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Abstract: The role of biological fluids, particularly urine, in the development of
kidney stone disease is paramount to understanding its pathogenesis. This review
delves into the dynamics of biological fluids, including their composition,
physicochemical properties, and the balance of promoters and inhibitors of
crystallization. It explores recent insights into the influence of urine pH,
supersaturation levels, the impact of other bodily fluids, and emerging evidence on
extracellular vesicles and the microbiome. The findings underscore the importance of
modifying urinary composition through dietary and therapeutic measures to mitigate
stone formation risk.
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Introduction:

Kidney stone disease, characterized by the formation of crystalline deposits in
the urinary tract, affects millions worldwide and imposes a substantial economic and
healthcare burden. The disease results from a complex interplay of urinary factors,
including the concentrations of stone-forming ions, pH, volume, and the presence of
inhibitors or promoters of crystallization. Biological fluids, especially urine, serve as
both the medium for crystal formation and a potential modifier of stone risk.
Understanding how alterations in the composition and dynamics of these fluids
contribute to stone pathogenesis is crucial for devising effective prevention and
management strategies (Sorensen et al., 2021; Tasian et al., 2016).

Supersaturation and Urinary Composition

1.1 Supersaturation with Stone-Forming lons:

1.2 Supersaturation is the driving force behind kidney stone formation. The urinary
concentrations of calcium, oxalate, phosphate, uric acid, and cystine determine the
risk of stone formation. When the concentration of these ions exceeds their
solubility, crystals can nucleate and grow. Studies emphasize that fluctuations in
urine composition and volume can significantly alter the supersaturation state
(Sorensen et al., 2020).

1.2 Role of Urine pH:

Urine pH profoundly influences the solubility of stone-forming salts. For example,

acidic urine promotes uric acid stone formation, while alkaline urine favors calcium
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phosphate and struvite stone development. Recent research highlights that individuals
with persistently low urinary pH may exhibit metabolic abnormalities, such as insulin
resistance, which exacerbate stone risk (Ma et al., 2020). pH modulation through
dietary interventions, such as increased fruit and vegetable intake, has shown promise
in reducing stone risk (Ferraro et al., 2019).

2. Promoters and Inhibitors of Crystal Formation in Biological Fluids

2.1 Promoters of Crystallization:
Certain substances in urine can promote crystal formation. These include:
Calcium and Oxalate: Elevated levels of urinary calcium and oxalate promote calcium
oxalate crystallization, the most common stone type. Hypercalciuria and
hyperoxaluria, due to dietary, metabolic, or genetic factors, increase the likelihood of
stone formation (Liebman et al., 2021).
Uric Acid: High urinary uric acid, combined with low pH, leads to uric acid stone
formation. Uric acid can also act as a nucleus for calcium oxalate stones (Goldfarb,
2019).
2.2 Urinary Inhibitors of Crystal Formation:
Biological fluids contain natural inhibitors that counteract crystallization. These
include:
Citrate: Citrate binds to calcium, reducing its availability to form crystals.
Hypocitraturia, or low urinary citrate, is a significant risk factor for stone formation.
Increasing urinary citrate through dietary modifications or supplementation can help
prevent stone recurrence (Sorensen et al., 2021).
Magnesium: Magnesium inhibits calcium oxalate crystal growth by forming soluble
complexes with oxalate. Magnesium deficiency has been linked to increased stone risk
(Smith et al., 2021).

Proteins and Glycoproteins: Tamm-Horsfall protein (uromodulin) and other
glycoproteins play a role in inhibiting crystal aggregation and adhesion to the
urothelium. Research suggests that alterations in these proteins' expression or function
may contribute to stone formation (Kumar et al., 2018).

3. Influence of Urinary Volume and Hydration Status

Adequate hydration dilutes urine, reducing the concentration of stone-forming
ions and, consequently, the risk of supersaturation and crystal formation. High fluid
intake is consistently associated with a reduced risk of stone recurrence. Studies have
shown that increasing daily fluid intake to maintain a urine volume of at least 2-2.5
liters/day can decrease stone recurrence rates significantly (Borghi et al., 2018).
Conversely, low fluid intake, especially in hot climates or among individuals with high
sweat losses, can lead to concentrated urine and increased stone risk (Tasian et al.,
2016).

4. Emerging Insights into Biological Fluid Dynamics
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4.1 Extracellular Vesicles (EVs) in Urine:
Recent studies have identified extracellular vesicles (EVs) in urine as potential
regulators of crystal formation. EVs, which include exosomes and microvesicles, carry
proteins, lipids, and nucleic acids and may modulate crystallization by binding or
sequestering calcium and oxalate ions. Alterations in EV composition or function could
Impact their protective role against stone formation (Rashid et al., 2020).
4.2 Gut-Kidney Axis and Microbiome:
The gut microbiome influences urinary oxalate levels. Oxalobacter formigenes, a
bacterium that degrades oxalate in the gut, reduces urinary oxalate excretion. Loss of
this organism has been linked to higher oxalate excretion and an increased risk of
calcium oxalate stones (Miano et al., 2020). This suggests that modifying the gut
microbiome could be a novel strategy to reduce stone risk.
5. Other Biological Fluids and Their Roles
5.1 Saliva and Gastrointestinal Fluids:
Emerging evidence indicates that the composition of gastrointestinal and salivary fluids
may influence systemic mineral metabolism and stone risk. Salivary calcium and
phosphate levels have been correlated with urinary excretion patterns and may reflect
systemic mineral imbalances that contribute to stone formation (Garcia-Gonzalez et
al., 2018).
5.2 Blood Composition:
Systemic metabolic disorders, such as hyperparathyroidism and metabolic acidosis,
can alter blood and subsequently urinary composition, promoting stone formation.
Monitoring and correcting these systemic factors are crucial for comprehensive stone
prevention strategies (Monico & Milliner, 2016).

Conclusion:

The role of biological fluids, particularly urine, in kidney stone disease is
multifaceted, involving complex interactions among stone-forming ions, urinary
inhibitors, hydration status, and systemic factors. Advances in our understanding of
urinary inhibitors, extracellular vesicles, and the gut-kidney axis offer new perspectives
on stone prevention. Tailoring interventions to modify urine composition and enhance
protective factors could provide a personalized approach to managing kidney stone
disease.
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