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Abstract

The role of gut microbiota and intestinal dysbiosis in promoting inflammaging in chronic
kidney disease (CKD) has been the focus of intense research over the last years. Some
alterations at the phyla level, such as abundance of Proteobacteria and reduction in Firmi-
cutes/Bacteroidites (F/B) ratio and saccarolytic populations, have been consistently reported
in CKD. Other mechanisms include microbial translocation through a “leaky gut” and
subsequent molecular mimicry, immune dysregulation (unbalance between T reg and Th17
subsets), and epigenetic interactions. Alterations of metabolic pathways and of bacterial
metabolites, such as butyrate and other short chain fatty acids (SCFA), also appear to play
a key role in modulating progression of CKD. On the other hand, microbiota-based therapy
appears promising and includes diet, prebiotics, probiotics, synbiotics, postbiotics and fecal
microbiota transplantation (FMT). Modulation of microbiota could correct critical alter-
ations, such as F/B ratio and T reg/Th17 unbalance, blunting inflammaging and potentially
reducing progression of CKD and cardiovascular disease. Despite current limitations, gut
microbiota is emerging as a powerful environmental factor which could be harnessed to
interfere with key mechanisms leading to inflammaging in CKD.

Keywords: gut microbiota; dysbiosis; chronic inflammation; inflammaging; frailty; chronic
kidney disease; end-stage kidney disease

1. Introduction
Chronic kidney disease (CKD) globally affects 10–15% of adults, is increasing over

recent decades, and has significant implications for morbidity and mortality [1]. A hallmark
of CKD is the presence of a chronic, low-grade inflammation characterized by biological
pathways associated with aging, termed “inflammaging” [2]. This process is shared by
many age-related disorders and contributes to the development of vascular calcifications [3]
and the disproportionate increase in cardiovascular risk in CKD compared to the general
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population [4]. Inflammaging is closely linked to many other peculiar aspects of frailty of
CKD [5], such as sarcopenia, osteoporosis [6] and cognitive decline [7].

Etiopathogenesis of inflammaging is multifactorial and includes immunosenes-
cence [8], mitochondrial dysfunction [9], persistent exposure to bacterial antigens and
chronic activation of the innate immune system [10]. Building evidence, especially within
the setting of obesity, also suggests that gut microbiota (GM) alterations, or dysbiosis,
can fuel this process by impairing the intestinal function of gatekeeper of inflammatory
stimuli [11–13]. Consistently, gut microbiota manipulation seems to represent a new tool
to blunt inflammaging and consequently reduce cardiovascular risk and frailty in CKD
populations [14].

The main aim of the review is to provide a state-of-the-art analysis of the role of gut
microbiota in promoting inflammaging in CKD and of gut microbiota manipulation in
blunting this process. The PubMed library was searched from inception to December 2025,
using a combination of Medical Subject Headings (MeSH) and keywords related to gut
microbiota, dysbiosis, chronic inflammation inflammaging, frailty, chronic kidney disease,
and end-stage kidney disease.

2. Physiological Functions and Immunological Role of Gut Microbiota
Gut microbiota exert many important physiological functions, ranging from mod-

ulation of lipid and glucose metabolism to regulation of the immune system (Table 1),
and interact with many organs including the heart, kidney, muscles and central nervous
system [15].

Table 1. Physiological functions of gut microbiota.

Function Comment References

Metabolic

GM regulates lipid and glucose metabolism by modulating
both insulin sensitivity and lipogenesis. It also produces SCFA,

bile acids, branched amino acids, vitamins and TMAO.
Dysbiosis has been associated with obesity, liver steatosis and

type 2 diabetes.

[16–20]

Immunomodulatory

GM promotes Treg development through specific bacterial
species (Lactobacillus and Bacteroides genera) and interacts with
GALT, intestinal epithelial and dendritic cells. Dysbiosis has

been associated with rheumatoid arthritis, inflammatory
bowel disease (IBD), and allergies.

[21,22]

Neuromodulatory

GM regulates neurobehavioral aspects by producing SCFA
and precursors of neurotransmitters (e.g., serotonin) and

affecting vagus nerve activity. Dysbiosis has been associated
with mood disorders, autism and neurological disorders such

as Parkinson’s disease

[23,24]

Preservation of gut barrier
integrity

SCFA preserve and strengthen gut barrier. Dysbiosis has been
associated with leaky gut syndrome (LGS) and endotoxinemia [25,26]

Abbreviations: SCFA short chain fatty acid; TMAO Trimethylamine N-oxide; GALT Gut-associated lymphoid
tissue; GM Gut Microbiota;w IBD inflammatory bowel syndrome; LGS Leaky gut syndrome.

Interaction with the immune system plays a multifaceted role. Gut microbiota help
maintain tolerance towards commensal-derived antigens which are constantly sensed by
gut-associated lymphoid tissue (GALT), preventing development of chronic inflammatory
conditions like inflammatory bowel disease (IBD) and systemic autoimmune disorders. In-
duction of commensal-specific anti-inflammatory CD4+ T-cell responses, especially Foxp3+

regulatory T cells (Foxp3+ Tregs) and Type 1 regulatory T cells (Tr1), is key in this process,
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as both of them can induce the release of anti-inflammatory cytokine IL-10. Recent evidence
also underlines the role of group 3 innate lymphoid cells (ILC3s)-intrinsic STING signaling
in the instruction of microbiota-specific Tregs at steady state. However, heightened STING
activation due to gut inflammation becomes detrimental because it results in the death of
tissue-protective ILC3 [27]. In addition, even effector T-cell subsets, such as Th17 cells, can
acquire an anti-inflammatory profile within the intestine. All these tolerogenic processes
are modulated by specific bacterial species (Lactobacillus and Bacteroides genera) and
microbial-derived structural components and metabolites, which also induce secretion
of anti-inflammatory mediators by intestinal epithelial cells, dendritic cells (DCs) and
macrophages [28].

A disrupted balance between these signals may result in low-grade chronic inflamma-
tion and inflammaging [21].

Many environmental factors can influence gut microbiota and alter their balance. The
main ones include early life, chronic psychological stress, sleep and circadian rhythm,
smoking, exercise, drugs, gastrointestinal infections, pollution, lifestyle (rural vs. urban)
and diet [29]. Interestingly, vitamin D plays an important role in preserving gut barrier
integrity [30], regulating microbial diversity and modulating immune responses [31].

3. Dysbiosis and Gut–Kidney Axis in Chronic Kidney Disease (CKD)
3.1. Causes of Dysbiosis in CKD

CKD is associated with many factors predisposing to alterations of gut microbiota,
including possible intestinal ischemia, constipation due to poor fiber intake, mainly due to
restriction of potassium-rich fruits and vegetables, metabolic acidosis, administration of
phosphate and potassium chelating agents and iron supplementation, retention of uremic
toxins and increase in urea circulating levels, with consequently increased urea concentra-
tion in the intestinal lumen and expansion of the urease-positive bacterial population. The
latter alteration results in an increased production of ammonia and increased luminal pH,
which contributes to leaky gut syndrome and further worsens dysbiosis [32].

A protein-rich diet and uremic conditions can lead to the overgrowth of protein-
fermenting bacteria, producing toxic byproducts like indoxyl sulfate (IS), p-cresyl sulfate (p-
CS), and ammonia. These protein fermentation metabolites contribute to systemic toxicity,
promoting the progression of CKD and associated cardiovascular complications [33].

A metabolomic study on end-stage renal disease (ESRD) patients by Vaziri et al.
documented an expansion of bacterial families expressing urease and uricase and indole
and p-cresol-forming enzymes, along with a reduction of those with butyrate-forming
enzymes, and a global shift towards proteolytic mechanisms [34].

3.2. Metabolic Consequences of Dysbiosis in CKD: Accumulation of Gut-Derived Uremic Toxins
and Depletion of Short-Chain Fatty Acids

Dysbiosis promotes intestinal production of several uremic toxins, including protein-
bound uremic toxins (PBUT) such as IS, p-CS and indole acetic acid (IAA), and water-
soluble toxins such as trimethylamine N-oxide (TMAO) and phenylacetylglutamine (PAG).
These toxins are collectively referred to as “gut-derived uremic toxins” (GDUT) and exert a
significant impact on both cardiovascular risk and CKD progression [35].

Gut microbiota dysbiosis has been actually implicated in endothelial dysfunction,
arterial hypertension, atherosclerosis, heart failure and myocardial infarction through
mechanisms mediated by increased production of gut-derived uremic toxins and decreased
availability of short-chain fatty acids (SCFA) [36].

The main effects of gut-derived uremic toxins on mechanisms of inflammaging and
fibrosis are outlined in Table 2.
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Table 2. Main gut-derived uremic toxins (GDUT) and their potential effects on mechanisms
of inflammaging.

Toxins Substrate Effects References

IS Tryptophan

Inhibition of nitric oxide (NO) production; boost of oxidative
stress and disruption of endothelial repair through activation

of aryl hydrocarbon receptor (AHR); enhanced monocyte
infiltration within the kidneys and macrophage induction;

senescence of proximal tubular cells and interstitial fibrosis.
Associated with vascular calcifications, ventricular septal

thickness, heart failure, CKD progression.

[33,37,38]

p-CS Tyrosine
Cardiomyocyte apoptosis, vascular calcifications,

endothelial dysfunction, activation of coagulation, boost of
oxidative stress

[39–42]

IAA Tryptophan Increased production of ROS and oxidative stress through
activation of AHR; increased expression of tissue factor [41,43]

TMAO Choline,
carnitine, betaine

Activation of RAS and consequent renal fibrosis, cholesterol
metabolism disruption, endothelial dysfunction, platelet

activation, foam cell formation and atherosclerotic plaque
instability

[44–47]

PAG Phenylalanine Activation of thrombotic pathways, increased platelet
responsiveness; associated with stroke [48,49]

Abbreviations: AHR aryl hydrocarbon receptor; CKD Chronic kidney disease; IAA: indole acetic acid;
IS: indoxylsulfate; NO nitric oxide PAG: phenylacetylglutamine; p-CS: pericresylsulfate; ROS reactive oxygen
species TMAO: trimethylamine N-oxide.

Dysbiosis contributes to increased circulating levels, and CKD amplifies this effect
through impaired kidney excretion, especially when GFR falls below 60 mL/min. Protein-
bound uremic toxins play a crucial role in endothelial dysfunction and are not easily
removed by dialysis as they are highly bound to plasma proteins [50]. They exert vascular
and renal toxicity through multiple mechanisms [49]. We will briefly analyze the potential
clinical impact of main gut-derived uremic toxins.

IS can determine endothelial dysfunction, and higher serum total levels were as-
sociated with increased all-cause mortality and infectious events in Japanese dialysis
patients [37] but not in other studies [40] including HEMO study [51]. Free levels of
IS and p-CS predicted development of heart failure in non-dialyzed CKD patients [38].
Detrimental mechanisms of actions of IS are detailed in Table 2.

p-CS has a wide range of toxic effects on cardiovascular system, and a meta-analysis
study showed that elevated free levels correlate with increased all-cause mortality and
risk of CV events in CKD [40]; similarly, free p-CS showed an independent association
with CV events (fatal and nonfatal) in a cohort of 523 patients with non-dialysis CKD at
stages 1–5 [41]. Serum p-CS was also independently associated with aortic stiffness and
vascular calcifications in the same setting [42] (Table 2).

Increased IAA levels have been associated with higher thrombotic risk and both
cardiovascular and all-cause mortality in CKD patients [41] and with heart hypertrophy
and oxidative stress in cardiac tissues in animal models [43]. In addition, they appear
to correlate with monocyte-to-high-density lipoprotein ratio, an emerging biomarker of
cardiovascular disease [52] (Table 2).

TMAO is a prominent driver of atherosclerosis [45], and elevated levels have been
associated with a 55% higher risk of all-cause mortality in hemodialysis patients in a meta-
analysis [46], a trend confirmed in recent studies [47]. It contributes to cardiovascular

https://doi.org/10.3390/cells15131171

https://doi.org/10.3390/cells15131171


Cells 2026, 15, 1171 5 of 26

disease by promoting inflammation, foam cell formation, arterial cholesterol deposition
and platelet hyperreactivity [53] (Table 2).

PAG acts on G-protein-coupled receptors, promoting platelet responsiveness, throm-
bosis and atherosclerosis [48,49] (Table 2).

Overall, despite discrepancies, available evidence suggests that all gut-derived uremic
toxins can contribute to inflammaging and that their levels are associated with mortality
and cardiovascular outcomes, especially at more advanced stages of CKD [35].

In addition to accumulation of gut-derived uremic toxins, CKD is also characterized by
reduced levels of circulating SCFA, such as butyrate, acetate and propionate, as compared
to healthy controls. This depletion is inversely correlated with CKD stage and is especially
severe in hemodialysis patients [54]. SCFA exert a wide range of beneficial effects: they
improve gut barrier integrity and function, modulate blood pressure and glucose and lipid
metabolism [55], promote immunotolerance by expanding Foxp3+ regulatory T cells [56]
and blunt systemic and renal inflammation in CKD, reducing interstitial fibrosis [57] and
protecting the integrity of the glomerular barrier [58]. Thus, a reduction in SCFA-producing
bacteria can worsen inflammation and contribute to the progression of CKD [59,60].

Defining the role of dysbiosis and diet in modulating their levels in CKD needs further
investigation as it could pave the way for new approaches to reduce the levels of uremic
toxins [61].

4. The Link Between Dysbiosis and Inflammaging in CKD
Dysbiosis has a remarkable impact on increased cardiovascular risk which character-

izes CKD. This is mediated by the production of protein-bound uremic toxins, modulation
of nitric oxide (NO) and SCFA availability [62].

These toxins have pro-oxidative, pro-senescence, pro-inflammatory and pro-fibrotic
effects which cause systemic and renal inflammation, accelerating renal fibrosis and CKD
progression [63]. This creates a vicious circle of chronic vascular and renal inflammation,
progression of CKD and of cardiovascular disease, further accumulation of protein-bound
uremic toxins and other uremic toxins, and worsening of gut microbiota dysbiosis and
leaky gut syndrome (Figure 1).

Endotoxemia due to leaky gut syndrome, immune activation, oxidative stress and
DNA damage are the main mechanisms linking dysbiosis to inflammaging in the setting of
CKD [64]. This state of low-grade chronic inflammation is characterized by a downregula-
tion of the innate immune system, an upregulation of pro-inflammatory cytokines (IL-6,
IL-18 and TNF-α) and activation of the NF-κB signaling pathway [65].

Alteration of IFNγ levels may also contribute to this setting by amplifying mucosal
barrier dysfunction and skewing the immune system towards a Th1 response [32].

Accumulation of senescent cells in different tissues, including adipose, heart and
kidney, maintains this condition due to a hypersecretory phenotype, “senescence-associated
secretory phenotype” (SASP) [66].

Oxidative stress triggered by intestinal dysbiosis and translocation of uremic toxins is
closely linked to inflammaging as it can directly damage mitochondrial DNA (mtDNA),
which is highly prone to damage from reactive oxygen species (ROS) due to limited repair
capacity. Oxidative damage can increase mtDNA mutations, impairing mitochondrial
respiratory chain and favoring release of mitochondrial ROS (mtROS), which further
contribute to cellular senescence and inflammaging [67]. This self-amplifying mechanism
is described in Figure 2.
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Figure 1. Vicious circle between CKD and intestinal dysbiosis. Several CKD-related factors predis-
pose one to LGS and intestinal dysbiosis (left-hand arrows) whereas intestinal dysbiosis determines
production of GDUT which promotes progression of CKD through oxidative stress and other mecha-
nisms (right-hand arrows). Accumulation of circulating GDUT due to progressive reduction of renal
function further worsens intestinal dysbiosis, creating a vicious circle. Abbreviations: CKD: chronic
kidney disease; GDUT: gut-derived uremic toxins; LGS: leaky gut syndrome; NO: nitrogen oxide.

Recent evidence suggest that mechanisms of epigenetic regulation such as DNA
methylation, histone modifications and non-coding RNA interactions are involved in the
fine-tuning of the mitochondrial quality control system and can promote pathogenesis and
progression of diabetic kidney disease [68].

Reduced availability of SCFAs due to intestinal dysbiosis can impair this epigenetic
regulation, determining overexpression of fibrosis-related genes and promoting chronic
renal damage and accelerated renal aging through shared mechanisms [69].

4.1. Clinical Manifestations Associated with Dysbiosis and Inflammaging in CKD

Dysbiosis has been associated with several features of uremia. We will analyze the
most significant associations.

4.1.1. Cardiovascular Manifestations

Metabolites released by gut microbiota have an impact on non-traditional cardiovas-
cular risk factors of CKD, such as chronic inflammation and endothelial dysfunction [70].
A hallmark of uremic vasculopathy is represented by vascular calcifications [71]. Gut dys-
biosis is associated with vitamin K insufficiency due to a decreased population of vitamin
K-producing bacteria, leading to oxidative stress, inflammation and progression of vascular
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calcifications in hemodialysis patients [72]. Vitamin K plays a crucial role in inhibiting the
process of vascular calcification through several vitamin K-dependent proteins such as
matrix Gla protein [73]. A strong association between insufficient vitamin K levels, inactive
matrix Gla protein, and increased CVD risk has been demonstrated across CKD stages [74].

 

Figure 2. Vicious circle connecting different drivers of inflammaging: mitochondrial oxidative stress,
activation of NF-kB and other inflammatory pathways, promotion of cellular senescence and SASP
phenotype. Abbreviations: NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells;
SASP: senescence-associated secretory phenotype.

Gut microbiota also play an important role in arterial hypertension. An altered
crosstalk between the gut, the kidney and the brain (brain–gut–kidney axis) can predis-
pose to hypertension in CKD. Interestingly, a diet rich in salt can enhance expansion of
Th 17 cells, thus potentiating a key inflammatory mechanism of dysbiosis [75].

An association between gut microbiota dysbiosis and brain vascular damage has
been demonstrated in experimental models of aging and CKD, with a correlation between
TMAO and IS and cerebral microhemorrhages [76].

Dysbiosis probably plays an important role in mediating the causal relationship
between CKD and cognitive dysfunction, and a Mendelian randomization study indicated
specific gut microbes, such as the Eubacterium fissicatena group, as potential modulators of
cognitive decline [77].

Metabolites such as IS have also been associated with CKD-related heart failure. Inter-
estingly, IS can disrupt cardiac mitochondrial function and induce myocardial apoptosis.
As it is produced by E. coli through the tryptophanase, administration of probiotics which
can reduce E. coli abundance and IS levels is promising and has resulted in improved
cardiac outcomes in rats and patients with CKD [78].

Dysbiosis of gut microbiota could also contribute to uremic cardiomyopathy through
induction of IFNγ-producing CD4+ T cells, which can infiltrate the heart and correlate with
diastolic dysfunction. Marked expansion of intestinal opportunistic pathogens, particu-
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larly Klebsiella pneumoniae, is observed in CKD and appears to trigger this process in
experimental models of uremic cardiomyopathy [79].

4.1.2. Sarcopenia

This is another important CKD-associated clinical manifestation. It has a multifactorial
etiopathogenesis mainly including uremia, hyperparathyroidism, and low-grade systemic
inflammation driven by gut microbiota dysbiosis [80].

4.1.3. Malnutrition

Finally, gut microbiota is important for maintaining the nutritional status of patients.
In a study on hemodialysis patients, categorized according to Geriatric Nutritional Risk
Index (GNRI), genus Bifidobacterium was less represented in the high-GNRI group than
in the low-GNRI one. At the species level, deficiency of B. adolescentis and B. bifidum
was strongly associated with an increased nutritional risk. Interestingly, Bifidobacterium
levels inversely correlate with IL-6 and TNFα levels, suggesting that modulation of chronic
inflammation may mediate effects on nutritional status [81].

5. Modulation of Gut Microbiota in CKD
Dietary interventions, administration of different types of biotics and fecal microbiota

transplantation (FMT) are being investigated for their ability to correct dysbiosis, with
the rationale of strengthening the gut barrier and lowering uremic toxin loads in CKD,
consequently reducing inflammaging and the risk of cardiovascular events and CKD
progression. An integrated approach combining these tools and its potential beneficial
effects are outlined in Figure 3.

 

Figure 3. An integrated therapeutic approach with diet and biotics can reduce inflammaging through
multiple mechanisms and exert a nephroprotective effect. Abbreviations: CKD Chronic kidney dis-
ease; FOS: fructo-oligosaccharides; GDUT: gut-derived uremic toxins; GOS: galacto-oligosaccharides;
IS: indoxyl sulfate; LPD: low protein diet; MD: Mediterranean diet; PBD: plant-based diet; p-CS:
p-cresyl sulfate; RS: resistant starch; SCFA: short-chain fatty acids; TMAO: trimethylamine N-oxide.
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5.1. Diet

Dietary interventions play an important role in modulating inflammaging in patients
with CKD. A low-protein diet has been reported to decrease p-CS production in some
studies, as the precursors for p-CS and other gut-derived uremic toxins are derived from
protein fermentation in the gut [82]. However, a meta-analysis published in 2021 did not
indicate any significant changes in IS and p-CS levels, nor any difference in renal function,
between CKD patients who started with a low-protein diet and those who continued on a
normal diet. The impact of a low-protein diet on gut microbiota occurred predominantly
at the families and species levels (enrichments of Lactobacillaceae, Bacteroidaceae and Strep-
tococcus anginosus) but was minimal on microbial diversity and did not appear to alter
clinical outputs [83]. A recent study on a murine model of DKD, however, suggested that a
low-protein, calorie-restricted diet blunted gut microbiota dysbiosis, corrected increased
Firmicutes/Bacteroidetes ratio and reduced serum TMAO levels. Suppression of NOD-like
receptor family pyrin domain containing 3 (NLRP3) and interleukin-1β (IL-1β) at the tissue
level was also demonstrated, resulting in mitigated kidney damage [84]. The reason for
these inconsistent results may lie in differences in species, study design, dietary compo-
sition and outcome measures, which limit the power of meta-analysis and comparison
between studies.

Overall, more studies are needed to explore the clinical impact of a low-protein diet in
humans with CKD and elucidate underlying mechanisms of nephroprotection which have
been emerging in animal models [85].

Recent studies have underlined the value of plant-based diets in modulating gut
microbiota and improving metabolic health in CKD [86], with possible beneficial effect on
cardiovascular risk [87].

Plant-based diets include two core components, both of which are active in modulating
gut microbiota: dietary fibers and phytochemicals. Dietary fibers can be subdivided into
non-starch polysaccharide (e.g., cellulose, inulin), resistant oligosaccharide (e.g., α-galacto-
oligosaccharides or GOS, β-fructooligosaccharides or FOS), resistant starch (RS) and other
fibers [88]. Their role as prebiotics in CKD is important and will be discussed in the
following section.

Phytochemicals are non-nutrient compounds with anti-inflammatory and antioxidant
properties. For example, plasma levels of linoleic acid inversely correlated with IL-6 levels
and all-cause mortality in a Swedish study of dialysis patients [89]; polyphenols modulate
gut microbiota and affect a wide range of key signaling pathways involved in inflammaging,
such as nuclear factor kappa-B (NF-κB), mitogen-activated protein kinase (MAPK) and
mammalian target of rapamycin (mTOR) [90].

Long-term plant-based diets can achieve significantly lower production of p-CS and
IS and reduce the risk of CKD progression and death. In a study on elderly patients
with stage 3–5 CKD, a high adherence to this diet, assessed with a plant-based diet index,
was independently associated with higher insulin sensitivity and lower levels of IL-6 and
C-reactive protein [91].

The Mediterranean diet, characterized by vegetable intake several times a day and
reduced intake of gut-derived uremic toxin precursors such as phenylalanine and tyrosine,
has also been associated with lower p-CS concentrations among hemodialysis and peri-
toneal dialysis patients and even in kidney transplant recipients, with a more pronounced
effect in those with higher adherence. This study underlies the association between nutri-
tion and circulating gut-derived uremic toxins across different types of kidney replacement
therapy [92].

Unlike a Western diet, which favors the growth of proteolytic bacteria, increased
production of protein-bound uremic toxins and cardiovascular and renal aging [93], the
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Mediterranean diet promotes the proliferation of saccharolytic populations, due to its high
content of fermentable carbohydrates along with vegetable proteins and fish oil.

Fermented foods (such as Kefir, kimchi and yoghurt) can also play a role in blunt-
ing inflammaging, and their regular consumption in early stages of CKD could prevent
progression of kidney damage [94]. A secondary analysis of NHANES showed that fre-
quent use (≥3 weekly) of yoghurt, a rich natural probiotic source, was associated with
decreased risk for onset of proteinuria [95]. Higher yoghurt and milk consumption was
recently associated with a lower likelihood of developing CKD and metabolic syndrome
and with a better control of cardiovascular risk factors in a large Japanese population with
type 2 diabetes [96]. Similarly, daily intake of fermented vegetables was associated with
a reduced incidence of CKD in 9.229 subjects with cardiometabolic disease and normal
kidney function [97].

In addition to diet, a combined intervention of a low-protein diet and different types
of biotics has been investigated and will be analyzed in the following section.

5.2. Biotics
5.2.1. Prebiotics

Prebiotics are indigestible food components which promote expansion of beneficial
intestinal bacteria [88]. They include fibers, such as inulin, FOS, GOS, RS and dextrin,
which ferment in the gut to produce SCFAs [98]. The results of the main studies of these
types of prebiotics are summarized in Table 3.

Table 3. Main studies on prebiotics in patients with CKD.

Author (Year) Type of Prebiotic CKD Stage Number of
pts F/U (mo) Main Results References

MB Sohn (2023) Inulin IV 15 15

Expanded
saccharolytic

metabolites and
abundance of

Bifidobacterium and
Anaerostipes

[99]

M Calderon
Juarez (2024) Inulin IV 76 6 Decreased BUN and

uremic symptoms [100]

Y Zhang (2024) Resistant starch
(RS) 355

Decreased IS and BUN
and improved renal

function
[101]

SA Headley
(2025) RS IIIa-IV 68 4

Reduction in p-CS.
decrease in microbial

α-diversity and
Bacteroides

[102]

R Poesen (2016)
Galacto-

oligosaccharides
(GOS)

IIIb-IV 40 4

Sequential treatment
with arabinoxylan

oligosaccharides and
maltodextrin (and vice
versa) had no effect on

GDUTs and insulin
resistance

[103]

K Meksawan
(2016)

Fructo-
oligosaccharides

(FOS)
Vd 9

Relief in constipation
in elderly peritoneal

dialysis patients
[104]

Abbreviations: BUN blood urea nitrogen; CKD Chronic Kidney Disease; FOS Fructo oligosaccharides; GOS
Galacto oligosaccharides; GDUT gut-derived uremic toxins; IS Indoxyl sulfate; p-CS p-cresol sulfate; RS
Resistant starch.
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Fermentable dietary fibers, carbohydrates which cannot be completely digested, play
a key role in modulating gut microbiota because they promote expansion of SCFA-forming
saccharolytic bacterial populations, limiting proteolytic bacteria which produce putrefactive
metabolites such as gut-derived uremic toxins. Dietary restriction of potassium-rich fruits
and vegetables in advanced CKD stages results in a reduced intake of fibers, which favors
this mechanism of dysbiosis [105].

Dietary fiber inulin and inulin-type prebiotics can increase the abundance of Bifidobac-
terium and Faecalibacterium prausnitzii, both characterized by anti-inflammatory properties;
in addition, inulin and its intestinal metabolites exert direct immunomodulatory roles
promoting expansion of Tregs [106].

Inulin supplementation also appears to delay CKD-mineral and bone disease in rats
with CKD, lowering phosphorus and parathyroid hormone levels and blunting both bone
remodeling and cardiovascular calcifications [107].

When started in association with a low-protein diet in CKD patients, inulin also
determined a significant improvement in glucose and lipid metabolism and CRP [108].
In a more recent study, the addition of inulin, calcium citrate and α-chetoanalogues to a
low-protein diet improved eGFR and uremic symptoms in advanced CKD [100].

In the TarGut-CKD Study, a nonrandomized, open-label, pilot trial, oligofructose-
enriched inulin determined an expansion in saccharolysis-derived metabolites and an
abundance of Bifidobacterium and Anaerostipes [99].

RS promotes proliferation of Bifidobacterium and Lactobacillus and can increase the
production of SCFA and other beneficial metabolites [101]. A meta-analysis indicated
that RS can reduce circulating IS and urea levels and help preserve renal function in
CKD [101], and a recent RCT demonstrated its positive effect on p-CS levels and a reduction
of Bacteroides [102].

GOS (present in legumes such as lentils, dairy products and some root vegetables) can
limit pathogenic bacteria and enhance production of anti-inflammatory cytokines such as
IL 10 in models of neuroinflammation and CKD [109].

A randomized, placebo-controlled, double-blind, cross-over study compared prebiotic
arabinoxylan oligosaccharide (AXOS) with maltodextrin for 4 weeks and detected no
effect on gut-derived uremic toxins and insulin resistance in CKD patients [103]; however,
resistant maltodextrin had a beneficial impact on intestinal occluding and zonula occluden-
1 up-regulation in another study, in which it promoted combined abundance of Lactobacillus,
Bifidobacteria, Akkermansia, and Roseburia in CKD rats [110].

Associating prebiotics and probiotics as synbiotics may be more effective in modulat-
ing gut microbiota, and synbiotic formulations are thought to enhance the survival and
colonization of probiotics by providing a nutritional source (prebiotics) [111]. Synbiotics
will be analyzed in Section 5.2.3.

5.2.2. Probiotics

In an open-label, placebo-controlled trial, a 3-month intervention with Lactobacillales
and Bifidobacteria improved iron kinetics, inflammatory parameters, and lipid metabolism
but had no significant effect on eGFR) [112].

Similarly, a 12-week probiotic supplementation using Lactobacillus acidophilus, Lac-
tobacillus casei, and Bifidobacterium bifidum in diabetic patients undergoing hemodialysis
improved glucose homeostasis parameters and certain biomarkers of inflammation and ox-
idative stress and the Subjective Global Assessment (SGA) score, an indicator of nutritional
status, whereas it did not significantly affect kidney function [113].

The ProLowCKD study evaluated the addition of probiotics to a low-protein diet
(0.6 g/kg body weight) for 3 months in patients with CKD and an eGFR < 25 mL/min.
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Administration of the probiotic was associated with a lower need for diuretic and antihy-
pertensive drugs and lower levels of urinary toxins [114].

In a RCT, 48 diabetic patients with DKD were assigned to a diet containing probiotic-
enriched soy milk (200 mL/d) or soy milk in the control condition. A panel of biomarkers
of oxidative stress was measured after 8 weeks of intervention and showed that patients
treated with probiotic soy milk had lower levels of oxidative stress [115].

Oral administration of the probiotic Lactobacillus casei Zhang (L. casei Zhang) corrected
gut microbial dysbiosis in a murine model of bilateral renal ischemia-reperfusion (I/R)-
induced, blunting kidney injury and slowing progression to CKD. Interestingly, L. casei
Zhang was proven to elevate SCFAs and nicotinamide (NAD) levels both in the serum
and within the kidney, increasing expression of enzymes involved in NAD synthesis and
of gene coding for Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC1α), a key regulator of mitochondrial biogenesis. These mechanisms determined
an anti-oxidant and anti-inflammatory effect and reduced renal tubular epithelial cell
damage and interstitial fibrosis; of note, these effects could be transferred with stool
transplant [116]. On this basis, the same group performed a phase 1, placebo-controlled
study of oral L. casei Zhang use (Chinese clinical trial registry, ChiCTR-INR-17013952),
which confirmed in a clinical setting that this probiotic can blunt proteinuria and slow the
decline of kidney function in stage 3–5 CKD after a follow-up of 10 months. Interestingly,
even the pasteurized forms of Lactobacillus casei Zhang maintained protective effects on
AKI and chronic renal fibrosis, suggesting other mechanisms beyond the interaction of live
probiotics with the host [117].

In a recent RCT, Lacticaseibacillus rhamnosus L34 (L34) was tested and compared with
L. rhamnosus GG (LGG) and placebo in patients with stage 3–5 CKD. A 4-week course of
L34 was initially tested in a pre–post study and showed a reduction in gut derived uremic
toxins, except IS, and attenuation of several biomarkers related to inflammation (including
neutrophil extracellular traps, cell-free DNA) and altered gut permeability (beta-D-glucan)
and of gut dysbiosis. Both probiotics similarly attenuated IS-induced inflammation in vitro
and in patients when compared with the placebo [118].

The results of the main studies of probiotics in CKD are summarized in Table 4.

Table 4. Main studies on probiotics in patients with CKD.

Author (Year) Type of
Probiotic

Type of
Nephropathy Number of pts F/U (mo) Main Results References

Miraghaja M.
(2017)

probiotic soy
milk DKD n = 48 2

Reduced oxidative
stress as compared to

controls.
[115]

Zhu H (2021) Lactobacillus
Casei Zhang NA n = 62 10

Reduced level of ACR
as compared to

controls. Increased
expression of enzymes

involved in NAD
synthesis and of

PGC1α, propionate
and acetate synthesis
in the kidney. It may

reduce CKD
progression in CKD

3–5 stages and risk of
AKI-CKD transition.

[116]
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Table 4. Cont.

Author (Year) Type of
Probiotic

Type of
Nephropathy Number of pts F/U (mo) Main Results References

De Mauri A
(2022)

Bifidobacterium
Longum and
Lactobacillus

Reuteri

Mainly
nephrosclerosis

and DKD
n = 60 5

Trend in reduction of
GDUT and significant

reduction of
antihypertensive and
loop diuretics in the
group on probiotic

[102]

Leelahavanichkul
A. (2025)

Lacticaseibacillus
rhamnosus (L34)
and L rhamnosus

GG (LGG)

Mainly DKD
and chronic GN n = 75 1

L34 reduced
gut-derived uremic

toxins, systemic
inflammation and gut
permeability defect.

LGG has comparable
effect on IS-induced

inflammation.

[118]

Abbreviations: ACR Albumin/creatinine ratio; AKI acute kidney injury; CKD chronic kidney disease; DKD
Diabetic kidney disease; GDUT: gut-derived uremic toxins; GN glomerulonephritis; LGG Lacticaseibacillus
rhamnosus GG; NA Not avaible; NAD nicotinamide; PGC1α Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha.

5.2.3. Synbiotics

A synbiotic is an association of prebiotics and probiotics designed to enhance the
survival and activity of the probiotics, with potentially greater beneficial effects than
prebiotics or probiotics alone.

A randomized single-blind and placebo-controlled study on 58 hemodialysis patients
compared a 7-week treatment with a synbiotic (extruded sorghum plus unfermented
probiotic milk) with a control group (extruded corn plus pasteurized milk) and showed
that the synbiotic group had decreased serum p-CS, IS and urea concentration, higher fecal
butyric acid and lower intestinal pH compared to baseline and control group [119].

A prospective, non-randomized, placebo controlled trial on 50 non-dialysis CKD stage
IV–V patients (matched for age, sex and primary disease) demonstrated that a 10-month
synbiotic supplementation (Lactobacillus acidophilus La-14 + fructooligosaccharides) deter-
mined a trend toward decreased serum IS levels without any significant effects on renal
function and inflammatory (IL6) or oxidative stress markers [120].

5.2.4. Postbiotics

A postbiotic is defined as a “preparation of inactivated, inanimate microorganisms
and/or their components with the ability to confer a health benefit to the host” [121].
Postbiotics are inactivated bacteria or lysates of bacterial strains which include cellular
fragments, such as cell wall components and pili, whereas by definition they should not
encompass purified metabolites lacking cellular biomass such as SCFA (although these
microbial metabolites might play an essential role in postbiotic preparations) [122].

Potential advantages of postbiotics compared to probiotics lie in their stability, even
for several years at room temperature, and better safety profile due to inability to replicate
(no risk of bacteremia). Mechanisms of action of postbiotics include modulation of resi-
dent microbiome and of microbiome-derived metabolites (increased levels of SCFA and
vitamins), strengthening of the intestinal epithelial barrier, modulation of systemic or local
immune responses, and modulation of systemic metabolic responses through the nervous
system [123].

Preclinical studies have provided initial evidence that postbiotics may play a role
in reducing inflammaging in CKD [123]. In a model of aged or adult mice, treatment
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with probiotics or probiotics and postbiotics mix (Lactobacillus and Bifidobacterium strains
and their postbiotic antioxidant compounds) decreased oxidative stress markers in the
kidneys [124].

The probiotic and postbiotics of four Lactobacillus and two Bifidobacterium strains
were selected to inhibit Dextran sulfate sodium-induced colitis. The postbiotics were
more effective than probiotics in preventing colitis and had a more pronounced effect in
upregulating autophagy-related genes in the kidney. These results suggest that probiotics
and postbiotics may reduce gut and kidney inflammation and modulate the gut–kidney
axis by triggering the autophagy signaling pathway [125].

A lipolytic postbiotic derived from sonicated Lactobacillus paracasei (isolated from
Egyptian cheese) was administered to a murine model of high-fat diet-induced kidney
injury and compared to atorvastatin treatment or placebo. The postbiotic contained pro-
teases, lipases and several antioxidant enzymes and displayed antibacterial activity against
pathogenic bacteria. In postbiotic-treated rats, serum creatinine, uric acid and urea levels
remained normal and were lower than in high-fat diet rats with or without atorvastatin
treatment, suggesting a nephroprotective effect [126].

Interestingly, gut microbiota and oral microbiota are connected and deeply intertwined
(“oral-gut axis,”) [127], and the oral microbiome of CKD patients could be colonized by
enterobacteria in the periodontal pockets, favoring chronic systemic inflammation [128].
Beneficial modulation of both systems by postbiotics and synbiotics could represent a
new possible adjuvant therapy in the management of both oral diseases (oral infections,
periodontitis and uremic stomatitis) and CKD-related chronic inflammation [129].

5.2.5. Meta-Analysis of Use of Biotics in CKD

Several meta-analyses have been published over the last decade in an attempt to
clarify the role of prebiotics, probiotics and synbiotics on CKD [130–134] (Table 5). Although
probiotics appear to reduce circulating levels of IS and p-CS and blunt chronic inflammation
and oxidative stress in several studies, overall results are not conclusive.

Table 5. Meta-analyses of effects of prebiotics, probiotics and synbiotics in patients with CKD.

Author (Year) Number of pts
(Studies) CKD Stage Intervention

Duration Main Results References

Mc Farlane C
(2019) 645 (16) 3 to 5 1–24 wks

Small or no difference in serum
urea, IS and p-C; increased
Bifidobacterium abundance.

Limited evidence to support use
of biotics in CKD.

[130]

Bakhtiary M
(2021) 584 (14) n.a. 4–12 wks

Reduction in total cholesterol,
fasting blood glucose, insulin
resistance and high-sensitivity

CRP; increase in total
anti-oxidant capacity

[135]

Liu J (2022) 842 (33) 3 to 5 4–24 wks

Improved total antioxidative
capacity and reduced IL6, p-CS

and IS in dialysis-dependent
patients. No effect on GFR.

[131]
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Table 5. Cont.

Author (Year) Number of pts
(Studies) CKD Stage Intervention

Duration Main Results References

Chen C (2023) 780 (18)
3 to 5

(including
dialysis)

4–12 wks

Reduced C-reactive protein, IL
6, and IS (not p-CS) and

increased HDL-cholesterol in
dialysis patients.

[132]

Cooper TE
(2023) 2266 (45)

1 to 5
(including

dialysis and
renal trans-

planted
patients).

6–12 wks

Uncertain effectiveness of
synbiotics, prebiotics, or

probiotics in improving patient
outcomes in CKD compared to

standard of care.
Uncertainty on whether

prebiotics, probiotics and
synbiotics differ in effectiveness.
Mild and uncommon adverse

events.

[133]

Zhang Y (2024) 355 (645) 3 to 5 4–12 wks

Resistant starch dietary
intervention can reduce IS (not
p-CS) and urea nitrogen levels.
No reduction in IL6 and TNFα.

[101]

Cedillo-Flores
R (2025) 331 (20) 3 to 5 8–144 wks Reduced levels of free and total

IS and p-CS. [134]

Abbreviations: CKD Chronic kidney disease; CRP C reactive protein; GFR glomerular filtration rate; HDL High
density lipoprotein; IL-6 Interleukin 6.; IS Indoxyl sulfate; p-CS p-cresol sulfate; TNFα Tumoral necrosis factor α

The meta-analysis including the highest number of patients [133] concluded that very
few studies adequately test biotic supplementation for key outcomes such as progression
of CKD, cardiovascular events and circulating levels of uremic toxins. Furthermore, it
is not yet established which type of approach among prebiotics, probiotics, synbiotics or
postbiotics is more effective and whether it actually improves management of CKD as
compared to standard care. On the other hand, adverse events have been consistently
reported as mild and uncommon.

It must be underlined that these meta-analyses have several limits, as they globally
analyze the effect of different types of biotics, dosages and study lengths and are generally
too short to reliably appreciate potential beneficial effects on outcome such as, for example,
renal function. Further studies are needed on selected probiotic strains (based on in vitro
and in vivo evidence) and with targeted combination of synbiotics to support their use as
an anti-inflammatory therapy in CKD [136].

5.3. Fecal Microbiota Transplantation (FMT)

FMT is a promising novel approach to treat CKD and has been investigated mainly in
animal models in the setting of DKD [137]. FMT from healthy donor controls substantially
reduced podocyte insulin resistance and blunted albuminuria and glomerular injury in dia-
betic rats, through downregulation of the GPR43 expression [138]. Life-long and repeated
FMT from young mice improved age-related processes including intestinal permeability
and metabolic and inflammatory profiles of macrophages [62].

In a pre-clinical murine model of type 2 DM, obesity and DKD, FMT prevented body
weight gain, blunted albuminuria and TNF-α levels within the ileum and ascending colon,
and ameliorated insulin resistance [139].

Despite these encouraging preclinical results, the experience of FMT in humans is still
limited to small heterogeneous studies (Table 6). In the only currently available RCT, a
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total of 28 patients were included, and 15 of them were randomized to receiving FMT. Most
of them had CKD from DKD, with significant proteinuria. After a 6-month observation,
more patients (53.8%) from the placebo group progressed to CKD than the FMT group
(13.3%), and the latter maintained stable renal function regardless of CKD stage. Adverse
events after FMT treatment were mild gastrointestinal symptoms, which were not more
frequent than those reported in the placebo group. FMT corrected alterations observed at
baseline, reducing abundance of Firmicutes and Actinobacteria and increasing Bacteroidetes,
Proteobacteria and Roseburia spp. Arteaga-Muller [140].

Table 6. Studies on FMT in patients with CKD from different etiologies.

Author (Year) Type of
Nephropathy Number of pts F/U (mo) Main Results References

Arteaga-Muller
G Y (2024) DKD n = 28 6 Reduced CKD

progression [140]

Zhao J (2021) IgAN n = 2 6
Reduction of proteinuria,
increased serum albumin
and stable renal function

[141]

Zhou G (2021) IMN n = 1 6

Reduction of proteinuria
and anti-PLA2R

antibodies, increased
serum albumin.

[142]

Zhi W (2022) FSGS n = 1 12

Reduction of proteinuria
and successful steroid

tapering in a
steroid-dependent form.

[143]

Abbreviations: antiPLA2R antibodies anti phospolipase A2 receptor; CKD Chronic kidney disease; DKD Diabetic
kidney disease; FSGS Focal segmental glomerulosclerosis; IgAN Immunoglobulin A nephropathy.

Other small non-controlled studies have reported positive preliminary results in
glomerulonephritis such as IgA nephropathy (IgAN), idiopathic membranous nephropathy
(IMN) and focal segmental glomerulosclerosis (FSGS) (Table 6). All these patients had
received multiple lines of immunosuppressive therapy and were considered resistant or
intolerant to conventional treatments [137]. Of interest, lower biodiversity and altered
composition of gut microbiota were reversed by FMT in IgAN, with a decrease in phylum
Proteobacteria and an increase in the genus Prevotella [141].

6. Current Limits and Future Perspectives
Our understanding of the mechanisms of the gut–kidney axis is still hindered by

several limits of currently available studies.
Mechanisms of action of different types of biotics remain unclear, although they

generally exert an anti-inflammatory effect. Limited study durations and populations may
have made them inadequate to demonstrate the actual impact of biotics on hard outcomes
such as kidney function, proteinuria, progression of CKD and reduction of cardiovascular
events. Additionally, the included studies varied widely in biotic types, strains and dosages.
Heterogeneous design and lack of standardization of different interventions have so far
prevented definite conclusions on their effectiveness in reducing inflammaging in CKD,
despite several meta-analyses. In addition, the best combinations of synbiotics and the role
of postbiotics are areas which deserve further investigations. As a consequence, attempts
at modulating gut microbiota with biotics still do not aim at targeting specific pathways,
and biotics are still considered as an adjunctive treatment in CKD, often within the setting
of a broader dietary intervention.
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However, key progress has begun in the setting of feline CKD, in which multi-omics
analysis has shed light on mechanisms underlying the effectiveness of two probiotic strains
and defined “high responders” on the basis of reductions in gut-derived uremic toxins and
increases in SCFA; this subset was characterized by peculiar microbiome composition and
metabolite shifts [144]. Performing similar studies in humans would help “personalize”
gut microbiota modulation and could provide an effective tool to monitor the actual impact
of these therapies in modulating key microbial pathways involved in inflammation such
as those involved in production of gut-derived uremic toxins (tyrosine, tryptophan, and
phenylalanine metabolism) and SCFAs (pyruvate, propanoate, and butanoate metabolism).
This targeted approach may help improve effectiveness of biotics and their assessment.

Furthermore, specifically designed multibiotics appear promising. Employment of
an ex vivo “Simulator of the Human Intestinal Microbial Ecosystem” and in silico data
mining has allowed the design of a multi-biotic (SynCKD) selecting probiotic Lactobacillus
johnsonii NCC533, a prebiotic (1% cellobiose) and a postbiotic (1% short and medium chain
triglycerides C4-C8, as a source of butyrate). The probiotic strain lacks the capacity to
produce gut-derived uremic toxins as it does not have genes for tryptophanase, tyrosinase
and urease. SynCKD effectively reduced uremic toxins generation in vivo in two uremic
rodent models, resulting in lower plasma levels of uremic toxins, and enhanced kidney
function after 6–8 weeks of treatment [145].

The role of specific detrimental bacteria is another interesting aspect which deserves
further investigation. For example, Akkermansia Muciniphila, an anaerobic bacterium col-
onizing the mucus layer of human and animal gut, has been associated with different
aging-related diseases including vasculopathy, type 2 diabetes and CKD [146].

On the other hand, specific beneficial bacteria have been identified: administration of
Lactobacillus johnsonii, whose abundance is inversely correlated with CKD progression, can
attenuate kidney lesion by suppressing the aryl hydrocarbon receptor (AHR) signal in a rat
model of CKD [147]; similarly, supplementation of Lacticaseibacillus rhamnosus strain L34
reduced uremic toxins and blunted inflammation in non-dialysis CKD patients [118].

It is possible that targeting specific bacteria may enhance the effectiveness of biotics in
specific settings such as CKD.

In addition, an expanded focus including not only bacteria but also other microorgan-
isms, such as fungi, archaea and viruses could provide a broader insight into the gut–kidney
axis [85].

Probably, time is ripe to move beyond analysis of relative composition of gut micro-
biota and potential associations with plasma UT levels and markers of chronic inflammation.
We currently need in-depth exploration of gut microbiota in CKD by confounder-controlled
quantitative microbial profiling, shotgun metagenomics and in vitro simulations of interac-
tions among microorganisms and between them and the host. This could enable a rational
selection of targeted biotic strategies based on in vitro and in vivo evidence and lead to a
personalized intervention in CKD [148].

An improved capacity to modulate gut microbiota may represent a novel approach
to treat many CKD-related manifestations, from sarcopenia to cardiovascular calcifica-
tions. Correction of gut microbiota dysbiosis can potentially translate in a reduction of
inflammaging and of cardiovascular risk in CKD population, characterized by a peculiar,
accelerated progression of senescence and atherosclerosis [149]. Interestingly, circulating
levels of gut-derived uremic toxins can serve as biomarkers of cardiovascular risk and
therapeutic targets and may enable measurement of the impact of biotics on this aspect [36].
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7. Conclusions
Intestinal dysbiosis has been increasingly recognized as a key driver of chronic inflam-

mation and inflammaging in CKD, and alterations of gut microbiota have been associated
with all main CKD-associated manifestations, from cardiovascular disease to sarcopenia
and malnutrition. Treatment with different types or associations of biotics (prebiotics,
probiotics, synbiotics and postbiotics), as well as FMT, have provided interesting results in
terms of reduction of circulating levels of gut-derived uremic toxins, suggesting a potential
beneficial impact on chronic inflammation, cardiovascular risk and CKD progression. Fur-
ther studies are needed to effectively harness gut bacteria and metabolic pathways and to
explore synergistic benefits between diet and different biotics, as this may provide novel
tools to attenuate chronic inflammation and improve CKD management.
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Abbreviations
The following abbreviations are used in this manuscript:

ACR Albumine/creatinine ratio
AHR Aryl hydrocarbon receptor
AXOS Arabinoxylan oligosaccharide
BUN Blood urea nitrogen
CRP C reactive protein
DC Dendritic cell
DKD Diabetic kidney disease
ESRD End stage renal disease
FMT Fecal microbiota transplantation
Foxp3+ Tregs Foxp3+ regulatory T cells
GALT Gut-associated lymphoid tissue
GDUT Gut-derived uremic toxins
CKD Chronic kidney disease
GM Gut microbiota
GNRI Geriatric Nutritional Risk Index
GOS α-galacto-oligosaccharides
FOS β-fructooligosaccharides
HD Hemodialysis
IAA Indole acetic acid
IBD Inflammatory bowel disease
Il1 β Interleukin-1β
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IS Indoxyl sulfate
ILC3 Group 3 innate lymphoid cell
LGS Leaky gut syndrome
LPD Low-protein diet
MAPK Mitogen-activated protein kinase
MD Mediterranean diet
mtDNA Mitochondrial DNA
mTOR Mammalian target of rapamycin
mtROS Mitochondrial Reactive oxygen species
NAD Nicotinamide
NF-κB Nuclear factor kappa-B
NLRP3 NOD-like receptor family pyrin domain containing 3
NO Nitric oxide
PAG Phenylacetylglutamine
PBD Plant-based diets
PBUT Protein-bound uremic toxins
PD Peritoneal dialysis
p-CS p-cresyl sulfate
PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
ROS Reactive oxygen species
RS Resistant starch
SGA Subjective global assessment
SASP Senescence-associated secretory phenotype
Tr1 Type 1 regulatory T cells

References
1. Qin, K.; Qing, J.; Wang, Q.; Li, Y. Epidemiological Shifts in Chronic Kidney Disease: A 30-Year Global and Regional Assessment.

BMC Public Health 2024, 24, 3519. [CrossRef] [PubMed]
2. Jiang, B.; Dong, Y.; Xiong, Y.; Jiang, C.; Ping, J.; Wu, Q.; Xu, L.; Shu, R.; Gao, D.; Zhu, S.; et al. Global Research Trends in

Inflammaging from 2005 to 2024: A Bibliometric Analysis. Front. Aging 2025, 6, 1554186. [CrossRef] [PubMed]
3. Tölle, M.; Henkel, C.; Herrmann, J.; Daniel, C.; Babic, M.; Xia, M.; Schulz, A.M.; Amann, K.; Van Der Giet, M.; Schuchardt, M.

Uremic Mouse Model to Study Vascular Calcification and “Inflamm-Aging”. J. Mol. Med. 2022, 100, 1321–1330. [CrossRef]
[PubMed]

4. Caturano, A.; Galiero, R.; Rocco, M.; Tagliaferri, G.; Piacevole, A.; Nilo, D.; Di Lorenzo, G.; Sardu, C.; Russo, V.; Vetrano, E.; et al.
The Dual Burden: Exploring Cardiovascular Complications in Chronic Kidney Disease. Biomolecules 2024, 14, 1393. [CrossRef]
[PubMed]

5. Kennard, A.; Glasgow, N.; Rainsford, S.; Talaulikar, G. Frailty in Chronic Kidney Disease: Challenges in Nephrology Practice.
A Review of Current Literature. Intern. Med. J. 2023, 53, 465–472. [CrossRef] [PubMed]

6. Caldiroli, L.; Molinari, P.; D’Alessandro, C.; Cupisti, A.; Alfieri, C.; Castellano, G.; Vettoretti, S. Osteosarcopenia in Chronic
Kidney Disease: An Overlooked Syndrome? J. Cachexia Sarcopenia Muscle 2025, 16, e13787. [CrossRef] [PubMed]

7. Capasso, G.; Franssen, C.F.M.; Perna, A.F.; Massy, Z.A.; Menzies, R.I.; Zoccali, C.; Tessitore, A.; Nedergaard, M.; Okusa, M.D.;
Ortiz, A.; et al. Drivers and Mechanisms of Cognitive Decline in Chronic Kidney Disease. Nat. Rev. Nephrol. 2025, 21, 536–552.
[CrossRef] [PubMed]

8. Wu, F.; Mu, W.-C.; Markov, N.T.; Fuentealba, M.; Halaweh, H.; Senchyna, F.; Manwaring-Mueller, M.N.; Winer, D.A.; Furman, D.
Immunological Biomarkers of Aging. J. Immunol. 2025, 214, 889–902. [CrossRef] [PubMed]

9. Picca, A.; Lezza, A.; Leeuwenburgh, C.; Pesce, V.; Calvani, R.; Landi, F.; Bernabei, R.; Marzetti, E. Fueling Inflamm-Aging through
Mitochondrial Dysfunction: Mechanisms and Molecular Targets. Int. J. Mol. Sci. 2017, 18, 933. [CrossRef] [PubMed]

10. Theodorakis, N.; Feretzakis, G.; Hitas, C.; Kreouzi, M.; Kalantzi, S.; Spyridaki, A.; Kollia, Z.; Verykios, V.S.; Nikolaou, M.
Immunosenescence: How Aging Increases Susceptibility to Bacterial Infections and Virulence Factors. Microorganisms 2024, 12,
2052. [CrossRef] [PubMed]

11. Scheithauer, T.P.M.; Rampanelli, E.; Nieuwdorp, M.; Vallance, B.A.; Verchere, C.B.; Van Raalte, D.H.; Herrema, H. Gut Microbiota
as a Trigger for Metabolic Inflammation in Obesity and Type 2 Diabetes. Front. Immunol. 2020, 11, 571731. [CrossRef] [PubMed]

12. Shemtov, S.J.; Emani, R.; Bielska, O.; Covarrubias, A.J.; Verdin, E.; Andersen, J.K.; Winer, D.A. The Intestinal Immune System and
Gut Barrier Function in Obesity and Ageing. FEBS J. 2023, 290, 4163–4186. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131171

https://doi.org/10.1186/s12889-024-21065-9
https://www.ncbi.nlm.nih.gov/pubmed/39695543
https://doi.org/10.3389/fragi.2025.1554186
https://www.ncbi.nlm.nih.gov/pubmed/40276724
https://doi.org/10.1007/s00109-022-02234-y
https://www.ncbi.nlm.nih.gov/pubmed/35916902
https://doi.org/10.3390/biom14111393
https://www.ncbi.nlm.nih.gov/pubmed/39595570
https://doi.org/10.1111/imj.15759
https://www.ncbi.nlm.nih.gov/pubmed/35353436
https://doi.org/10.1002/jcsm.13787
https://www.ncbi.nlm.nih.gov/pubmed/40192621
https://doi.org/10.1038/s41581-025-00963-0
https://www.ncbi.nlm.nih.gov/pubmed/40281076
https://doi.org/10.1093/jimmun/vkae036
https://www.ncbi.nlm.nih.gov/pubmed/40443365
https://doi.org/10.3390/ijms18050933
https://www.ncbi.nlm.nih.gov/pubmed/28452964
https://doi.org/10.3390/microorganisms12102052
https://www.ncbi.nlm.nih.gov/pubmed/39458361
https://doi.org/10.3389/fimmu.2020.571731
https://www.ncbi.nlm.nih.gov/pubmed/33178196
https://doi.org/10.1111/febs.16558
https://www.ncbi.nlm.nih.gov/pubmed/35727858
https://doi.org/10.3390/cells15131171


Cells 2026, 15, 1171 20 of 26

13. Wilmanski, T.; Diener, C.; Rappaport, N.; Patwardhan, S.; Wiedrick, J.; Lapidus, J.; Earls, J.C.; Zimmer, A.; Glusman, G.; Robinson,
M.; et al. Gut Microbiome Pattern Reflects Healthy Ageing and Predicts Survival in Humans. Nat. Metab. 2021, 3, 274–286.
Erratum in Nat. Metab. 2021, 3, 586. [CrossRef] [PubMed]

14. Marzullo, P.; Di Renzo, L.; Pugliese, G.; De Siena, M.; Barrea, L.; Muscogiuri, G.; Colao, A.; Savastano, S. Obesity Programs
of Nutrition, Education, Research and Assessment (OPERA) Group. From Obesity through Gut Microbiota to Cardiovascular
Diseases: A Dangerous Journey. Int. J. Obes. Suppl. 2020, 10, 35–49. [CrossRef] [PubMed]

15. Pace, L.A.; Kong, N.; Itani, M.I.; Hemp, J. The Neuroimmune Axis in Gastrointestinal Disorders—An Underrecognized Problem.
Curr. Gastroenterol. Rep. 2025, 27, 28. Erratum in Curr. Gastroenterol. Rep. 2025, 27, 44. [CrossRef] [PubMed]

16. Ali, M.; Iqbal, N.; Rakib, M.A.; Lee, K.-A.; Lee, M.-H.; Kim, Y.-S. Microbiome, Potential Therapeutic Agents: New Players of
Obesity Treatment. J. Microbiol. Biotechnol. 2025, 35, e2501024. [CrossRef] [PubMed]

17. Münte, E.; Hartmann, P. The Role of Short-Chain Fatty Acids in Metabolic Dysfunction-Associated Steatotic Liver Disease and
Other Metabolic Diseases. Biomolecules 2025, 15, 469. [CrossRef] [PubMed]

18. Fu, L.; Baranova, A.; Cao, H.; Zhang, F. Gut Microbiome Links Obesity to Type 2 Diabetes: Insights from Mendelian Randomiza-
tion. BMC Microbiol. 2025, 25, 253. [CrossRef] [PubMed]

19. Bolognini, D.; Dedeo, D.; Milligan, G. Metabolic and Inflammatory Functions of Short-Chain Fatty Acid Receptors. Curr. Opin.
Endocr. Metab. Res. 2021, 16, 1–9. [CrossRef] [PubMed]

20. Tarracchini, C.; Lordan, C.; Milani, C.; Moreira, L.P.D.; Alabedallat, Q.M.; De Moreno De LeBlanc, A.; Turroni, F.; Lugli, G.A.;
Mancabelli, L.; Longhi, G.; et al. Vitamin Biosynthesis in the Gut: Interplay between Mammalian Host and Its Resident Microbiota.
Microbiol. Mol. Biol. Rev. 2025, 89, e00184-23. [CrossRef] [PubMed]

21. Edwards, M.; Brockmann, L. Microbiota-Dependent Modulation of Intestinal Anti-Inflammatory CD4+ T Cell Responses. Semin.
Immunopathol. 2025, 47, 23. [CrossRef] [PubMed]

22. Moffa, S.; Mezza, T.; Cefalo, C.M.A.; Cinti, F.; Impronta, F.; Sorice, G.P.; Santoro, A.; Di Giuseppe, G.; Pontecorvi, A.; Giaccari, A.
The Interplay between Immune System and Microbiota in Diabetes. Mediat. Inflamm. 2019, 2019, 9367404. [CrossRef] [PubMed]

23. Mehta, I.; Juneja, K.; Nimmakayala, T.; Bansal, L.; Pulekar, S.; Duggineni, D.; Ghori, H.K.; Modi, N.; Younas, S. Gut Microbiota
and Mental Health: A Comprehensive Review of Gut-Brain Interactions in Mood Disorders. Cureus 2025, 17, e81447. [CrossRef]
[PubMed]

24. Mirab, F.; Pirhaghi, M.; Otzen, D.E.; Saboury, A.A. Parkinson’s Disease and Gut Microbiota Metabolites: The Dual Impact of
Vitamins and Functional Amyloids. Biochim. Biophys. Acta BBA—Mol. Basis Dis. 2025, 1871, 167862. [CrossRef] [PubMed]

25. Dissayabutra, T.; Chuaypen, N.; Somnark, P.; Boonkaew, B.; Udomkarnjananun, S.; Kittiskulnam, P.; Charoenchittang, P.;
Prombutara, P.; Tangkijvanich, P. Characterization of Gut Dysbiosis and Intestinal Barrier Dysfunction in Patients with Metabolic
Dysfunction-Associated Steatotic Liver Disease and Chronic Kidney Disease: A Comparative Study. Sci. Rep. 2025, 15, 15481.
[CrossRef] [PubMed]

26. Mishra, S.; Jain, S.; Agadzi, B.; Yadav, H. A Cascade of Microbiota-Leaky Gut-Inflammation- Is It a Key Player in Metabolic
Disorders? Curr. Obes. Rep. 2025, 14, 32. [CrossRef] [PubMed]

27. Zhou, W.; Zhou, J.Z.; Ahmed, A.; Kim, M.J.; Guo, C.-J.; Sonnenberg, G.F. ILC3s Sense Gut Microbiota through STING to Initiate
Immune Tolerance. Immunity 2025, 58, 1762–1777. [CrossRef] [PubMed]

28. Sharma, A.; Sharma, G.; Im, S.-H. Gut Microbiota in Regulatory T Cell Generation and Function: Mechanisms and Health
Implications. Gut Microbes 2025, 17, 2516702. [CrossRef] [PubMed]

29. Dong, T.S.; Gupta, A. Influence of Early Life, Diet, and the Environment on the Microbiome. Clin. Gastroenterol. Hepatol. 2019, 17,
231–242. [CrossRef] [PubMed]

30. Laterza, L.; Cremon, C.; Coppola, G.; Settanni, C.R.; Maresca, R.; Strazzeri, M.; Durini, E.; Petito, V.; Scaldaferri, F.; Gargari, G.;
et al. Multistrain Probiotics Plus Vitamin D Improve Gut Barrier Function and Gut Microbiota Composition in Irritable Bowel
Syndrome Without Constipation: Results from a Double-Blind, Randomized, Placebo-Controlled Trial. Nutrients 2025, 17, 1708.
[CrossRef] [PubMed]

31. Vemulapalli, V.; Shirwaikar Thomas, A. The Role of Vitamin D in Gastrointestinal Homeostasis and Gut Inflammation. Int. J. Mol.
Sci. 2025, 26, 3020. [CrossRef] [PubMed]

32. Guan, R.; Peng, J.; Gu, Q.; Xu, J.; Zhang, J.; Adamu, H.; Yang, Q.; Wang, L.; Cao, G. The Gut-Kidney Axis in Chronic Kidney
Disease: A Vicious Cycle of Microbial Dysbiosis and Uremic Toxin Accumulation. Front. Immunol. 2026, 17, 1801912. [CrossRef]
[PubMed]

33. Młynarska, E.; Budny, E.; Saar, M.; Wojtanowska, E.; Jankowska, J.; Marciszuk, S.; Mazur, M.; Rysz, J.; Franczyk, B. Does the
Composition of Gut Microbiota Affect Chronic Kidney Disease? Molecular Mechanisms Contributed to Decreasing Glomerular
Filtration Rate. Int. J. Mol. Sci. 2024, 25, 10429. [CrossRef] [PubMed]

34. Wong, J.; Piceno, Y.M.; DeSantis, T.Z.; Pahl, M.; Andersen, G.L.; Vaziri, N.D. Expansion of Urease- and Uricase-Containing, Indole-
and p-Cresol-Forming and Contraction of Short-Chain Fatty Acid-Producing Intestinal Microbiota in ESRD. Am. J. Nephrol. 2014,
39, 230–237. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131171

https://doi.org/10.1038/s42255-021-00348-0
https://www.ncbi.nlm.nih.gov/pubmed/33619379
https://doi.org/10.1038/s41367-020-0017-1
https://www.ncbi.nlm.nih.gov/pubmed/32714511
https://doi.org/10.1007/s11894-025-00973-9
https://www.ncbi.nlm.nih.gov/pubmed/40232527
https://doi.org/10.4014/jmb.2501.01024
https://www.ncbi.nlm.nih.gov/pubmed/40295195
https://doi.org/10.3390/biom15040469
https://www.ncbi.nlm.nih.gov/pubmed/40305160
https://doi.org/10.1186/s12866-025-03968-8
https://www.ncbi.nlm.nih.gov/pubmed/40289103
https://doi.org/10.1016/j.coemr.2020.06.005
https://www.ncbi.nlm.nih.gov/pubmed/32835130
https://doi.org/10.1128/mmbr.00184-23
https://www.ncbi.nlm.nih.gov/pubmed/40172109
https://doi.org/10.1007/s00281-025-01049-6
https://www.ncbi.nlm.nih.gov/pubmed/40167791
https://doi.org/10.1155/2019/9367404
https://www.ncbi.nlm.nih.gov/pubmed/32082078
https://doi.org/10.7759/cureus.81447
https://www.ncbi.nlm.nih.gov/pubmed/40303511
https://doi.org/10.1016/j.bbadis.2025.167862
https://www.ncbi.nlm.nih.gov/pubmed/40254265
https://doi.org/10.1038/s41598-025-00237-6
https://www.ncbi.nlm.nih.gov/pubmed/40319096
https://doi.org/10.1007/s13679-025-00624-0
https://www.ncbi.nlm.nih.gov/pubmed/40208464
https://doi.org/10.1016/j.immuni.2025.05.016
https://www.ncbi.nlm.nih.gov/pubmed/40527323
https://doi.org/10.1080/19490976.2025.2516702
https://www.ncbi.nlm.nih.gov/pubmed/40517372
https://doi.org/10.1016/j.cgh.2018.08.067
https://www.ncbi.nlm.nih.gov/pubmed/30196160
https://doi.org/10.3390/nu17101708
https://www.ncbi.nlm.nih.gov/pubmed/40431448
https://doi.org/10.3390/ijms26073020
https://www.ncbi.nlm.nih.gov/pubmed/40243631
https://doi.org/10.3389/fimmu.2026.1801912
https://www.ncbi.nlm.nih.gov/pubmed/42183210
https://doi.org/10.3390/ijms251910429
https://www.ncbi.nlm.nih.gov/pubmed/39408756
https://doi.org/10.1159/000360010
https://www.ncbi.nlm.nih.gov/pubmed/24643131
https://doi.org/10.3390/cells15131171


Cells 2026, 15, 1171 21 of 26

35. Chen, M.-C.; Kuo, C.-H.; Lin, Y.-L.; Hsu, B.-G. Gut-Derived Uremic Toxins and Cardiovascular Health in Chronic Kidney Disease.
Tzu Chi Med. J. 2025, 37, 264–274. [CrossRef] [PubMed]

36. Mohsenzadeh, A.; Pourasgar, S.; Mohammadi, A.; Nazari, M.; Nematollahi, S.; Karimi, Y.; Firoozbakhsh, P.; Mohsenzadeh, H.;
Kamali, K.; Elahi, R. The Gut Microbiota and Cardiovascular Disease: Exploring the Role of Microbial Dysbiosis and Metabolites
in Pathogenesis and Therapeutics. Life Sci. 2025, 381, 123981. [CrossRef] [PubMed]

37. Yamamoto, S.; Fuller, D.S.; Komaba, H.; Nomura, T.; Massy, Z.A.; Bieber, B.; Robinson, B.; Pisoni, R.; Fukagawa, M. Serum Total
Indoxyl Sulfate and Clinical Outcomes in Hemodialysis Patients: Results from the Japan Dialysis Outcomes and Practice Patterns
Study. Clin. Kidney J. 2021, 14, 1236–1243. [CrossRef] [PubMed]

38. Zwaenepoel, B.; De Backer, T.; Glorieux, G.; Verbeke, F. Predictive Value of Protein-bound Uremic Toxins for Heart Failure in
Patients with Chronic Kidney Disease. ESC Heart Fail. 2024, 11, 466–474. [CrossRef] [PubMed]

39. Renaldi, R.; Wiguna, T.; Persico, A.M.; Tanra, A.J. p-Cresol and p-Cresyl Sulphate Boost Oxidative Stress: A Systematic Review of
Recent Evidence. Basic Clin. Pharmacol. Toxicol. 2025, 137, e70065. [CrossRef] [PubMed]

40. Lin, C.-J.; Wu, V.; Wu, P.-C.; Wu, C.-J. Meta-Analysis of the Associations of p-Cresyl Sulfate (PCS) and Indoxyl Sulfate (IS) with
Cardiovascular Events and All-Cause Mortality in Patients with Chronic Renal Failure. PLoS ONE 2015, 10, e0132589. [CrossRef]
[PubMed]

41. Glorieux, G.; Vanholder, R.; Van Biesen, W.; Pletinck, A.; Schepers, E.; Neirynck, N.; Speeckaert, M.; De Bacquer, D.; Verbeke, F.
Free p -Cresyl Sulfate Shows the Highest Association with Cardiovascular Outcome in Chronic Kidney Disease. Nephrol. Dial.
Transplant. 2021, 36, 998–1005. [CrossRef] [PubMed]

42. Chern, Y.-B.; Chia, K.L.; Liu, C.-H.; Lin, Y.-L.; Tsai, J.-P.; Hsu, B.-G. Serum P-Cresyl Sulfate Is Independently Associated with
Aortic Stiffness in Non-Dialysis Chronic Kidney Disease Patients. Life 2025, 15, 1116. [CrossRef] [PubMed]

43. Nayak, S.P.R.R.; Boopathi, S.; Chandrasekar, M.; Panda, S.P.; Manikandan, K.; Chitra, V.; Almutairi, B.O.; Arokiyaraj, S.; Guru, A.;
Arockiaraj, J. Indole-3-Acetic Acid Exposure Leads to Cardiovascular Inflammation and Fibrosis in Chronic Kidney Disease Rat
Model. Food Chem. Toxicol. 2024, 192, 114917. [CrossRef] [PubMed]

44. Jiang, S.; Shui, Y.; Cui, Y.; Tang, C.; Wang, X.; Qiu, X.; Hu, W.; Fei, L.; Li, Y.; Zhang, S.; et al. Gut Microbiota Dependent
Trimethylamine N-Oxide Aggravates Angiotensin II–Induced Hypertension. Redox Biol. 2021, 46, 102115. [CrossRef] [PubMed]

45. Canyelles, M.; Borràs, C.; Rotllan, N.; Tondo, M.; Escolà-Gil, J.C.; Blanco-Vaca, F. Gut Microbiota-Derived TMAO: A Causal Factor
Promoting Atherosclerotic Cardiovascular Disease? Int. J. Mol. Sci. 2023, 24, 1940. [CrossRef] [PubMed]

46. Qi, J.; You, T.; Li, J.; Pan, T.; Xiang, L.; Han, Y.; Zhu, L. Circulating Trimethylamine N-oxide and the Risk of Cardiovascular
Diseases: A Systematic Review and Meta-analysis of 11 Prospective Cohort Studies. J. Cell. Mol. Med. 2018, 22, 185–194. [CrossRef]
[PubMed]

47. Dai, L.; Massy, Z.A.; Stenvinkel, P.; Chesnaye, N.C.; Larabi, I.A.; Alvarez, J.C.; Caskey, F.J.; Torino, C.; Porto, G.; Szymczak, M.;
et al. The Association between TMAO, CMPF, and Clinical Outcomes in Advanced Chronic Kidney Disease: Results from the
European QUALity (EQUAL) Study. Am. J. Clin. Nutr. 2022, 116, 1842–1851. [CrossRef]

48. Ma, L.; Fu, G.; Liu, R.; Zhou, F.; Dong, S.; Zhou, Y.; Lou, J.; Wang, X. Phenylacetyl Glutamine: A Novel Biomarker for Stroke
Recurrence Warning. BMC Neurol. 2023, 23, 74. [CrossRef] [PubMed]

49. Kondapalli, N.; Katari, V.; Dalal, K.K.; Paruchuri, S.; Thodeti, C.K. Microbiota in Gut-Heart Axis: Metabolites and Mechanisms in
Cardiovascular Disease. Compr. Physiol. 2025, 15, e70024. [CrossRef] [PubMed]

50. Zhang, S.; Tang, S.; Liu, Y.; Xue, B.; Xie, Q.; Zhao, L.; Yuan, H. Protein-Bound Uremic Toxins as Therapeutic Targets for
Cardiovascular, Kidney, and Metabolic Disorders. Front. Endocrinol. 2025, 16, 1500336. [CrossRef]

51. Banerjee, T.; Meyer, T.W.; Shafi, T.; Hostetter, T.H.; Melamed, M.; Zhu, Y.; Powe, N.R. Free and Total P-Cresol Sulfate Levels and
Infectious Hospitalizations in Hemodialysis Patients in CHOICE and HEMO. Medicine 2017, 96, e5799. [CrossRef] [PubMed]

52. Cernaro, V.; Calabrese, V.; Loddo, S.; Corsaro, R.; Macaione, V.; Ferlazzo, V.T.; Cigala, R.M.; Crea, F.; De Stefano, C.; Gembillo,
G.; et al. Indole-3-Acetic Acid Correlates with Monocyte-to-High-Density Lipoprotein (HDL) Ratio (MHR) in Chronic Kidney
Disease Patients. Int. Urol. Nephrol. 2022, 54, 2355–2364. [CrossRef] [PubMed]

53. Oktaviono, Y.H.; Dyah Lamara, A.; Saputra, P.B.T.; Arnindita, J.N.; Pasahari, D.; Saputra, M.E.; Suasti, N.M.A. The Roles of
Trimethylamine-N-Oxide in Atherosclerosis and Its Potential Therapeutic Aspect: A Literature Review. Biomol. Biomed. 2023, 23,
936–948. [CrossRef] [PubMed]

54. Thakur, D.; Harmer, M.J. Circulating Short-Chain Fatty Acid Levels in Chronic Kidney Disease: A Systematic Review and
Meta-Analysis. Nutrients 2026, 18, 1440. [CrossRef]

55. Al Jnainati, M.; Govindarajan, A.; Tyagi, S.; Iltaf, M.; Al Jnainati, J.; Ayoub, M.; Shadab, H.A. Harnessing Microbiome Therapy to
Treat Metabolic Syndrome. AACE Endocrinol. Diabetes 2026, 13, 463–472. [CrossRef] [PubMed]

56. Ahmad, S.; Usman, M.; Bibi, M.; Aftab, M.N.; Aslam, M.S. Small but Mighty: The Human Mycobiome as an Immunopharmaco-
logical Regulator of Inflammation and Autoimmunity. Int. Immunopharmacol. 2026, 185, 116968. [CrossRef] [PubMed]

57. Karmokar, P.F.; Murphy, A.J.; Moniri, N.H. The Roles of Free-Fatty Acid Receptors in the Pathophysiology of Renal Disorders. J.
Pharmacol. Exp. Ther. 2026, 393, 104889. [CrossRef] [PubMed]

https://doi.org/10.3390/cells15131171

https://doi.org/10.4103/tcmj.tcmj_293_24
https://www.ncbi.nlm.nih.gov/pubmed/40741605
https://doi.org/10.1016/j.lfs.2025.123981
https://www.ncbi.nlm.nih.gov/pubmed/40987375
https://doi.org/10.1093/ckj/sfaa121
https://www.ncbi.nlm.nih.gov/pubmed/33841868
https://doi.org/10.1002/ehf2.14566
https://www.ncbi.nlm.nih.gov/pubmed/38041505
https://doi.org/10.1111/bcpt.70065
https://www.ncbi.nlm.nih.gov/pubmed/40534235
https://doi.org/10.1371/journal.pone.0132589
https://www.ncbi.nlm.nih.gov/pubmed/26173073
https://doi.org/10.1093/ndt/gfab004
https://www.ncbi.nlm.nih.gov/pubmed/33508125
https://doi.org/10.3390/life15071116
https://www.ncbi.nlm.nih.gov/pubmed/40724618
https://doi.org/10.1016/j.fct.2024.114917
https://www.ncbi.nlm.nih.gov/pubmed/39128690
https://doi.org/10.1016/j.redox.2021.102115
https://www.ncbi.nlm.nih.gov/pubmed/34474396
https://doi.org/10.3390/ijms24031940
https://www.ncbi.nlm.nih.gov/pubmed/36768264
https://doi.org/10.1111/jcmm.13307
https://www.ncbi.nlm.nih.gov/pubmed/28782886
https://doi.org/10.1093/ajcn/nqac278
https://doi.org/10.1186/s12883-023-03118-5
https://www.ncbi.nlm.nih.gov/pubmed/36797695
https://doi.org/10.1002/cph4.70024
https://www.ncbi.nlm.nih.gov/pubmed/40542540
https://doi.org/10.3389/fendo.2025.1500336
https://doi.org/10.1097/MD.0000000000005799
https://www.ncbi.nlm.nih.gov/pubmed/28178126
https://doi.org/10.1007/s11255-022-03137-0
https://www.ncbi.nlm.nih.gov/pubmed/35147839
https://doi.org/10.17305/bb.2023.8893
https://www.ncbi.nlm.nih.gov/pubmed/37337893
https://doi.org/10.3390/nu18091440
https://doi.org/10.1016/j.aed.2025.11.015
https://www.ncbi.nlm.nih.gov/pubmed/42221399
https://doi.org/10.1016/j.intimp.2026.116968
https://www.ncbi.nlm.nih.gov/pubmed/42248124
https://doi.org/10.1016/j.jpet.2026.104889
https://www.ncbi.nlm.nih.gov/pubmed/42096898
https://doi.org/10.3390/cells15131171


Cells 2026, 15, 1171 22 of 26

58. Szrejder, M.; Piwkowska, A. Gut Microbiome-Derived Short-Chain Fatty Acids in Glomerular Protection and Modulation of
Chronic Kidney Disease Progression. Nutrients 2025, 17, 2904. [CrossRef] [PubMed]

59. Wang, S.; Lv, D.; Jiang, S.; Jiang, J.; Liang, M.; Hou, F.; Chen, Y. Quantitative Reduction in Short-Chain Fatty Acids, Especially
Butyrate, Contributes to the Progression of Chronic Kidney Disease. Clin. Sci. 2019, 133, 1857–1870. [CrossRef] [PubMed]

60. Esgalhado, M.; Kemp, J.A.; Damasceno, N.R.; Fouque, D.; Mafra, D. Short-Chain Fatty Acids: A Link Between Prebiotics And
Microbiota In Chronic Kidney Disease. Future Microbiol. 2017, 12, 1413–1425. [CrossRef] [PubMed]

61. Wakino, S.; Hasegawa, K.; Tamaki, M.; Minato, M.; Inagaki, T. Kidney-Gut Axis in Chronic Kidney Disease: Therapeutic
Perspectives from Microbiota Modulation and Nutrition. Nutrients 2025, 17, 1961. [CrossRef] [PubMed]

62. Sommer, F.; Bernardes, J.P.; Best, L.; Sommer, N.; Hamm, J.; Messner, B.; López-Agudelo, V.A.; Fazio, A.; Marinos, G.; Kadibalban,
A.S.; et al. Life-Long Microbiome Rejuvenation Improves Intestinal Barrier Function and Inflammaging in Mice. Microbiome 2025,
13, 91. [CrossRef] [PubMed]

63. Yang, Y.; Mihajlovic, M.; Masereeuw, R. Protein-Bound Uremic Toxins in Senescence and Kidney Fibrosis. Biomedicines 2023, 11,
2408. [CrossRef] [PubMed]

64. Tsuji, K.; Uchida, N.; Nakanoh, H.; Fukushima, K.; Haraguchi, S.; Kitamura, S.; Wada, J. The Gut–Kidney Axis in Chronic Kidney
Diseases. Diagnostics 2024, 15, 21. [CrossRef]

65. Upadhyay, P.; Suhail, A.; Khanal, P.; Kumar, S. Mechanistic Insights and Biomarker Discovery in Immune Cell Aging and
Age-Associated Diseases. Front. Immunol. 2025, 16, 1637191. [CrossRef] [PubMed]

66. Braga, C.E.H.V.P.F.; De Brito, J.S.; Ribeiro, M.; Coutinho-Wolino, K.S.; Regis, B.; Calixto, B.; Rodrigues, R.C.B.; Wang, A.Y.-M.;
Stenvinkel, P.; Mafra, D. Premature Aging in Chronic Kidney Disease: Decoding Senescence Biomarkers and Therapeutic
Opportunities. Biochimie 2025, 240, 42–58. [CrossRef] [PubMed]

67. Pinti, M.; Cevenini, E.; Nasi, M.; De Biasi, S.; Salvioli, S.; Monti, D.; Benatti, S.; Gibellini, L.; Cotichini, R.; Stazi, M.A.; et al.
Circulating Mitochondrial DNA Increases with Age and Is a Familiar Trait: Implications for “Inflamm-aging”. Eur. J. Immunol.
2014, 44, 1552–1562. [CrossRef] [PubMed]

68. Zhao, D.; Yan, Z.; Yu, Y.; Zhang, Y.; Luan, Z. From Mechanisms to Therapies: Exploiting Epigenetic and Post-Translational
Modifications of Mitochondrial Quality Control in Diabetic Kidney Disease. Front. Endocrinol. 2026, 17, 1821507. [CrossRef]

69. Rong, J.; Dai, Y.; Zhang, B.; Li, Y.; Chen, K.; Li, H.; Zhao, T.; Liu, S. Diabetic Kidney Disease and Aging: Focus on Gut Microbiota.
Life Sci. 2025, 381, 123999. [CrossRef] [PubMed]

70. Manhães, L.D.M.; Santana, L.; Alves, M.R.; Leal, P.M.; De Velasco, P.C.; Santana, I.; De Brito, J.S.; Mafra, D.; Borges, N.A.
Trimethylamine N -Oxide Plasma Levels Following Red Meat and Cod Fish Intake: A Pilot Crossover Trial in Hemodialysis
Patients. Mol. Nutr. Food Res. 2025, 69, e70031. [CrossRef] [PubMed]

71. Sun, M.; Fang, Y.; Zheng, J.; Shi, G.; Guo, J.; Zhang, X.; Zhang, R. Role of Symbiotic Microbiota Dysbiosis in the Progression of
Chronic Kidney Disease Accompanied with Vascular Calcification. Front. Pharmacol. 2024, 14, 1306125. [CrossRef] [PubMed]

72. Lima, L.S.; Ribeiro, M.; Cardozo, L.F.M.F.; Bittner, R.; Ribeiro-Alves, M.; Schultz, J.; Rosado, A.S.; Leite, P.E.C.; Nakao, L.S.;
Schurgers, L.J.; et al. Association of Poor Vitamin K Status with Inflammation and Gut Microbiota in Hemodialysis Patients:
A Cross-Sectional Study. J. Nutr. Biochem. 2026, 148, 110139. [CrossRef]

73. Palamar, M.; Grosu Radulescu, I.D.; Tanasescu, M.D.; Sircuta, A.; Bob, F. Vascular Calcification in Chronic Kidney Disease and
Hemodialysis: Pathophysiological Mechanisms and Emerging Biomarkers. Medicina 2025, 61, 2169. [CrossRef] [PubMed]

74. Neofytou, I.E.; Stamou, A.; Demopoulos, A.; Roumeliotis, S.; Zebekakis, P.; Liakopoulos, V.; Stamellou, E.; Dounousi, E. Vitamin K
for Vascular Calcification in Kidney Patients: Still Alive and Kicking, but Still a Lot to Learn. Nutrients 2024, 16, 1798. [CrossRef]
[PubMed]

75. Vallianou, N.G.; Kounatidis, D.; Panagopoulos, F.; Evangelopoulos, A.; Stamatopoulos, V.; Papagiorgos, A.; Geladari, E.;
Dalamaga, M. Gut Microbiota and Its Role in the Brain-Gut-Kidney Axis in Hypertension. Curr. Hypertens. Rep. 2023, 25, 367–376.
[CrossRef] [PubMed]

76. Zhao, Y.; Tran, T.; Fang, C.; Paganini-Hill, A.; Dulkanchainun, M.; Mai, E.; Eprem, L.; Cribbs, D.; Fisher, M.; Lau, W.L. Gut
Dysbiosis and Brain Microhemorrhages in Young vs. Aged Mice with Chronic Kidney Disease. Sci. Rep. 2025, 15, 32910.
[CrossRef] [PubMed]

77. Zhou, L.; Wang, Z.; Wang, M.; Li, X.; Ren, Q. Gut Microbiome Mediates the Causal Relationship between Chronic Kidney Disease
and Cognitive Dysfunction: A Mendelian Randomization Study. Physiol. Behav. 2025, 301, 115068. [CrossRef] [PubMed]

78. Zhang, Y.; Han, X.; Feng, T.; Li, Z.; Yu, H.; Chen, Y.; Gao, Y.; Gao, Q.; Zhang, L.; Li, S.; et al. Gut-Microbiota-Derived Indole Sulfate
Promotes Heart Failure in Chronic Kidney Disease. Cell Host Microbe 2025, 33, 1715–1730. [CrossRef] [PubMed]

79. Han, B.; Zhang, X.; Wang, L.; Yuan, W. Dysbiosis of Gut Microbiota Contributes to Uremic Cardiomyopathy via Induction of
IFNγ-Producing CD4+ T Cells Expansion. Microbiol. Spectr. 2023, 11, e03101-22. [CrossRef] [PubMed]

80. Bakinowska, E.; Olejnik-Wojciechowska, J.; Kiełbowski, K.; Skoryk, A.; Pawlik, A. Pathogenesis of Sarcopenia in Chronic Kidney
Disease—The Role of Inflammation, Metabolic Dysregulation, Gut Dysbiosis, and microRNA. Int. J. Mol. Sci. 2024, 25, 8474.
[CrossRef] [PubMed]

https://doi.org/10.3390/cells15131171

https://doi.org/10.3390/nu17172904
https://www.ncbi.nlm.nih.gov/pubmed/40944292
https://doi.org/10.1042/CS20190171
https://www.ncbi.nlm.nih.gov/pubmed/31467135
https://doi.org/10.2217/fmb-2017-0059
https://www.ncbi.nlm.nih.gov/pubmed/29027814
https://doi.org/10.3390/nu17121961
https://www.ncbi.nlm.nih.gov/pubmed/40573072
https://doi.org/10.1186/s40168-025-02089-8
https://www.ncbi.nlm.nih.gov/pubmed/40176137
https://doi.org/10.3390/biomedicines11092408
https://www.ncbi.nlm.nih.gov/pubmed/37760849
https://doi.org/10.3390/diagnostics15010021
https://doi.org/10.3389/fimmu.2025.1637191
https://www.ncbi.nlm.nih.gov/pubmed/41132677
https://doi.org/10.1016/j.biochi.2025.10.008
https://www.ncbi.nlm.nih.gov/pubmed/41106538
https://doi.org/10.1002/eji.201343921
https://www.ncbi.nlm.nih.gov/pubmed/24470107
https://doi.org/10.3389/fendo.2026.1821507
https://doi.org/10.1016/j.lfs.2025.123999
https://www.ncbi.nlm.nih.gov/pubmed/41061922
https://doi.org/10.1002/mnfr.70031
https://www.ncbi.nlm.nih.gov/pubmed/40079058
https://doi.org/10.3389/fphar.2023.1306125
https://www.ncbi.nlm.nih.gov/pubmed/38249346
https://doi.org/10.1016/j.jnutbio.2025.110139
https://doi.org/10.3390/medicina61122169
https://www.ncbi.nlm.nih.gov/pubmed/41470171
https://doi.org/10.3390/nu16121798
https://www.ncbi.nlm.nih.gov/pubmed/38931153
https://doi.org/10.1007/s11906-023-01263-3
https://www.ncbi.nlm.nih.gov/pubmed/37632662
https://doi.org/10.1038/s41598-025-17751-2
https://www.ncbi.nlm.nih.gov/pubmed/40998884
https://doi.org/10.1016/j.physbeh.2025.115068
https://www.ncbi.nlm.nih.gov/pubmed/40819697
https://doi.org/10.1016/j.chom.2025.08.014
https://www.ncbi.nlm.nih.gov/pubmed/40961933
https://doi.org/10.1128/spectrum.03101-22
https://www.ncbi.nlm.nih.gov/pubmed/36788674
https://doi.org/10.3390/ijms25158474
https://www.ncbi.nlm.nih.gov/pubmed/39126043
https://doi.org/10.3390/cells15131171


Cells 2026, 15, 1171 23 of 26

81. Fukuhara, S.; Ohmori, H.; Matsumoto, T.; Takei, D.; Matsuoka, K.; Takemoto, M.; Sumimoto, R.; Ohdan, H. Verification of an
Alteration in the Gut Microbiota That Increases Nutritional Risk in Patients on Hemodialysis. Biosci. Microbiota Food Health 2025,
44, 26–31. [CrossRef] [PubMed]

82. Li, Z.; Rasmussen, T.S.; Rasmussen, M.L.; Li, J.; Henríquez Olguín, C.; Kot, W.; Nielsen, D.S.; Jensen, T.E. The Gut Microbiome
on a Periodized Low-Protein Diet Is Associated With Improved Metabolic Health. Front. Microbiol. 2019, 10, 709. [CrossRef]
[PubMed]

83. Hsu, C.-K.; Su, S.-C.; Chang, L.-C.; Shao, S.-C.; Yang, K.-J.; Chen, C.-Y.; Chen, Y.-T.; Wu, I.-W. Effects of Low Protein Diet on
Modulating Gut Microbiota in Patients with Chronic Kidney Disease: A Systematic Review and Meta-Analysis of International
Studies. Int. J. Med. Sci. 2021, 18, 3839–3850. [CrossRef] [PubMed]

84. Zhang, R.; Wei, X.; Xu, Y.; Han, C.; Cai, X.; Wu, Y.; Geng, Y.; Liu, C. Low-Protein Calorie-Restriction Mitigates Diabetic Mice
Kidney Injury via the Gut–Kidney Axis. Int. J. Vitam. Nutr. Res. 2025, 95, 37311. [CrossRef] [PubMed]

85. Kemp, J.A.; Ribeiro, M.; Borges, N.A.; Cardozo, L.F.M.F.; Fouque, D.; Mafra, D. Dietary Intake and Gut Microbiome in CKD. Clin.
J. Am. Soc. Nephrol. 2025, 20, 1003–1013. [CrossRef] [PubMed]

86. Hsu, B.-G.; Tong, L.-X.; Liou, H.-H.; Wang, C.-H.; Lin, Y.-L. Associations of Increased Plant Protein Intake Ratio with Adherence
of Low-Protein Diet, Acid-Base Status, and Body Composition in CKD Stage 3–5. Nutrients 2025, 17, 2649. [CrossRef] [PubMed]

87. Shi, R.; Mendoza-Sanchez, M.; Qadir, M.; Joshi, S. A Plant-Based Diet for Cardiovascular Risk Reduction in Kidney Disease with
a Focus on Cardiovascular-Kidney-Metabolic Syndrome. Cardiol. Clin. 2025, 43, 469–480. [CrossRef] [PubMed]

88. Ranganathan, N.; Anteyi, E. The Role of Dietary Fiber and Gut Microbiome Modulation in Progression of Chronic Kidney Disease.
Toxins 2022, 14, 183. [CrossRef] [PubMed]

89. Huang, X.; Stenvinkel, P.; Qureshi, A.R.; Risérus, U.; Cederholm, T.; Bárány, P.; Heimbürger, O.; Lindholm, B.; Carrero, J.J.
Essential Polyunsaturated Fatty Acids, Inflammation and Mortality in Dialysis Patients. Nephrol. Dial. Transplant. 2012, 27,
3615–3620. [CrossRef] [PubMed]

90. Li, C.; Chen, X.; Zha, W.; Fang, S.; Shen, J.; Li, L.; Jiang, H.; Tian, P. Impact of Gut Microbiota in Chronic Kidney Disease: Natural
Polyphenols as Beneficial Regulators. Ren. Fail. 2025, 47, 2506810. [CrossRef] [PubMed]

91. González-Ortiz, A.; Xu, H.; Avesani, C.M.; Lindholm, B.; Cederholm, T.; Risérus, U.; Ärnlöv, J.; Espinosa-Cuevas, A.; Carrero,
J.J. Plant-Based Diets, Insulin Sensitivity and Inflammation in Elderly Men with Chronic Kidney Disease. J. Nephrol. 2020, 33,
1091–1101. [CrossRef] [PubMed]

92. Czaja-Stolc, S.; Potrykus, M.; Ruszkowski, J.; Styburski, D.; Dębska-Ślizień, A.; Małgorzewicz, S. The Associations between
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