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ABSTRACT

Calcium oxalate (CaOx) nephrolithiasis is the most common type of kidney stone disease worldwide. Recent studies show that
its development cannot be explained solely by renal solute handling; instead, it reflects a broader interaction between dietary
habits, the intestinal microbiota, and host metabolic responses. Intestinal absorption of calcium and oxalate—two central
drivers of lithogenesis—is shaped by both microbial composition and dietary patterns. Although Oxalobacter formigenes was
initially regarded as the main oxalate-degrading organism, newer studies indicate that a wider disturbance of the gut micro-
biota, especially the loss of short-chain fatty acid (SCFA)—producing species, may increase susceptibility to stone formation. In
this review, nutritional, microbial, and mechanistic evidence is brought together to examine how diet—particularly salt, animal
protein, calcium, oxalate, fruits, vegetables, and water intake—modulates the gut—kidney axis. Diets high in salt or animal
protein tend to shift the microbiota toward more pro-inflammatory and acidogenic profiles, while fiber-rich, plant-based di-
ets and adequate hydration appear to support microbial diversity, SCFA production, and epithelial barrier integrity. Probiotic
and synbiotic interventions have also gained attention as potential strategies to reduce stone recurrence by targeting gut
microbial function. Taken together, current findings suggest that the gut—kidney axis is a dynamic metabolic link between
diet, microbial ecology, and renal physiology. Future studies combining multi-omics methods with personalized nutritional
approaches may help develop more effective microbiota-based prevention and treatment strategies for CaOx nephrolithiasis.
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Kidney stone disease is a multifactorial condition
shaped by genetic, metabolic, microbial, and envi-
ronmental influences. Calcium oxalate (CaOx) stones
represent more than 70% of all renal calculi and often
recur despite standard preventive measures. Although
CaOx stone formation has long been attributed to abnor-
malities in renal calcium and oxalate handling, growing
evidence indicates that the gastrointestinal tract and its
resident microbiota play an equally important role in this
process [1]. Intestinal absorption of calcium and oxalate
has a direct impact on their circulating and urinary levels,
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and disturbances in these pathways give rise to hypercal-
ciuria and hyperoxaluria—two central drivers of CaOx
lithogenesis [2]. These pathophysiological relationships
are reflected in the classical concepts of absorptive hy-
percalciuria and enteric hyperoxaluria, highlighting the
bidirectional interaction between the gut and kidney in
CaOx stone disease [3]. Over the past decade, the gut mi-
crobiota has gained attention as a major regulator within
this axis. Initial work focused on Oxalobacter formigenes,
a Gram-negative, strictly anaerobic bacterium capable
of degrading oxalate and promoting its secretion in the
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gut lumen [4]. Loss of O. formigenes, commonly follow-
ing antibiotic exposure or gastrointestinal disorders such
as inflammatory bowel disease, has been associated with
increased susceptibility to CaOx nephrolithiasis [5]. Yet
oxalate degradation is not restricted to this species; sev-
eral other taxa—including Lactobacillus, Bifidobacterium,
Enterococcus, and Clostridium—contribute to oxalate
turnover and may partially compensate for its absence
(6]. Beyond oxalate metabolism, the gut microbiota influ-
ences host immunity, epithelial integrity, and renal phys-
iology through the production of short-chain fatty acids
(SCFAs) and other microbial metabolites. Dysbiosis—
particularly the reduction of SCFA-producing genera
such as Faecalibacterium prausnitzii, Roseburia, and Akker-
mansia muciniphila together with the expansion of pro-
inflammatory taxa including Bacteroides and members
of the Enterobacteriaceae—can impair epithelial barrier
function and promote low-grade systemic inflammation,
both of which facilitate CaOx crystal formation. Dietary
habits strongly influence these microbial and metabolic
pathways. Low fluid intake, high salt and animal-protein
consumption, and inadequate intake of calcium, fruits,
and vegetables are well-established contributors to CaOx
stone risk [7]. In contrast, adequate hydration, moder-
ate dairy intake, and diets rich in fruits, vegetables, and
plant-derived fibers are associated with lower recurrence
rates, largely due to their favorable effects on the gut mi-
crobiome. Together, these findings support the concept of
a dynamic and metabolically active “gut—kidney axis.”

A clearer understanding of how dietary and micro-
bial factors intersect to regulate oxalate homeostasis and
lithogenic potential is crucial for developing effective
prevention strategies. The following sections explore the
mechanistic links among the gut microbiota, immune
pathways, dietary components, and CaOx stone forma-
tion, with particular emphasis on the nutritional modu-
lation of this interconnected axis.

No artificial intelligence tools were used in generating
or interpreting the scientific content of this manuscript;
all interpretations and written sections were produced

and verified by the authors.

LITERATURE SEARCH STRATEGY

This narrative review is based on a comprehensive lit-
erature search conducted using PubMed, Scopus, and
Web of Science databases. Articles published primarily
between 2008 and 2025 were considered, with emphasis

on recent systematic reviews, meta-analyses, and key ex-

Highlight key points

e The gut—kidney axis plays a critical role in calcium oxalate
nephrolithiasis by regulating oxalate absorption, inflamma-
tion, and metabolic homeostasis.

e Dysbiosis, particularly loss of oxalate-degrading bacteria,
contributes to increased intestinal oxalate uptake and stone
formation.

o Nutritional factors such as dietary oxalate, calcium, citrate,
and fluid intake significantly modulate stone risk through
gut-mediated pathways.

e Microbiota-targeted strategies—including probiotics, prebi-
otics, and dietary optimization—represent promising non-
pharmacological interventions.

e Integrating microbiome assessment with nutritional therapy
may offer personalized prevention approaches for recurrent
stone formers.

perimental and clinical studies related to calcium oxalate
nephrolithiasis, gut microbiota, and dietary modulation.
Additional relevant articles were identified through man-
ual screening of reference lists.

MECHANISTIC INSIGHTS: GUT MICROBIOTA,
METABOLISM, AND LITHOGENIC PATHWAYS

Calcium oxalate (CaOx) stone formation arises from
a complex interaction of metabolic, microbial, and
immune mechanisms that collectively influence uri-
nary supersaturation, crystal growth, and renal epithe-
lial injury. The gut microbiota affects these processes
through several pathways, including oxalate degrada-
tion, regulation of intestinal permeability, modulation
of calcium and citrate absorption, and immune signal-
ing along the gut—kidney axis [8]. Oxalate is generated
both endogenously through hepatic metabolism and
from dietary sources. O. formigenes utilizes oxalate as
its exclusive carbon and energy source and converts
it into formate and CO,, thereby reducing intestinal
oxalate absorption and lowering urinary oxalate excre-
tion. Loss of O. formigenes, frequently associated with
antibiotic exposure, correlates with increased urinary
oxalate and higher rates of CaOx stone recurrence [9].
Several other gut commensals—such as Lactobacillus
plantarum, L. acidophilus, Bifidobacterium longum, and
Enterococcus faecalis—possess limited but meaningful
oxalate-degrading capacity. Although their activity is
less efficient than that of O. formigenes, these taxa con-
tribute to overall oxalate turnover and help maintain
metabolic balance within the intestinal environment.
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Short-chain fatty acids (SCFAs)—particularly bu-
tyrate—play a central role in maintaining intestinal bar-
rier integrity by upregulating tight-junction proteins and
supporting epithelial homeostasis. Dysbiosis marked by
reduced abundance of SCFA-producing genera such as
Faecalibacterium prausnitzii and Roseburia leads to di-
minished butyrate production, impaired barrier func-
tion, increased intestinal permeability, and enhanced
translocation of pro-inflammatory microbial products,

collectively facilitating CaOx crystal adhesion to renal
epithelial surfaces [10, 11].

In parallel, microbial imbalance activates innate im-
mune signaling pathways, including Toll-like and NOD-
like receptor—mediated responses, which promote pro-
inflammatory cascades within renal tissues and further
increase lithogenic potential [12]. Restoration of micro-
bial equilibrium—through probiotic supplementation
or increased intake of prebiotic fibers—has been shown
to strengthen mucosal barrier function, attenuate in-
flammatory signaling, and reduce susceptibility to CaOx
stone formation [13].

In addition to these mechanisms, dietary polyphenols
such as catechins, resveratrol, and quercetin influence the
gut microbiome by promoting SCFA-producing taxa
and suppressing pro-inflammatory members of the En-
terobacteriaceae. Their microbial metabolites, including
urolithins, exert antioxidant effects within the kidney
and may reduce CaOx crystal retention [14]. Taken to-
gether, these observations highlight the gut microbiota
as a central metabolic and immunologic regulator in
nephrolithiasis, linking intestinal homeostasis to renal

stone pathophysiology.

OXALATE METABOLISM AND MICROBIAL
DEGRADATION

Oxalate is a metabolic end product originating both
from endogenous hepatic pathways—primarily via gly-
oxylate oxidation—and from dietary sources such as
spinach, nuts, tea, and cocoa. Because humans lack en-
zymes capable of degrading oxalate, the intestinal mi-
crobiota plays an essential role in maintaining oxalate
homeostasis [15].

O. formigenes is the most efficient oxalate-degrad-
ing species identified to date. It uses oxalate as its sole
carbon and energy source, converting it to formate and
CO, via oxalyl-CoA decarboxylase and formyl-CoA
transferase. In addition to metabolizing oxalate directly,

O. formigenes promotes enteric oxalate secretion by up-
regulating the intestinal anion exchangers SLC26A3
and SLC26A6, thereby reducing the amount of oxalate
that reaches the kidneys. Loss of O. formigenes—most
commonly due to antibiotic exposure—has been as-
sociated with a two- to three-fold increase in the risk
of recurrent CaOx nephrolithiasis [16]. Several other
commensal taxa, including Lactobacillus acidophilus,
L. plantarum, B. longum, E. faecalis, and Clostridium
sporogenes, exhibit partial oxalate-degrading capacity
through formate dehydrogenase and decarboxylase
pathways. Although their activity is less eflicient than
that of O. formigenes, these species contribute meaning-
fully to oxalate turnover when O. formigenes is absent.
The combined activity of these microbes highlights the
ecological redundancy within the gut that helps pro-
tect against oxalate accumulation and excessive urinary
oxalate excretion.

SHORT-CHAIN FATTY ACIDS AND BARRIER
FUNCTION

Short-chain fatty acids (SCFAs)—mainly acetate, pro-
pionate, and butyrate—are the principal fermentation
products generated by the gut microbiota from dietary
fiber. These metabolites play a central role in the gut—
kidney axis by supporting epithelial barrier integrity,
dampening systemic inflammation, and inﬂuencing re-

nal metabolic pathways [17].

SCFAs help maintain the mucosal barrier by up-
regulating key tight-junction proteins, including
claudin-1, occludin, and zonula occludens-1 (ZO-1).
Strengthening these junctions reduces intestinal per-
meability and limits the translocation of endotoxins,
processes that would otherwise contribute to oxidative
stress within the kidney and facilitate calcium oxalate
crystal adhesion [18]. Among SCFAs, butyrate has par-
ticularly strong immunomodulatory effects. It inhibits
histone deacetylases and activates G-protein-coupled
receptors (GPR41 and GPR43), thereby exerting an-
ti-inflammatory actions. When SCFA production is
reduced—either because of low dietary fiber intake or
dysbiosis marked by decreased Faecalibacterium praus-
nitzii and Roseburia—barrier function becomes com-
promised, and circulating levels of pro-inflammatory
cytokines such as IL-6 and TNF-a rise. These changes
indirectly favor CaOx crystal formation and retention
within the urinary tract [19].
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IMMUNE MODULATION ALONG THE
GUT-KIDNEY AXIS

The intestinal microbiota plays a central role in shaping
both mucosal and systemic immune responses. When
microbial composition becomes imbalanced, Toll-like
receptors (TLRs) and NOD-like receptors are acti-
vated, triggering inflammatory pathways that can ex-
tend to the kidneys [20].

Experimental studies in mice demonstrate that dys-
biosis driven by high-salt or high-protein diets promotes
Th17 cell expansion and increases IL-17 secretion, thereby
intensifying oxidative stress and tubular injury [21]. In
parallel, renal macrophages and dendritic cells exposed
to elevated levels of microbial metabolites—particulatly
lipopolysaccharide (LPS) and trimethylamine-N-oxide
(TMAO)—shift toward a pro-inflammatory phenotype
that facilitates calcium oxalate crystal retention.

Restoring microbial balance, either through dietary mea-
sures or probiotic supplementation, can ease this inflamma-
tory burden. Improvements in eubiosis reduce the expression
of monocyte chemoattractant protein-1 (MCP-1), lower re-
active oxygen species levels in renal tissues, and weaken the
inflammatory milieu that favors lithogenesis [22].

Collectively, these findings underscore the tight im-
mune—metabolic coupling within the gut—kidney axis
and illustrate how dysbiosis can act both as a trigger and
an amplifier of lithogenic inflammation.

POLYPHENOLS, ANTIOXIDANTS,
AND MICROBIAL CROSSTALK

Dietary polyphenols and antioxidant compounds exert
important regulatory effects on the gut microbiota and,
through this interaction, influence pathways relevant to
calcium oxalate stone formation. Polyphenols such as
catechins, quercetin, and resveratrol are metabolized by
intestinal microbes into bioactive derivatives—including
various urolithins—that can modulate immune and ox-
idative responses within the host [12, 23].

These compounds tend to enrich beneficial SCFA-
producing genera while suppressing pro-inflammatory
taxa such as members of the Enterobacteriaceae. By pro-
moting a microbial environment that favors butyrate and
other SCFAs, polyphenols indirectly strengthen epithe-
lial barrier integrity and reduce endotoxin translocation.
This shift helps lower systemic oxidative stress and limits

FIGURE 1. Dietary influences on gut microbial composition,
intestinal permeability, metabolic pathways, and calcium
oxalate (CaOx) stone formation within the gut—kidney axis.
Unfavorable diets increase intestinal permeability, inflam-
mation, hypercalciuria, and hyperoxaluria, promoting CaOx
lithogenesis. In contrast, plant-rich diets and adequate hy-
dration enhance SCFA production, improve epithelial bar-
rier integrity, reduce oxalate absorption and inflammation,
increase urinary citrate and urine volume, and ultimately
reduce CaOx stone formation.

SCFA: Short-chain fatty acids.

the renal inflammatory signaling that contributes to cal-
cium oxalate crystal adhesion [10, 19, 23].

Several experimental studies also show that polyphe-
nol-derived metabolites, particularly resveratrol, can
directly attenuate oxidative injury in renal tissue by en-
hancing antioxidant defenses and inhibiting pro-inflam-
matory cytokine expression, while reducing oxalate-in-
duced crystal deposition [24]. Through these combined
microbial and host-directed effects, polyphenols rep-
resent a dietary component capable of modulating the
gut—kidney axis in ways that may reduce lithogenic risk.

INTEGRATION OF MICROBIAL AND
NUTRITIONAL PATHWAYS

Dietary factors and the gut microbiota interact closely to
shape renal outcomes, and this relationship is best viewed
as an integrated metabolic network rather than a linear se-
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quence of events. As illustrated in Figure 1, high intake of
salt, animal protein, or dietary oxalate disrupts microbial
composition, weakens epithelial barrier function, increases
intestinal permeability, and activates pro-inflammatory
immune pathways. These disturbances also contribute
to low-grade metabolic acidosis, collectively predisposing
individuals to hypercalciuria and hyperoxaluria—two key
determinants of calcium oxalate stone formation [7]. The
integrated effects of favorable and unfavorable dietary pat-
terns on the gut microbiota, epithelial integrity, and renal
lithogenic pathways are summarized in Figure 1.

In contrast, plant-rich dietary patterns and probiotic
interventions support a more favorable microbial envi-
ronment. They enhance populations of short-chain fatty
acid (SCFA)-producing taxa, improve epithelial bar-
rier integrity, and promote oxalate degradation, thereby
strengthening intestinal homeostasis and reducing the
urinary factors that drive lithogenesis [25]. Overall, the
gut—kidney axis operates as a dynamic feedback sys-
tem in which dietary inputs and microbial metabolism
continually influence one another. This interconnected
framework underscores the importance of considering
both nutritional and microbial determinants when eval-
uating renal physiology and metabolic resilience.

DIETARY DETERMINANTS OF THE
GUT-KIDNEY AXIS IN CALCIUM OXALATE
NEPHROLITHIASIS

Diet is one of the most powerful external modulators of
both gut microbial composition and urinary biochemi-
cal profiles. The gut—kidney axis functions as a dynamic
metabolic network in which nutrient intake directs mi-
crobial activity, and microbial metabolites subsequently
influence renal excretory patterns. Dietary patterns
characterized by high consumption of salt, animal pro-
tein, and dietary oxalate frequently destabilize microbial
homeostasis and create metabolic conditions that favor
stone formation. Such diets typically increase urinary
calcium and oxalate while lowering citrate levels, thereby
intensifying the biochemical drivers of calcium oxalate
(CaOx) lithogenesis. Conversely, diets rich in fruits, veg-
etables, and prebiotic fibers foster microbial diversity,
enhance short-chain fatty acid (SCFA) production, and
strengthen epithelial barrier integrity. These microbio-
ta-supportive dietary habits help reduce oxidative stress,
improve urinary chemistry, and ultimately lower the risk

of CaOx stone development [22, 25].

EFFECTS OF MACRONUTRIENTS

High Salt Intake

Excessive dietary salt increases urinary calcium excretion
and reduces urinary citrate, creating physicochemical con-
ditions that promote crystal nucleation and growth [8].
Beyond these direct renal effects, high salt intake disrupts
gut microbial ecology by depleting Lactobacillus species
and activating pro-inflammatory Th17 pathways. Experi-
mental studies demonstrate that high-salt diets reduce Bi-
fidobacterium abundance and overall microbial diversity, re-
sulting in increased intestinal permeability and heightened
systemic inflammation [26]. Clinical observations further
suggest that salt restriction can partially restore microbial
balance and improve metabolic parameters, indicating that
the lithogenic impact of salt is mediated, at least in part,
through microbiota-dependent mechanisms [27].

Animal Proteins

Diets high in animal-derived proteins impose a substan-
tial renal acid load, elevate urinary uric acid, and reduce
citrate excretion—physiological changes that collectively
increase the risk of CaOx stone formation [28]. Th-
ese dietary patterns also reshape gut microbial ecology
by favoring bile-tolerant genera such as Bacteroides and
Bilophila, while reducing short-chain fatty acid (SCFA)—-
producing taxa including Faecalibacterium and Roseburia
[29]. The resulting acidogenic environment further sup-
presses Prevotella and other fiber-fermenting species,
weakening the gut's pH-buffering capacity. In contrast,
Mediterranean-style diets—moderate in protein and
rich in plant-derived fibers—support higher microbial
diversity and are consistently associated with lower rates
of stone recurrence 8.

Dietary Oxalate

Oxalate homeostasis is shaped by both dietary oxalate
intake and the intestinal calcium-to-oxalate ratio [30].

O. formigenes and other oxalate-degrading taxa—
including Lactobacillus, Enterococcus, and  Clostridium
species—play key roles in limiting intestinal oxalate ab-
sorption and preventing systemic accumulation. Although
high-oxalate foods can stimulate O. formigenes activity,
overly strict oxalate restriction may paradoxically increase
endogenous oxalate synthesis. Therefore, moderate oxalate
reduction, suflicient dietary calcium, and controlled con-
sumption of animal proteins together represent an evi-
dence-based strategy for optimizing oxalate handling [31].



Marzi et al., Gut—kidney axis in calcium oxalate nephrolithiasis

257

Despite being oxalate-rich, foods such as nuts,
spinach, and soy products also provide polyphenols and
fermentable fibers that enrich beneficial taxa, including
Roseburia, Faecalibacterium, and Lactobacillus. When in-
corporated into a balanced dietary pattern, these foods
do not necessarily elevate stone risk and may even pro-
mote microbial resilience [32].

Calcium Intake

Calcium intake exerts context-dependent effects. Ade-
quate dietary calcium reduces intestinal oxalate absorp-
tion by forming insoluble calcium oxalate complexes,
thereby lowering urinary oxalate excretion [33].

Conversely, insufficient calcium increases intestinal
oxalate uptake and predisposes individuals to hyperox-
aluria. Calcium-rich diets may also promote the growth
of Lactobacillus and Bifidobacterium species and contrib-
ute to improved mucosal barrier integrity.

Prebiotic fibers such as inulin and galactooligosaccha-
rides (GOS) further enhance calcium absorption by low-
ering intestinal pH through microbial fermentation and
upregulating calcium transporters. These mechanisms
highlight the synergistic interaction between dietary
components and the gut microbiota in the regulation of
calcium and oxalate metabolism [22, 24].

EFFECTS OF PLANT-DERIVED NUTRIENTS
AND HYDRATION

Fruits, Vegetables, and Legumes

High consumption of fruits, vegetables, and legumes
(FAV) is consistently associated with a reduced risk of
nephrolithiasis and more favorable urinary chemistry
profiles [34]. These foods increase urinary concentrations
of key crystallization inhibitors—including citrate, mag-
nesium, and potassium—while supplying fermentable
fibers that support the growth of short-chain fatty acid
(SCFA)-producing taxa such as Bifidobacterium, Lacto-
bacillus, and Faecalibacterium.

Soluble fibers like inulin and B-glucans help stabilize the
gut microbiota, while plant-derived phytates and flavonoids
can directly inhibit calcium crystallization. Polyphenols
commonly found in fruits and vegetables also act as prebi-
otic modulators, enhancing microbial metabolism and re-
ducing oxidative stress along the gut—kidney axis [35].

Opverall, FAV-rich dietary patterns closely resemble the
Mediterranean diet, which has consistently been associated
with lower stone recurrence and improved metabolic health.

Water Intake and Composition

Adequate fluid intake—generally at least 2 liters per
day—remains the most effective non-pharmacological
strategy for preventing kidney stones [36]. Although
increased hydration primarily functions by diluting uri-
nary solutes, emerging evidence indicates that the com-
position of drinking water, including its pH and mineral
content, may also influence gut microbial dynamics.

Alkaline water has been associated with increased
abundances of Bifidobacterium, Christensenellaceae, and Ox-
alobacteraceae, microbial groups involved in oxalate metab-
olism and intestinal homeostasis. In contrast, mineral-rich
hard water may raise urinary calcium excretion, whereas
soft water or hydrogen-enriched water can improve hydra-
tion without contributing to excess mineral load.

Given the substantial interindividual variability in both
microbial responses and urinary chemistry, optimal hy-
dration strategies may need to be personalized to simul-
taneously support renal function and microbiota balance.
These nutritional risk factors are summarized in Table 1.

PROBIOTIC AND SYNBIOTIC STRATEGIES
IN STONE PREVENTION

Recent advances in microbiome science have positioned
probiotics and synbiotics as promising adjunctive ap-
proaches for the prevention of calcium oxalate (CaOx)
nephrolithiasis. These interventions aim to restore in-
testinal eubiosis, enhance microbial oxalate-degrading
capacity, and modulate the metabolic and immune path-
ways that connect the gut and kidney [37]. By improv-
ing oxalate turnover, strengthening epithelial barrier
integrity, and attenuating systemic inflammatory sig-
naling, microbiota-directed therapies may complement
established dietary and pharmacological measures and
broaden the preventive options available for individuals
with recurrent CaOx stone disease.

Despite these encouraging findings, evidence sup-
porting probiotic and synbiotic interventions remains
heterogeneous. Several clinical and experimental stud-
ies report modest or neutral effects on urinary oxalate
excretion, reflecting substantial variability in probiotic
strains, dosing regimens, colonization efﬁciency, base-
line gut microbiota composition, and concurrent dietary
patterns. In particular, long-term and stable colonization
of oxalate-degrading bacteria such as Oxalobacter formi-
genes appears limited in many individuals, which may
constrain sustained clinical efficacy. These inconsisten-
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TABLE 1. Dietary factors, associated microbiota alterations, and lithogenic effects in calcium oxalate nephrolithiasis

Dietary component Microbiota alteration

Effect on lithogenic risk Key references

| Lactobacillus, | Bifidobacterium; 1
Th17-mediated inflammatory activity

High salt intake

1 urinary calcium excretion; 1 systemic and

. . i . [6,7,17,30]
renal inflammation; promotion of gut dysbiosis

1 Bacteroides, 1 Bilophila; |
High animal protein intake

Prevotella; | SCFA-producing taxa
(Faecalibacterium, Roseburia)

1 Acid load; | urinary citrate; 1 urinary calcium

) [6, 7, 22, 29]
excretion

Variable enrichment of oxalate-
degrading taxa (Oxalobacter,
Lactobacillus, Clostridium spp.)

High dietary oxalate intake

1 Intestinal oxalate load and, in most
individuals, 1 urinary oxalate excretion; effect
. o [3, 4, 15, 16]
may be mitigated by adequate calcium intake

and oxalate-degrading microbiota

May support beneficial taxa
Adequate dietary calcium ¥ Supp

intake

(Lactobacillus, Bifidobacterium) and

epithelial barrier integrity

| Intestinal oxalate absorption; |

) . [6, 7, 25, 28]
hyperoxaluria; | stone recurrence risk

High intake of fruits,
vegetables, and legumes

1 Bifidobacterium, 1 Lactobacillus, 1
Faecalibacterium; | Enterobacteriaceae Mg**, K*); | oxidative stress and inflammation

SCFA production; 1 urinary inhibitors (citrate,
1SCFA P T urinary ( [12, 20, 23, 34]

Improved gut microbiome homeostasis
Adequate hydration (22 L/day) and diversity (taxon-specific effects are

cohort-dependent)

| Urinary supersaturation; dilution of lithogenic

o [22, 25, 36]
solutes; reduced stone formation risk

SCFA: Short-chain fatty acids; Mg?*: Magnesium; K*: Potassium.

cies highlight the need for well-designed, strain-specific,
and microbiome-informed clinical trials before routine
implementation of probiotic or synbiotic strategies in
CaOx stone prevention.

Effects of Macronutrients on Oxalate Metabolism

Probiotics containing oxalate-degrading bacteria have
generated increasing interest as adjunctive options for
reducing urinary oxalate excretion and improving renal
outcomes. O. formigenes remains the most extensively
studied species because of its unique ability to utilize
oxalate as its sole carbon and energy source. Experi-
mental recolonization with O. formigenes in antibiotic-
treated or stone-forming individuals has been shown
to decrease urinary oxalate by approximately 25-40%
within several weeks [38].

Despite these encouraging findings, the clinical
translation of O. formigenes is hindered by its low and
inconsistent colonization efficiency in humans, as well
as its marked sensitivity to oxygen and commonly
prescribed antibiotics. As a result, multistrain probi-
otic formulations—typically combining L. acidophilus,
L. plantarum, L. rbamnosus GG, B. longum, and B.

breve—have emerged as more feasible alternatives.
These strains offer complementary oxalate-degrading
capacity and increase short-chain fatty acid (SCFA)
production, thereby providing broader metabolic ben-
efits. A 2024 meta-analysis of randomized controlled
trials reported a 17-22% reduction in urinary oxalate
after 8—12 weeks of probiotic supplementation in in-
dividuals with recurrent nephrolithiasis [39]. These
improvements appear to reflect multiple mechanisms,
including direct microbial degradation of intestinal ox-
alate, enhanced calcium absorption, and strengthened
epithelial barrier integrity mediated partly through bu-
tyrate-dependent signaling pathways. Probiotics may
also confer systemic benefits by mitigating oxidative
stress and reducing inflammatory signaling. For in-
stance, supplementation with L. plantarum has been
shown to increase urinary citrate and downregulate re-
nal expression of pro-inflammatory mediators such as
IL-6 and MCP-1 in hyperoxaluric animal models [40].
Collectively, both experimental and clinical findings in-
dicate that probiotic therapy can simultaneously mod-
ulate microbial metabolism, epithelial physiology, and
host immune responses in ways that may help lower
lithogenic risk.
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Effects of Micronutrients on Stone Formation

Synbiotics—formulations that combine probiotics with
complementary prebiotic substrates—are designed to
improve probiotic survival, enhance microbial coloniza-
tion, and amplify overall metabolic activity. Prebiotic
fibers such as inulin and galactooligosaccharides (GOS)
serve as fermentable substrates for beneficial gut bacte-
ria, promoting short-chain fatty acid (SCFA) production
and lowering intestinal pH. These conditions collectively
support microbial oxalate degradation and create a more
favorable intestinal environment [41].

In a controlled dietary trial, a 12-week synbiotic reg-
imen composed of B. longum and inulin significantly
increased fecal oxalate-degrading activity and reduced
urinary oxalate levels more effectively than probiotic
supplementation alone. Beyond influencing oxalate han-
dling, synbiotic intake improved calcium absorption,
reinforced epithelial barrier integrity, and reduced sys-
temic inflammatory markers—mechanisms that jointly
contribute to a lower lithogenic risk. More recent syn-
biotic formulations have incorporated resistant starches
and polyphenol-rich extracts—such as cranberry and
curcumin—together with oxalate-degrading probiotics.
These multifunctional combinations take advantage
of the antioxidant and anti-inflammatory properties of
polyphenols while simultaneously supporting microbial
metabolism. As a result, they offer a more comprehensive,
microbiota-centered nutritional strategy for reducing the
likelihood of calcium oxalate stone recurrence [42].

Engineered and Next-Generation Probiotics

The development of bioengineered probiotics has ad-
vanced rapidly, propelled by CRISPR-Cas technologies
that enable precise genomic modification of commensal
microorganisms. Synthetic Oxalobacter strains engi-
neered to overexpress oxalate transporters and incor-
porate controlled antibiotic-resistance elements have
demonstrated markedly improved colonization stability
in gnotobiotic mouse models. Similar engineering strate-
gies have been applied to Lactobacillus and Bifidobac-
terium species. Strains designed to express oxalyl-CoA
decarboxylase and related enzymes show significantly
enhanced oxalate-degrading activity compared with
their wild-type counterparts, offering potential solutions
to the colonization and metabolic limitations inherent
to naturally occurring oxalate-degrading bacteria [43].
Beyond direct modulation of oxalate metabolism, nex-
t-generation probiotics increasingly aim to modulate

immune function and support epithelial repair. Akker-
mansia muciniphila and Faecalibacterium prausnitzii—key
taxa involved in mucin degradation and butyrate produc-
tion—are being explored as promising live biotherapeu-
tic candidates due to their strong anti-inflammatory and
barrier-enhancing properties. Early clinical studies in
individuals with metabolic syndrome and chronic kid-
ney disease suggest that restoring these species improves
mucosal barrier integrity and reduces systemic inflam-
mation, effects that may attenuate upstream drivers of
calcium oxalate lithogenesis [44].

Clinical and Translational Considerations

Although experimental and early clinical findings are
encouraging, several challenges still limit the incorpo-
ration of probiotic and synbiotic therapies into routine
nephrolithiasis management. Considerable variability in
probiotic strain viability, host—microbiome compatibil-
ity, and external influences such as antibiotic exposure or
dietary habits contributes to inconsistent results across
studies. Moreover, optimal dosing regimens, treatment
duration, and long-term safety parameters remain in-
sufficiently defined. Current evidence indicates that pro-
biotics and synbiotics are most effective when used as
adjunctive therapies, complementing established dietary
and pharmacological strategies rather than replacing
them. To facilitate broader clinical adoption, large, rigor-
ously designed trials that integrate multi-omics method-
ologies—including metagenomics, metabolomics, and
comprehensive dietary profiling—are needed to clarify
mechanisms and identify responsive patient subgroups.

Looking ahead, precision-designed probiotic formu-
lations tailored to an individual’s microbial composition
may enable more targeted prevention strategies and align
with the growing shift toward personalized, microbiome-
informed medicine [45].

FUTURE DIRECTIONS AND CONCLUSION

Although substantial progress has been made in eluci-
dating the gut—kidney axis, current evidence linking the
gut microbiota to calcium oxalate (CaOx) nephrolithia-
sis remains largely associative.

Most clinical studies rely on cross-sectional designs,
modest cohort sizes, or indirect markers of microbial ac-
tivity, which limits the ability to infer causality. Advancing
beyond correlation will require longitudinal, multi-omics
frameworks that integrate metagenomics, metabolomics,
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proteomics, and comprehensive nutritional assessments.
Such approaches will be essential for mapping the mecha-
nistic pathways through which dietary exposures and mi-
crobial metabolism influence renal physiology. Combin-
ing high-resolution microbiome sequencing with detailed
dietary profiling may enable microbial and metabolic phe-
notyping of stone formers, supporting the development
of diagnostic and prognostic biomarkers for personalized
prevention. Parallel advances in artificial intelligence (AI)
and digital twin modeling represent emerging research
tools that may help simulate microbiota—diet—host intet-
actions and predict lithogenic risk in real time; however,
these approaches remain investigational and require fur-
ther validation before clinical application [46]. Another
emerging area of interest involves the urinary and stone-
associated microbiota—historically overlooked due to
the long-held assumption that urine is sterile. Increasing
evidence indicates that biofilm-forming bacteria within
renal calculi, including Enterococcus, Pseudomonas, and
Klebsiella, may influence crystal nucleation, aggregation,
and persistence [14,47]. At present, these findings should
be regarded as mechanistically informative rather than di-
rectly translatable to routine clinical practice.

Importantly, not all microbiota-targeted, probiotic,
or synbiotic interventions have demonstrated consistent
clinical benefit in CaOx nephrolithiasis. While experi-
mental models and small clinical studies suggest potential
reductions in urinary oxalate excretion or inflammatory
markers, several trials report modest, variable, or neutral
outcomes. These discrepancies likely reflect heterogene-
ity in probiotic strains, dosing regimens, duration of in-
tervention, baseline gut microbiota composition, dietary
background, and host—microbiome interactions. Conse-
quently, current evidence does not yet support routine
clinical implementation of microbiota-directed therapies
as standalone treatments, underscoring the need for cau-
tious interpretation and further validation.

From a translational standpoint, future clinical tri-
als should integrate nutritional interventions, probiotic
therapies, and microbiota-directed strategies into stan-
dardized protocols. At present, evidence-supported
clinical recommendations include adequate hydration,
balanced dietary calcium intake, moderation of salt and
animal protein consumption, and plant-forward dietary
patterns, all of which have demonstrated benefit in re-
ducing CaOx stone risk. In contrast, probiotic, synbiotic,
and microbiota-engineering approaches should be con-
sidered adjunctive or emerging strategies, pending con-
firmation of efficacy, optimal strain selection, dosing, and

long-term safety in large-scale clinical trials. Personalized
nutrition informed by an individual’s microbial signature
represents a promising but still developing concept with
potential to optimize calcium and oxalate handling while
supporting systemic metabolic balance. At the popula-
tion level, public health efforts should incorporate mi-
crobiome science into dietary guidelines, emphasizing
adequate hydration, plant-forward eating patterns, salt
moderation, and prudent antibiotic use.

In conclusion, CaOx nephrolithiasis should be re-
garded not solely as a renal disorder but as a systemic
condition shaped by interactions among diet, the gut
microbiota, and host physiology. Recognizing the gut—
kidney axis as a clinically modifiable interface through
established nutritional strategies, while simultaneously
acknowledging the experimental nature of microbiota-
targeted and precision-nutrition approaches, provides a
balanced framework for current management and future
innovation. As evidence matures, these emerging strate-
gies may complement—but should not yet replace—stan-
dard preventive measures, supporting a shift toward more
individualized and proactive nephrolithiasis prevention.
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