for systemic uremic toxins,
while gastrointestinal disturbances may contribute to systemic metabolic and homeostatic
abnormalities [7,8]. Therefore, understanding the mechanisms through which the gut
microbiome influences CKD progression is increasingly important for identifying novel
therapeutic approaches [8].

The human gut microbiome comprises a complex, dynamic, and diverse community of
commensal microorganisms that plays essential roles in maintaining metabolic and
immunological homeostasis [9]. Gut dysbiosis may reduce the production of beneficial short-
chain fatty acids (SCFAs) while increasing the translocation of inflammatory endotoxins and
uremic toxins across the intestinal mucosal barrier, thereby contributing to progressive kidney
dysfunction [10-12]. Reduced microbial diversity has also been associated with greater
production of toxic metabolites, including p-cresyl sulfate and indoxyl sulfate, which exert
nephrotoxic effects on renal tubular cells [13,14]. However, it remains unclear whether dysbiosis
primarily contributes to CKD progression or develops as a consequence of declining kidney
function. In addition, considerable heterogeneity in dysbiosis patterns has been reported across
CKD stages and clinical populations [15,16]. Further research is therefore needed to clarify the
role of gut dysbiosis in CKD pathogenesis and to determine whether targeting the gut microbiome
can meaningfully slow the progression of renal dysfunction.

This review aims to synthesize current evidence on the compositional and functional
alterations of the gut microbiome across different stages of CKD and to examine their
relationships with the progression of kidney dysfunction. It also discusses the potential utility of
specific microbial signatures and dysbiosis patterns as biomarkers for disease monitoring and as
targets for therapeutic intervention. By highlighting current evidence, knowledge gaps, and
emerging microbiome-based strategies, this review seeks to inform the development of precision
approaches that may help slow CKD progression and delay the transition to end-stage renal
disease.

Uremic toxins as products of dysbiosis and their role in
CKD progression

Uremic toxins comprise a broad range of organic and inorganic compounds derived from host
metabolism and microbial activity that accumulate as the glomerular filtration rate declines [17].
Based on their molecular size and dialytic clearance characteristics, these compounds are
commonly classified into three groups: small water-soluble compounds, middle molecules, and
protein-bound uremic toxins [18]. Protein-bound uremic toxins are particularly relevant to CKD
progression, with indoxyl sulfate and p-cresyl sulfate among the most extensively studied [19].
Because of their strong binding affinity for serum proteins, these toxins are poorly removed by
conventional hemodialysis and may consequently persist in the systemic circulation [18].
Within the kidney, uremic toxins promote oxidative stress and sustained inflammatory
responses in renal tubular cells, potentially contributing to tubulointerstitial fibrosis and
progressive nephron loss [20]. Their effects are not limited to the kidney; systemic accumulation
has also been associated with endothelial dysfunction, cardiovascular complications, immune
dysregulation, and anemia [21,22]. Higher circulating concentrations of these toxins have been
linked to greater cardiovascular risk, impaired immune function, and faster progression to end-
stage renal disease [23]. A clearer understanding of their sources, biological effects, and clearance
mechanisms is therefore needed, as uremic toxins may function not merely as metabolic waste
products but also as active mediators of CKD progression and its systemic complications.

Systemic inflammation and immune dysregulation in the
gut—kidney axis

Inflammation within the gut—kidney axis is largely driven by disruption of the intestinal barrier,
which facilitates bacterial translocation and systemic endotoxemia [24]. Translocation of
lipopolysaccharide (LPS) into the circulation activates Toll-like receptor 4 (TLR4) and
subsequently triggers the nuclear factor kappa B (NF-kB) signaling pathway [25]. Activation of
this pathway promotes the production of pro-inflammatory cytokines, including interleukin-6

Page 2 0of 9



D
=
£
<
=
o
>
D
o

Tamara et al. Narra Internal Medicine 2026; 1 (2): e15 - http://doi.org/10.52225/narraim.vii2.15

(IL-6), tumor necrosis factor alpha (TNF-a), and interleukin-1 beta (IL-1p) [26,27]. The resulting
immune dysregulation occurs at both mucosal and systemic levels, creating a state of persistent
low-grade inflammation that may link gut dysbiosis with renal parenchymal injury [28].
Sustained inflammation may further induce oxidative stress, renal fibrosis, and tubular cell
damage, thereby contributing to progressive kidney dysfunction [29]. Clinically, reduced
glomerular filtration rate has been associated with greater systemic inflammation among patients
with CKD [28].

Targeted therapeutics: Strategies for modulating the gut—
kidney axis

Probiotic therapy aims to restore microbial balance by administering beneficial microorganisms
that favorably modulate the colonic microbiome (Figure 1) [30]. In CKD, particular attention
has been given to Lactobacillus and Bifidobacterium species, which may compete with
pathogenic bacteria for nutrients and intestinal adhesion sites [31]. These microorganisms may
also reduce the luminal pH through lactic acid production, thereby suppressing the growth of
urease-producing and proteolytic bacteria [32]. Emerging evidence suggests that probiotic
supplementation may reduce circulating concentrations of the gut-derived uremic toxins p-cresyl
sulfate and indoxyl sulfate, potentially by improving intestinal barrier integrity and modifying
microbial metabolism [33]. However, the clinical effectiveness of probiotics remains variable.
Important challenges include limited survival and colonization of probiotic strains within the
altered uremic intestinal environment, fluctuations in luminal pH, differences among probiotic
formulations, and substantial interindividual variation in treatment response [34].
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Figure 1. Overview of the gut—kidney axis in chronic kidney disease (CKD). Gut eubiosis supports
intestinal barrier integrity, short-chain fatty acid (SCFA) production, and kidney health, whereas
dysbiosis promotes uremic toxin generation, systemic inflammation, and CKD progression. The
lower panel summarizes microbiota-targeted therapeutic strategies aimed at restoring gut—
kidney homeostasis and slowing renal function decline.

Prebiotic strategies involve the administration of nondigestible carbohydrate substrates,
including inulin, fructooligosaccharides, and galactooligosaccharides, which selectively promote
the growth of beneficial saccharolytic bacteria [35]. Fermentation of these substrates by the gut
microbiota increases the production of SCFAs, which support intestinal epithelial integrity and
modulate immune responses [36]. Synbiotics combine probiotics with prebiotics, thereby
providing beneficial microorganisms together with substrates that may support their survival,
colonization, and metabolic activity within the intestine [37]. Evidence from clinical studies
suggests that synbiotic interventions may reduce systemic inflammation and the accumulation of
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gut-derived uremic toxins; however, their effectiveness may vary according to the formulation,
treatment duration, CKD stage, and patient characteristics [38].

Postbiotic therapy entails the exogenous administration of bioactive compounds released by
the microbiome in its healthy state, such as butyrate, propionate, and acetate [39]. Postbiotic
therapy circumvents the limitations of gut dysbiosis by directly delivering bioactive compounds
that exert immediate renoprotective effects through activation of G-protein-coupled receptors
(GPR41/43) and modulation of the Nrf2/AMPK/sirtuin pathways [40]. It does not depend on the
stable presence of bacteria within an altered gastrointestinal tract for the release of these bioactive
compounds [41].

Fecal microbiota transplantation (FMT) is an emerging strategy for restoring microbial
balance by transferring a diverse and functional microbial community from a healthy donor to a
recipient with CKD (Figure 1) [42]. Evidence supporting FMT in CKD is derived predominantly
from preclinical studies, in which reductions in uremic toxin concentrations and improvements
in renal function-related parameters have been reported [43]. However, human evidence remains
limited to small pilot studies and case series with short follow-up periods. Large-scale
randomized controlled trials evaluating the safety, optimal administration protocol, dosing
frequency, durability of microbiome changes, and long-term clinical efficacy of FMT in CKD are
still lacking. Moreover, concerns regarding donor selection, pathogen transmission, adverse
immune responses, and treatment standardization remain important barriers to clinical
implementation. Consequently, FMT should currently be regarded as an experimental
intervention rather than an established standard of care in nephrology [44].

Dietary modification is an important strategy for modulating the gut—kidney axis. Plant-
based and Mediterranean dietary patterns may increase the intake of prebiotic fibers while
reducing exposure to precursors of gut-derived uremic toxins, which are commonly generated
from the microbial metabolism of animal-derived proteins [45]. However, dietary management
in CKD requires careful balance because many fiber-rich foods also contain substantial amounts
of potassium and phosphorus, which may need to be restricted in patients with advanced disease
[46]. Low-protein diets supplemented with keto-analogues may further reduce renal metabolic
burden and intestinal production of nitrogenous waste products, potentially creating a more
favorable environment for beneficial gut bacteria [47]. These interventions should nevertheless
be individualized according to CKD stage, nutritional status, electrolyte balance, and the risk of
protein—energy wasting.

Pharmacological strategies targeting the gut—kidney axis aim to selectively modify microbial
metabolism while minimizing disruption of the overall microbial ecosystem. AST-120, an orally
administered spherical carbon adsorbent, binds uremic toxin precursors within the intestine and
limits their absorption into the systemic circulation [48]. Other emerging approaches include
inhibition of microbial enzymes involved in indole production and blockade of the aryl
hydrocarbon receptor, which mediates some of the toxic effects of gut-derived uremic metabolites
[49]. Selective antibiotics are also being investigated as a means of suppressing specific toxin-
producing or otherwise harmful bacterial populations [50]. However, these strategies remain
under investigation, and further clinical evidence is needed to establish their efficacy, safety, and
optimal role in CKD management.

Several emerging approaches remain at the preclinical stage and have not yet been validated
in randomized clinical trials involving patients with CKD. Bacteriophage therapy uses viruses to
selectively target and lyse pathogenic bacteria while potentially preserving commensal microbial
populations; however, evidence in CKD is currently limited to in vitro and animal studies.
Engineered bacteria-based biopharmaceuticals, designed to produce toxin-neutralizing enzymes
or renoprotective proteins, also remain largely confined to proof-of-concept investigations, with
no established evidence regarding their safety or efficacy in humans [51]. Other experimental
strategies include nanoparticle-based delivery of therapeutic agents to the intestinal mucosa and
epigenetic modulation through microbiome-derived metabolites, such as butyrate-mediated
histone deacetylase inhibition to regulate renoprotective gene expression. These approaches
remain theoretical or preclinical and require substantial optimization before clinical application.
Their translation into routine nephrology practice will depend on well-designed prospective
studies evaluating safety, dosing, treatment durability, and long-term renal outcomes [52].
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Although microbiome-targeted therapies represent a promising area in CKD management,
interventions supported by clinical evidence should be distinguished from those evaluated
primarily in preclinical studies [53]. Dietary interventions and intestinal adsorbents, such as AST-
120, have been assessed in clinical settings, although their reported benefits remain modest and
inconsistent [54]. Probiotics, prebiotics, and synbiotics have also been evaluated in small-to-
moderate randomized controlled trials, with variable findings across populations, formulations,
and outcomes [55,56]. In contrast, FMT, bacteriophage therapy, engineered bacteria, and
artificial intelligence-guided precision approaches currently lack robust clinical validation in
CKD. Translation of these emerging strategies into routine care will require rigorously designed
trials that account for patient heterogeneity and evaluate long-term safety, sustained efficacy, and
clinically meaningful renal outcomes [57,58].

Safety and implementation challenges should also be carefully considered. Probiotics may
pose a risk of infection in immunocompromised patients, whereas some prebiotic formulations
may worsen electrolyte disturbances in advanced CKD [59]. FMT carries a potential risk of
pathogen transmission, while bacteriophages and engineered bacteria remain subject to
substantial regulatory uncertainty and limited long-term safety data [60]. Dietary interventions
also require close monitoring to prevent protein—energy wasting and mineral imbalances [2].
Therefore, although microbiome-targeted therapies are promising, their clinical use must be
guided by the strength of available evidence, individual patient characteristics, and careful
assessment of potential risks.

Gut—kidney axis in specific clinical conditions

Gut-kidney interactions may vary substantially according to the underlying clinical condition
and patient characteristics [24]. In diabetic kidney disease, chronic hyperglycemia may promote
gut dysbiosis and increase intestinal permeability, potentially aggravating insulin resistance and
glomerular injury [61]. In hypertension, dysbiosis-associated reductions in SCFA production may
impair vascular tone regulation and contribute to increased glomerular pressure [62]. Age may
also modify these interactions. In older adults, age-related alterations in the gut microbiome may
increase susceptibility to the adverse effects of uremic toxins, whereas in pediatric populations,
dysbiosis may interfere with nutrient absorption and growth [63]. Kidney transplantation is
likewise associated with substantial changes in gut microbial composition, partly because
immunosuppressive therapies affect metabolic and immune pathways [64]. Therefore,
interventions targeting the gut—kidney axis should be tailored to the underlying disease, age
group, treatment exposure, and other population-specific characteristics [65].

Research directions and future prospects

Future research on the gut—kidney axis should increasingly incorporate multi-omics approaches
integrating metagenomics, metabolomics, and proteomics to provide a more comprehensive
understanding of microbiome—kidney interactions [66]. Artificial intelligence and machine
learning may facilitate the integration of these complex datasets and support biomarker discovery
in CKD. However, current applications remain largely exploratory and are predominantly based
on retrospective analyses and proof-of-concept algorithms. Prospective clinical validation,
standardized protocols for microbiome sampling and analysis, and reproducible predictive
models are therefore required before artificial intelligence-guided microbiome interventions can
be incorporated into routine clinical practice [67,68]. Validated microbial and metabolic
biomarkers may support earlier detection, disease monitoring, and the development of
interventions tailored to patient-specific microbiome profiles rather than relying exclusively on
generalized therapeutic approaches [69]. As clinical evidence accumulates, assessment of the
gut—-kidney axis may ultimately inform future guidelines and complement established
approaches to CKD management [53].

Conclusion
This review highlights the gut—kidney axis as an important bidirectional pathway linking gut
dysbiosis with CKD progression. Dysbiosis may increase the production of gut-derived uremic
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toxins, impair intestinal barrier integrity, and promote lipopolysaccharide-mediated activation
of inflammatory pathways, including TLR4/NF-xB signaling. These processes may contribute to
systemic inflammation, oxidative stress, renal fibrosis, and progressive decline in glomerular
filtration rate. However, patterns of dysbiosis vary across CKD stages and patient populations,
including those with diabetes mellitus, hypertension, different age profiles, and kidney
transplantation. Accordingly, microbiome-targeted interventions may need to account for
individual clinical and microbial characteristics. Integration of multi-omics approaches with
artificial intelligence may support biomarker discovery and the development of precision
strategies. Nevertheless, emerging interventions, including postbiotics, bacteriophages, fecal
microbiota transplantation, engineered bacteria, and precision dietary approaches, require
validation in well-designed prospective clinical trials before they can be incorporated into routine
CKD management.
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