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sm Nephrolithiasis (KS) and metabolic bone diseases (MBDs) not linked to parathormone (osteoporosis, Paget’s
e disease of bone and renal phosphate leak) are related as demonstrated by epidemiological and experimental
data. Moreover, patients affected by monogenic kidney stone disorders (idiopathic hypercalciuria, primary hyperoxaluria,
hypocitraturia, cystinuria and defects in purine metabolism) showed a bone phenotype.

A significant economic and social burden is associated with KS and MBDs, due to high mortality and morbidity rate. Concerning
this point of view, an integrated screening could be a cost-saving strategy.

We suggest a new clinical management for patients affected by KS and MBDs. The assessment of bone mineral density by

Dual X-ray absorptiometry and bone turnover markers should be proposed in KS patients. On the contrary, the evaluation of
KS-related metabolic risk factor and an abdomen ultrasound exam should be offered to MBD patients. Moreover, in patients
with early and/or recurrent KS, an extended gene-panel should be suggested.

KEey worps: Nephrolithiasis; Osteoporosis; Paget disease of bone; Osteomalacia; Phosphate leak.
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To the Editor,

Given the strong association between metabolic bone diseases and kidney stones, we propose a new public health strat-
egy aimed at improving the management of patients affected by these conditions. This novel diagnostic protocol is
designed to ensure the most effective treatment possible.

BONE TISSUE STRUCTURE AND FUNCTIONS

Bone is a complex multifunctional tissue that, for many years, was considered merely a mechanical support structure with
limited biological significance. However, over the last few decades, numerous experimental and clinical studies have
highlighted the complexity and heterogeneity of bone’s biological functions (1).

Bone is the only physiologically mineralized connective tissue in the human body. It is composed of approximately 60%
inorganic components — mainly hydroxyapatite — 10% water, and 30% organic components, primarily collagen proteins
(2). A healthy bone turnover, characterized by continuous and finely regulated bone formation and resorption, preserves
the mechanical properties of bone. The main actors involved in this dynamic process are osteoblasts and osteoclasts,
which operate within the bone multicellular units (BMU) (3).

Osteoblasts are mononuclear cells derived from mesenchymal stem cells and play the key role in bone formation. Conversely,
osteoclasts are multinucleated cells originating from hematopoietic stem cells and are essential for bone resorption (4).
Throughout life, the balance between osteoblast and osteoclast activity ensures the maintenance and regeneration of bone
mass (5).

Borne tissue is an endocrine organ and produces molecules with endocrine and paracrine functions, such as Fibroblast
Growth Factor 23 (FGF 23), osteopontin (OPN), sclerostin (SOST), and osteocalcin (6). Through these bone-derived hor-
mones, bone communicates with extra-skeletal organs and systems (7, 8).

The skeletal and immune systems are intricately connected, a relationship studied under the fields of osteoimmunology (9).
This interplay is achieved through several molecular mechanisms, cytokines and signaling transducers. Immune and bone
cells not only share a common origin and microenvironment — such as the bone marrow — but also influence each other’s
activation, proliferation and senescence (9). Recent evidence supports a mutual regulation between immune and bone cells.
For instance, the immune system supports bone development: macrophages promote osteoblastogenesis via interleukin 18
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(IL18) (10), and T cells regulate osteoclastogenesis through IL1, IL6, IL4 and interferon-y (11, 12). In turn, osteoclasts can
activate T-cell through Receptor Activator of Nuclear Factor Kappa B (RANK) - RANK ligand (RANKL) - osteoprotegerin (OPG)
signalling axis (13). Moreover, studies suggest that osteoblasts and osteoclasts contribute to hematopoietic niche formation
and mobilization respectively, although the precise mechanisms remain incompletely understood (14).

Bone also plays a critical role in mineral metabolism regulation. FGF23, secreted by osteoblasts and osteocytes, reduces
phosphate reabsorption by inhibiting the expression of the type Ila sodium-phosphate co-transporter (NaPi-2a) in renal
proximal tubules. FGF23 also regulates calcium and sodium reabsorption, through the transient receptor potential vanil-
loid-5 (TRPV5) channel and sodium-chloride co-transporter (NCC), respectively (15). Additionally, FGF23 suppresses
parathyroid (PTH) hormone, which normally increases calcium release from bone and absorption from the gut and kid-
ney, as well as the synthesis of 1,25-dihydroxy-vitamin D (15).

Bone health can be assessed using Dual-Energy X-ray Absorptiometry (DXA), the gold standard for evaluating bone miner-
al density (BMD). DXA employs low-dose X-rays to measure the BMD in lumbar spine and total hip (16). Results are
reported as standard deviation (SD) from the mean BMD of healthy 30-year-old subjects of the same sex and ethnicity (T-
score), or the same sex, age and ethnicity (Z-score) (17). In addition to DXA, the trabecular bone score (TBS) is an indi-
rect marker of bone microarchitecture, assessing variations in pixel gray levels in DXA image. TBS may be an independ-
ent predictor of frailty fracture (18). Other diagnostic technics are represented by Quantitative ultrasound (QUS) and quan-
titative computed tomography (QTC). QUS uses ultrasound waves that interact with the bone surface. The physical and
mechanical bone features modify the return waves, allowing the evaluation of elasticity and strength, two bone quality
parameters (19). QTC employs standard X-ray computed tomography and converts attenuation values into BMD values.
It is particularly useful in patients in whom DXA in unsuitable (e.g., scoliosis) or where DXA may overestimate BMD
(e.g., osteophytes, aortic calcification, arthritis) (20). A recent innovative is Radiofrequency Echographic Multi Spectrometry
(REMS), a non-ionizing technique that analyses raw, unfiltered ultrasound signals acquired during scans of the lumbar
spine and/or femoral neck to provide DXA-equivalent BMD values (21). REMS has been clinically validated through a
multicentre observational trial involving 7 Ttalian centres (22), and the European Society for Clinical and Economic Aspects
of Osteoporosis, Osteoarthritis and Musculoskeletal Diseases (ESCEO) has recognized REMS as the first clinically available,
non-ionized method for assessing lumbar and femoral BMD and predicting fracture risk (21).

In addition to instrumental technics, bone turnover markers (BTMs) can be evaluated. BTMs are peptides produced dur-
ing bone formation or reabsorption. N-terminal (P1NP) and C-terminal (P1CP) propeptides are products of osteoblast-
derived procollagen synthesis, and their blood concentration reflect bone formation rates (23, 24). OC and bone-specific
alkaline phosphatase (bALP) are also produced by osteoblasts. OC is specific to bone, but it is hard to analyse, due to
molecular instability and the impact of renal failure on its blood concentration (25). In contrast, bALP remains a reliable
marker even in chronic kidney disease and is a specific marker of bone formation (26). For bone resorption, C-terminal
(CTX) and N-terminal (NTX) telopeptides, both products of collagen degradation, are the most widely used markers
(27). CTX measurement is influenced by circadian rhythm and food intake, while NTX is affected by liver and renal func-
tion (28). Another BTM is OPG, which reflects the bone microenvironment and osteocyte activity (28).

KIDNEY STONES AND METABOLIC BONE DISEASE

Kidney stones (KS), also known as nephrolithiasis or urolithiasis, are crystal concretions typically formed in the kidney
and/or the urinary tract, including the renal pelvis, ureters, bladder, and urethra (29). KS affect approximately 13% of
the population in North America, 9% in Europa, and 5% in Asia (30). The regional differences in prevalence and inci-
dence worldwide are influenced by geographical, climatic, ethnic, dietary and genetic factors (31). KS have a significant
economic impact, including direct treatment costs and loss of productivity. In 2021, the annual cost of treating KS in the
United States was estimated at $9 billion. The global market for KS management is projected to reach $4.02 billion by
2034 (32, 33). About 85% of KS are composed of calcium oxalate and calcium phosphate salts, 10% of struvite (mag-
nesium ammonium phosphate produced during infections by urease-producing bacteria), 9% of uric acid (UA), and the
remaining 1% of cystine, ammonium acid urate, or drug-related stones (34).

Metabolic bone disease (MBDs) are disorders affecting bone remodelling. The more common MBDs include primary and
secondary osteoporosis (Op), Pagets disease of bone (PDB), rickets, and osteomalacia (35). The conditions carry a growing
social and economic burden, especially with the aging global population (36). In Italy alone, the economic burden of Op
is estimated at €2.2 billion, with about 80% of costs related to hospitalisations, 16% to pharmacological treatment, and
about 3% to outpatient visits. These data show that Op is one of the main health problems (37).

Since both MBDs and KS are linked to the precipitation and crystallization of salts, an association between them has been
hypothesized (38).

OSTEOPOROSIS AND KIDNEY STONES

Op is the most prevalent MBD worldwide, affecting a large proportion of individuals over 60 years of age (39). Op is
characterised by a reduction in bone mass and deterioration of bone microarchitecture due to an imbalance between
bone resorption and formation. This results in decreased bone strength and increased fracture risk (40). Fracture preva-
lence in KS patients is estimated between 19-24% (41). Both Op and KS are multifactorial disorders with modifiable and
non-modifiable risk factors (42). Modifiable risk factors include high salt, protein, and sugar consumption, inadequate
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calcium and vitamin D intakes, smoking, and physical inactivity (43-46). Non-modifiable risk factors are mainly genet-
ic and epigenetic, although not fully understood (47).

Hypercalciuria (HCa), defined as daily urinary calcium excretion higher than 300 mg/day in men and higher than 250
mg/day in women (48), is found in 20-30% of individuals with primary Op (49, 50). HCa is associated with persistent
overproduction of cytokines predisposing bone loss (51), PTH/calcitriol pathways (52), and disruptions in calcium-phos-
phate homeostasis (53). Genetic variants of Claudin 14 (CLDN14) gene, involved inWnt signalling and osteoblast func-
tion, have been linked to both Op and Ks (53).

Unhealthy dietary habits represent a common risk factor. High salt consumption increases urinary calcium excretion (54),
while low calcium and potassium intake and low physical activity contribute to the development of both conditions. The
role of calcium intake and supplementation remains debated. Jackson and coll. report a higher incidence of KS after cal-
cium supplementation (55), while in his meta-analysis, Heaney RP did not find differences between women with and
without calcium supplementation (56). Other authors showed a lower risk of KS in subjects with calcium intake > 1
g/day, due to the reduced intestinal absorption of oxalate and production of calcium-oxalate stones (57). In addition, in
subjects with KS and low BMD, calcium intake through water and fibre seems to prevent KS (57). Another important
point is the salt dietary consumption. Kleeman and coll. demonstrated that increasing salt intake, the 24h urinary calci-
um excretion increased (54). Indeed, an increase of 6 g/day in salt consumption results in a 40 mg/day increase in 24h
urinary calcium excretion (58). Furthermore, Nouvenne and coll. showed that high sodium intake raised KS and Op risk,
due to both higher calcium and lower citrate excretion (59). Sugars are also involved in the pathogenesis of these con-
ditions, causing a higher urinary calcium excretion (60, 61). Overall, these data are emphasized in metabolic syndrome,
a recognized risk factor for both Op and KS (62). On the contrary, a diet rich in fruit and vegetables, with a low con-
sumption of salt and animal protein and a calcium intake > 1 g/day is able to avoid KS and Op (63).

KS is characterized by higher levels of inflammatory markers (64), with potential role in bone resorption. In particular,
elevated serum levels of IL1, IL-6, and tumor necrosis factor-o. (TNF- @) influence the osteoclasts activation and stimu-
late the synthesis of other bone remodelling mediators, such as prostaglandin E (65).

In their meta-analysis, Lucato and colleagues examined 24 case-control studies involving 1595 subjects with nephrolithi-
asis and 3402 healthy controls. KS formers showed lower bone mineral density (BMD), an increased risk of Op, and a sig-
nificantly higher risk of bone fractures compared to healthy controls (66). In a multicenter prospective study involving
107,001 women followed for 32 years and 50,982 men followed for 26 years, KS was associated with a higher risk of
wrist fracture in both women and men, also correcting for race, body mass index (BMI), diet and other confounding fac-
tors (67). Another study, based on Veterans Health Administration data, found that 1 in 4 male KS formers had a histo-
ry of Op or frailty fractures, suggesting that the risk of Op in KS is high also in men and supporting the BMD screening
in all KS formers (68). Furthermore, Dhayat and colleagues identified KS constituents as predictors of low BMD. In par-
ticular, calcium-oxalate stones are negatively associated with BMD at the femoral neck (69).

In contrast, Sakhaee and colleagues (70) did not find a significant association between urinary calcium excretion and BMD in
KS, in agreement with Fink and coll. (71), that in a cohort of men with Op and KS, did not find any relationship between Op
and 24h urinary calcium excretion. These results suggest that 24h urinary calcium may be a marker, but not a cause of bone
loss. Also, in a large cohort of multiethnic post-menopausal KS women, no significant association between KS and changes in
BMD was found at multiple skeletal sites, after adjustment for confounders associated with Op and/or KS (72).

Opverall considered, data demonstrate that Op is a risk factor for occurrence of KS and that KS is a risk factor for Op (73).
Thus, we can look at Op and KS as the two sides of the same coin (74).

PAGET’S DISEASE OF BONE AND KIDNEY STONES

Paget’s disease of bone (PDB, OMIM 602080) is the second most common metabolic disease characterized by increased and
disorganized bone turnover, involving one or more regions of the skeleton. PDB affects a significant percentage of peoples over
40 years old, with a prevalence between 1 and almost 8%. (75). The increased osteoclastic bone resorption, followed by mar-
row fibrosis, increased and disorganized vascularity and bone formation, represents the main pathophysiologic mechanism
(75). The PDB osteoclasts show peculiar morphological and functional properties, such as hyper-responsivity to calcitriol,
enhanced sensitivity to RANK ligand, increased expression of IL 6, IL 6 receptor, and paramyxovirus transcript. PDB can
evolve into malignant or non-malignant complications. In particular, KS is a non-malignant metabolic complication of PDB
patients.

PDB patients are at increased risk of KS independently of PDB activity or hyperparathyroidism. The involvement of mul-
tiple skeletal sites can influence the recurrence of KS. Polyostotic patients have often KS and KS recurrences. In a recent
study, it was demonstrated that the prevalence of KS in PDB patients without primary hyperparathyroidism is signifi-
cantly higher compared with healthy control, also adjusted for age, gender, BMI, and estimated glomerular filtration rate
(eGFR). Furthermore, PDB patients with KS showed a higher prevalence of HCa, hypocitraturia, hyperoxaluria, and
hyperuricuria compared with PDB patients without nephrolithiasis (76).

RENAL PHOSPHATE LEAK AND KIDNEY STONES

The renal phosphate leaks are disorders of phosphate homeostasis with a reduced tubular reabsorption of phosphate not

PTH-related. It is characterized by low serum levels of phosphate (< 0.8 mmol/l or < 2.5 mg/dl), low threshold of tubu-
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lar phosphate reabsorption, and calcium, PTH, 25-hydroxy vitamin D serum levels within the normal range (77).

The maintenance of phosphate balance is crucial for bone health. Indeed, different organs contribute to phosphate home-
ostasis: gut, kidney, and bone (78, 79). Moreover, three main regulators of phosphate homeostasis had been identified:
i) calcitriol increases phosphate absorption from the gut and bone; ii) PTH increases phosphate resorption from bone
and decreases its reabsorption in the proximal tubule; iii) fibroblast growth factor-23 (FGF-23) increases renal phosphate
excretion (78, 80-82). Notably, FGF23 controls cellular expression of type 2 sodium-phosphate cotransporter (NTP2a)
in proximal renal tubule, independently from PTH (83).

Hypophosphatemia causes osteomalacia, a clinical disorder characterised by under-mineralized soft bone. Osteomalacia
usually manifests with reduced bone mineral density, bone pain, frailty fractures, and muscle weakness, i.e. the osteo-
malacic syndrome (84).

Epidemiological studies indicate that 20% of patients with KS and normal level of PTH show hypophosphatemia caused
by renal phosphate leak, without complete phenotypic expressions of osteomalacia (85). The renal phosphate leak affects
calcium salt urinary saturation and contributes to the pathogenesis of KS (86).

Some patients affected by KS and renal phosphate leak show genetic mutations in Solute Carrier Family 34 member 1
(SLC34A1, OMIM 182309), Solute Carrier Family 34 member 3 (SLC34A3, OMIM 609826), and Sodium-hydrogen
antiporter 3 regulator 1 (NHERF1, OMIM 604990) genes (87). The identification of these gene mutations in patients
with both hypophosphatemia, skeletal alterations and KS contribute to the common pathogenesis of these disorders.
KS patients with renal phosphate leak show higher serum levels of FGF23 compared with KS patients without renal
phosphate leak and healthy controls (88). In addition, in FGF23-dependent forms of renal phosphate leak, calcitriol can
worsen KS, due to increased renal excretion of calcium (88).

An isoform of FGF23, FGF23239M, occurring in 10% of Caucasian population, is associated with recurrent KS in patients
with phosphate renal leak. The mutant region C716T influences FGF23 biological proprieties and its interaction with FGF-
receptor and Klotho (89). In addition, the same allelic variant of FGF23 is involved in bone modelling in growing young
children (90).

BONE HEALTH AND MONOGENIC KIDNEY STONES

Frequently, KS represents only the first symptom of an unknown disease. Patients with early renal failure, severe and
multiple KS, abnormal family history need to evaluate for genetic of KS, including idiopathic HCa, primary hyperoxaluria
(PH), hypocitraturia (hCtr), cystinuria and defects in purine metabolism. Moreover, these pathological conditions are
associated to bone impairment.

Idiopathic HCa (OMIM 143870-607258) is a metabolic condition affecting both children (91) and adult (92) with a diag-
nosis of KS. HCa is defined as urinary calcium levels > 4 mg/kg body weight/day (93). We recognized three different
pathway and metabolic disorders, involving intestinal calcium absorption, renal phosphate leak, and renal calcium leak,
respectively: i) absorptive HCa type I; ii) absorptive HCa type 111, iii) renal HCa (94). Different studies show the associ-
ation between idiopathic HCa and loss in BMD. In children, an increased bone reabsorption and a decreased bone for-
mation cause a low BMD, while in adult, the bone reabsorption is prevalent (95). Freundlich and coll. evaluated the BMD
and BTM in 21 children with a diagnosis oh idiopathic HCa and in their mothers, founding osteopenia in 38% and 33%,
respectively. Furthermore, mothers with osteopenia showed an increasing in BTM by 57% (96). Also, Garcia-Nieto and
coll. studied 40 girls with idiopathic HCa and their pre-menopausal mothers. They found a Z-score < - 1 at the lumbar
spine in 42.5% of girls and in 47.5% of their mothers, suggesting the necessity to measure early BMD in these patients
(97). The skeletal sites involved are mainly represented by trabecular bone (98), but the mechanism causing the bone
loss are poorly understood.

PH are a group of autosomal recessive disorders linked to a liver overproduction of oxalate and characterized by KS (99).
PH 1 (OMIM 259900; AGXT gene mutation) is the most severe form with a higher risk of end-stage renal disease, while
PH2 (OMIM 260000; GRHPR gene mutation) and PH3 (OMIM 613616; HOGA1 gene mutation) are less severe (99).
The PH cause osteodystrophy related to chronic kidney disease, but PH patients show bone pain, fractures, bone defor-
mations and subperiosteal tophi, independently of kidney disease (100). the exact pathophysiology remains unknown.

hCtr is a common risk factor for KS, with an incidence that ranges from 20% to 60% in KS formers (101). The low 24h
urinary citrate excretion is a marker of acid load of the body. To maintain acid-base balance, kidney retains and bone
releases alkali (citrate), causing a reduction in BMD and an increasing of BTM (102). Pak and coll. described a significant
improvement of BMD in lumbar spine in KS formers treated with a long-term potassium citrate salt (mean 44 months),
suggesting that this drug, used for KS, may prevent bone loss (103).

Cystinuria (OMIM: 220100) is a rare genetic disease caused by cystine tubular transport alteration, and it is considered
as the most frequent monogenic form of KS. Cystinuria is classified as: 1) type A characterized by SLC3A1 gene muta-
tion; ii) type B characterized by SLC7A9 gene mutation (104). Cystinuric patients have a higher prevalence of chronic
kidney disease and failure, caused by recurrent KS. This latter is associated to low BMD. An animal study by Peters and
coll., the SLC3A1 gene mutation was associated to low BMD independently of renal failure, assuming a direct role of
cystinuria in skeletal alteration (105). The high prevalence of low BMD in this setting was showed by Bijelic and coll. com-
pared to KS formers and healthy controls (106) and it was confirmed by D’Ambrosio and coll. (107).

The main defect in purine metabolism is the deficiency of hypoxanthine-guanine phosphoribosyltransferase (HPRT), result-
ing in an accumulation of uric acid (UA) (108). UA has a double action on bone. In the normal range, it acts as an antiox-
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idant and reduces the incidence of Op by 23-26% (109). Meanwhile, elevated UA levels cause destructive effects on bone
health through reactive oxygen species (ROS) and increase of inflammation (110).

AN INTEGRATED APPROACH TO KS AND MBDs TO REDUCE THE FINANCIAL AND SOCIAL BURDEN

Growing epidemiological and experimental data support a non-stochastic association between idiopathic KS and com-
mon MBDs, such as Op, PDB and renal phosphate leak not PTH related. MBDs and KS share common environmental
and genetic backgrounds. Based on such evidence, a different clinical approach and management of KS and MBD
patients should be evaluated. Additionally, KS and MBDs account for an increased economic burden, linked to hospi-
talisation and pharmacological treatment costs, and ambulatory visits (111, 112). An integrated screening protocol could
be able to impact positively, reducing mortality, morbidity and overall costs.

We propose the evaluation of metabolic risk factors for nephrolithiasis (measurement of 24-h urinary excretion of calci-
um, phosphate, citrate, magnesium and urate), and an abdomen ultrasound exam in patients with Op, PDB and renal
phosphate leak. On the contrary, the assessment of bone mineral density by DXA or REMS, BTMs and threshold of tubu-
lar phosphate resorption should be evaluated in patients with nephrolithiasis. Both in KS and MBD patients, the evalu-
ation of daily calcium and salt intake, and the adherence to a balanced diet is recommended. Moreover, in case of KS in
young patients or recurrent KS, without any metabolic causes, it could be essential to search for gene mutations related
to KS. This new diagnostic protocol guarantees the best possible treatment of any type of metabolic bone disorders, and,
for this reason, it is necessary to develop a specific public health strategy.

Figure 1.
Suggested flow-chart for the management of nephrolithiasis and metabolic bone disorders.

First and second tier
investigations and
assessment of tubular

phosphate resorption®

Abdomen ultrasound
examination

BMD assessment

Op, PDB and renal

Nephrolithiasis phosphate leak

Dietary habit assessment

Dietary habit assessment

24-h urinary volume and
excretion of calcium,
phosphate, citrate,
oxalate, magnesium and
yrate

BTM assessment

DECLARATIONS

Ethical approval: N/A.

Availability of data and material: N/A.

Competing interests: All authors declare no conflict of interest.
Funding: No funding was used for this manuscript..

Authors' contributions: Conceptualization VA, RD; methodology AV, VA, MDM, FG, GDF, RD; discussion of the findings AV, VA, MDM,
AV, SM, GDF, RD; writing original draft preparation VA; final editing MDM, GDF, LDE, RD; project administration and supervision MDM,
GDF, RD. All authors have read and agreed to the published version of the manuscript.

Acknowledgments: N/A.

Archivio Italiano di Urologia e Andrologia 2025; 97(2):13870
5



A. Vergatti, V. Abate, M. Della Monica, et al.

REFERENCES
1. Karsenty G. The complexities of skeletal biology. Nature 2003; 423:316-318.

2. Feng X. Chemical and biochemical basis of cell-bone matrix interaction in health and disease. Curr Chem Biol 2009; 3:189-196.

3. Arias CE Herrero MA, Echeverri LE et al. Bone remodeling: a tissue-level process emerging from cell-level molecular algorithms. PLoS One
2018; 13:¢0204171.

4. Sromova V, Sobola D, Kaspar P A brief review of bone cell function and importance. Cells 2023; 12:2576.

5. Florencio-Silva R, Sasso GR, Sasso-Cerri E, et al. biology of bone tissue: structure, function, and factors that influence bone cells. Biomed Res
Int 2015; 2015:421746.

6. Guntur AR, Rosen CJ. Bone as an endocrine organ. Endocr Pract 2012; 18:758-762.

7. Du'Y, Zhang L, Wang Z, et al. Endocrine Regulation of Extra-skeletal Organs by Bone-derived Secreted Protein and the effect of Mechanical
Stimulation. Front Cell Dev Biol 2021; 9:778015.

8. Karsenty G. Osteocalcin: A multifaceted bone-derived hormone. Annu Rev Nutr. 2023; 43:55-71.
9. Rauner M, Sipos W, Pietschmann P. Osteoimmunology. Int Arch Allergy Immunol 2007; 143:31-48.

10. Cornish ], Gillespie MT, Callon KE, et al. Interleukin-18 is a novel mitogen of osteogenic and chondrogenic cells. Endocrinology 2003;
144:1194-1201.

11. Mirosavljevic D, Quinn JM, Elliott ], et al. T-cells mediate an inhibitory effect of interleukin-4 on osteoclastogenesis. | Bone Miner Res 2003;
18:984-993.

12. Takayanagi H, Ogasawara K, Hida S, et al. T-cell-mediated regulation of osteoclastogenesis by signalling cross-talk between RANKL and IFN-
gamma. Nature 2000; 408:600-605.

13. Kong YY, Feige U, Sarosi I, et al. Activated T cells regulate bone loss and joint destruction in adjuvant arthritis through osteoprotegerin lig-
and. Nature 1999; 402:304-309.

14. Takayanagi H. Osteoimmunology and the effects of the immune system on bone. Nat Rev Rheumatol 2010; 1; 6:4.

15. Su N, Yang ], Xie Y, et al. Bone function, dysfunction and its role in diseases including critical illness. Int J Biol Sci 2019; 15:776-787.

16. Blake GM, Fogelman L. The role of DXA bone density scans in the diagnosis and treatment of osteoporosis. Postgrad Med ] 2007; 83:509-517.
17. Rossini M, Adami S, Bertoldo E et al. Guidelines for the diagnosis, prevention and management of osteoporosis. Reumatismo 2016; 68:1-39.

18. Rajan R, Cherian KE, Kapoor N, Paul TV. Trabecular bone score-an emerging tool in the management of osteoporosis. Indian ] Endocrinol
Metab 2020; 24:237-243.

19. Hans D, Métrailler A, Gonzalez Rodriguez E, et al. Quantitative Ultrasound (QUS) in the management of osteoporosis and assessment of
fracture risk: an update. Adv Exp Med Biol 2022; 1364:7-34.

20. Brett AD, Brown JK. Quantitative computed tomography and opportunistic bone density screening by dual use of computed tomography scans.
J Orthop Translat 2015; 3:178-184.

21. Diez-Perez A, Brandi ML, Al-Daghri N, et al. Radiofrequency echographic multi-spectrometry for the in-vivo assessment of bone strength:
state of the art-outcomes of an expert consensus meeting organized by the European Society for Clinical and Economic Aspects of Osteoporosis,
Osteoarthritis and Musculoskeletal Diseases (ESCEO). Aging Clin Exp Res 2019; 31:1375-1389.

22. Di Paola M, Gatti D, Viapiana O, et al. Radiofrequency echographic multispectrometry compared with dual X-ray absorptiometry for osteo-
porosis diagnosis on lumbar spine and femoral neck. Osteoporos Int 2019; 30:391-402.

23. Koivula MK, Risteli L, Risteli J. Measurement of aminoterminal propeptide of type I procollagen (PINP) in serum. Clin Biochem 2012;
45:920-927.

24. Parfitt AM, Simon LS, Villanueva AR, Krane SM. Procollagen type I carboxy-terminal extension peptide in serum as a marker of collagen biosyn-
thesis in bone. Correlation with Iliac bone formation rates and comparison with total alkaline phosphatase. ] Bone Miner Res 1987; 2:427-436.

25. Power MJ, Fottrell PE Osteocalcin: diagnostic methods and clinical applications. Crit Rev Clin Lab Sci 1991; 28:287-335.

26. Sprague SM, Bellorin-Font E, Jorgetti V, et al. Diagnostic Accuracy of Bone Turnover Markers and Bone Histology in Patients With CKD
Treated by Dialysis. Am J Kidney Dis 2016; 67:559-566.

27. Brown JE Don-Wauchope A, Douville P, et al. Current use of bone turnover markers in the management of osteoporosis. Clin Biochem 2022;
109-110:1-10.

28. Shetty S, Kapoor N, Bondu JD, et al. Bone turnover markers: emerging tool in the management of osteoporosis. Indian ] Endocrinol Metab
2016; 20:846-852.

29. Gambaro G, Croppi E, Coe I et al. Metabolic diagnosis and medical prevention of calcium nephrolithiasis and its systemic manifestations: a
consensus statement. | Nephrol 2016; 29:715-734.

30. Ziemba JB, Matlaga BR. Epidemiology and economics of nephrolithiasis. Investig Clin Urol 2017; 58:299-306.
31. Turk C, Petrik A, Sarica K, et al. EAU Guidelines on Diagnosis and Conservative Management of Urolithiasis. Eur Urol 2016; 69:468-474.

Archivio Italiano di Urologia e Andrologia 2025; 97(2):13870
6



Kidney stones and metabolic bone diseases

32. Ghani KR, Rojanasarot S, Cutone B, et al. Economic burden of complicated ureteral stent removal in patients with kidney stone disease in
the USA. ] Comp Eff Res 2022; 11:1253-1261.

33. https://tau.amegroups.org/article/view/4200. Last accessed on April, 7% 2025.
34. Coe FL, Evan A, Worcester E. Kidney stone disease. ] Clin Invest 2005; 115:2598-2608.
35. Feng X, McDonald JM. Disorders of bone remodeling. Annu Rev Pathol 2011; 6:121-145.

36. GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries in 204 countries and territories, 1990-2019: a
systematic analysis for the Global Burden of Disease Study 2019. Lancet 2020 14; 396:1562.

37. Marcellusi A, Rotundo MA, Nardone C, et al. Osteoporosis: economic burden of disease in Italy. Clin Drug Investig 2020; 40:449-458.
38. Cundy T, et al. Metabolic bone disease in clinical biochemistry: metabolic and clinical aspects, 3" Ed, 2014. p 604.

39. Golden SH, Robinson KA, Saldanha I, et al. Clinical review: prevalence and incidence of endocrine and metabolic disorders in the United
States: a comprehensive review. ] Clin Endocrinol Metab 2009; 94:1853-1878.

40. Appelman-Dijkstra NM, Oei HLDW, Vlug AG, Winter EM. The effect of osteoporosis treatment on bone mass. Best Pract Res Clin Endocrinol
Metab 2022; 36:101623.

41. Denburg MR, Leonard MB, Haynes K, et al. Risk of fracture in urolithiasis: a population-based cohort study using the health improvement
network. Clin ] Am Soc Nephrol 2014; 9:2133-2140.

42. Cosman E de Beur S], LeBoff MS, et al. Clinician's guide to prevention and treatment of osteoporosis. Osteoporos Int 2014; 25:2359-2381.
43. Mufioz-Garach A, Garcia-Fontana B, Munioz-Torres M. Nutrients and Dietary Patterns Related to Osteoporosis. Nutrients 2020; 12:1986.

44. Sorensen MD, Chi T, Shara NM, et al. Activity, energy intake, obesity, and the risk of incident kidney stones in postmenopausal women: a
report from the Women's Health Initiative. ] Am Soc Nephrol 2014; 25:362-369.

45. Booth FW, Roberts CK, Thyfault JE et al. Role of inactivity in chronic diseases: evolutionary insight and pathophysiological mechanisms.
Physiol Rev 2017; 97:1351-1402.

46. Amrein K, Scherkl M, Hoffmann M, et al. Vitamin D deficiency 2.0: an update on the current status worldwide. Eur ] Clin Nutr 2020;
74:1498-1513.

47. Howles SA, Thakker RV. Genetics of kidney stone disease. Nat Rev Urol 2020; 17:407-421.
48. Pak CY, Sakhaee K, Moe OW, et al. Defining hypercalciuria in nephrolithiasis. Kidney Int 2011; 80:777-782.

49. Giannini S, Nobile M, Dalle Carbonare L, et al. Hypercalciuria is a common and important finding in postmenopausal women with osteo-
porosis. Eur ] Endocrinol 2003; 149:209-213.

50. Eller-Vainicher C, Cairoli E, Zhukouskaya VV, et al. Prevalence of subclinical contributors to low bone mineral density and/or fragility frac-
ture. Eur J Endocrinol 2013; 169:225-237.

51. Rebsamen MC, Sun J, Norman AW, Liao JK. lalpha,25-dihydroxyvitamin D3 induces vascular smooth muscle cell migration via activation
of phosphatidylinositol 3-kinase. Circ Res 2002; 91:17-24.

52. Trinchieri A. Bone mineral content in calcium renal stone formers. Urol Res 2005; 33:247-253.

53. Thorleifsson G, Holm H, Edvardsson V, et al. Sequence variants in the CLDN14 gene associate with kidney stones and bone mineral densi-
ty. Nat Genet 2009; 41:926-930.

54. Kleeman CR, Bohannan J, Bernstein D, et al. Effect of variations in sodium intake on calcium excretion in normal humans. Pro Soc Exp Biol
Med 1964; 115:29-32.

55. Jackson RD, LaCroix AZ, Gass M, et al. Calcium plus vitamin D supplementation and the risk of fractures. N Engl ] Med 2006; 354:669-683.
56. Heaney RP. Calcium supplementation and incident kidney stone risk: a systematic review. ] Am Coll Nutr 2008; 27:519-27.

57. Borghi L, Schianchi T, Meschi T, et al. Comparison of two diets for the prevention of recurrent stones in idiopathic hypercalciuria. N Engl |
Med 2002; 346:77-84.

58. Nordin BE, Need AG, Steurer T, et al. Nutrition, osteoporosis, and aging. Ann N'Y Acad Sci. 1998; 854:336-351.

59. Nouvenne A, Meschi T, Guerra A, et al. Dietary treatment of nephrolithiasis. Clin Cases Miner Bone Metab 2008; 5:135-141.

60. Thom JA, Morris JE, Bishop A, Blacklock NJ. The influence of refined carbohydrate on urinary calcium excretion. Br ] Urol 1978; 50:459-464.
61. DiNicolantonio JJ, Mehta V, Zaman SB, O'Keefe JH. Not salt but sugar as aetiological in osteoporosis: a review. Mo Med 2018; 115:247-252.

62. Rendina D, De Filippo G, Zampa G, et al. Characteristic clinical and biochemical profile of recurrent calcium-oxalate nephrolithiasis in
patients with metabolic syndrome. Nephrol Dial Transplant 2011; 26:2256-2263.

63. Abate V, Vergatti A, Fiore A, et al. Low potassium intake: a common risk factor for nephrolithiasis in patients with high blood pressure. High
Blood Press Cardiovasc Prev 2023; 30:343-350.

64. Tebben PJ, Milliner DS, Horst RL, et al. Hypercalcemia, hypercalciuria, and elevated calcitriol concentrations with autosomal dominant
transmission due to CYP24A1 mutations: effects of ketoconazole therapy. ] Clin Endocrinol Metab 2012; 97:E423-E427.

Archivio Italiano di Urologia e Andrologia 2025; 97(2):13870
7



A. Vergatti, V. Abate, M. Della Monica, et al.

65. Lacey DL, Grosso LE, Moser SA, et al. IL-1-induced murine osteoblast IL-6 production is mediated by the type 1 IL-1 receptor and is
increased by 1,25 dihydroxyvitamin D3. ] Clin Invest 1993; 91:1731-1742.

66. Lucato B, Trevisan C, Stubbs B, et al. Nephrolithiasis, bone mineral density, osteoporosis, and fractures: a systematic review and comparative
meta-analysis. Osteoporos Int 2016; 27:3155-3164.

67. Taylor EN, Feskanich D, Paik JM, Curhan GC. Nephrolithiasis and Risk of Incident Bone Fracture. ] Urol 2016; 195:1482-1486.

68. Ganesan C, Thomas IC, Romero R, et al. Osteoporosis, Fractures, and Bone Mineral Density Screening in Veterans With Kidney Stone
Disease. | Bone Miner Res 2021; 36:872-878.

69. Dhayat NA, Schneider L, Popp AW, et al. Predictors of Bone Mineral Density in Kidney Stone Formers. Kidney Int Rep 2021; 7:558-567.

70. Sakhaee K, Maalouf NM, Poindexter ], et al. Relationship between Urinary Calcium and Bone Mineral Density in Patients with Calcium
Nephrolithiasis. ] Urol 2017; 197:1472-1477.

71. Fink HA, Litwack-Harrison S, Taylor BC, et al. Clinical utility of routine laboratory testing to identify possible secondary causes in older men
with osteoporosis: the Osteoporotic Fractures in Men (MrOS) Study. Osteoporos Int 2017; 28:419-420.

72. Carbone LD, Hovey KM, Andrews CA, et al. urinary tract stones and osteoporosis: findings from the women's health initiative. ] Bone Miner
Res 2015; 30:2096-2102.

73. Rendina D, D'Elia L, Evangelista M, et al. Osteoporosis is a predictive factor for nephrolithiasis in an adult free-living caucasian population
from southern italy: a longitudinal retrospective study based on a general practice database. Calcif Tissue Int 2020; 107:446-452.

74. Rendina D, De Filippo G, lannuzzo G, et al. Idiopathic Osteoporosis and Nephrolithiasis: Two Sides of the Same Coin?. Int ] Mol Sci 2020;
21:8183.

75. Gennari L, Rendina D, Falchetti A, Merlotti D. Paget's Disease of Bone. Calcif Tissue Int 2019; 104:483-500.

76. Rendina D, De Filippo G, Merlotti D, et al. increased prevalence of nephrolithiasis and hyperoxaluria in paget disease of bone. ] Clin
Endocrinol Metab 2020; 105:dgaa576.

77. Prié D, Friedlander G. Genetic disorders of renal phosphate transport. N Engl ] Med 2010; 362:2399-2409.
78. Wagner CA, Egli-Spichtig D, Rubio-Aliaga I. Updates on renal phosphate transport. Curr Opin Nephrol Hypertens 2025; 34:269-275.
79. Tiosano D, Hochberg Z. Hypophosphatemia: the common denominator of all rickets. ] Bone Miner Metab. 2009; 27:392-401.

80. Berndt TJ, Schiavi S, Kumar R. "Phosphatonins” and the regulation of phosphorus homeostasis. Am ] Physiol Renal Physiol 2005; 289:F1170-
F1182.

81. Alon US. Clinical practice. Fibroblast growth factor (FGF)23: a new hormone. Eur J Pediatr 2011; 170:545-554.
82. Wesseling-Perry K. FGF-23 in bone biology. Pediatr Nephrol 2010; 25:603-608.

83. Shimada T, Yamazaki Y, Takahashi M, et al. Vitamin D receptor-independent FGF23 actions in regulating phosphate and vitamin D metab-
olism. Am ] Physiol Renal Physiol 2005; 289:F1088-F1095.

84. Minisola S, Peacock M, Fukumoto S, et al. Tumour-induced osteomalacia. Nat Rev Dis Primers 2017; 3:17044.

85. Prié D, Ravery V, Boccon-Gibod L, Friedlander G. Frequency of renal phosphate leak among patients with calcium nephrolithiasis. Kidney
Int 2001; 60:272-276.

86. Prié¢ D, Beck L, Silve C, Friedlander G. Hypophosphatemia and calcium nephrolithiasis. Nephron Exp Nephrol 2004; 98:¢50-e54.

87. Prié D, Huart V, Bakouh N, et al. Nephrolithiasis and osteoporosis associated with hypophosphatemia caused by mutations in the type 2a
sodium-phosphate cotransporter. N Engl | Med 2002; 347:983-991.

88. Rendina D, Mossetti G, De Filippo G, et al. Fibroblast growth factor 23 is increased in calcium nephrolithiasis with hypophosphatemia and
renal phosphate leak. J Clin Endocrinol Metab 2006; 91:959-963.

89. Rendina D, Esposito T, Mossetti G, et al. A functional allelic variant of the FGF23 gene is associated with renal phosphate leak in calcium
nephrolithiasis. J Clin Endocrinol Metab 2012; 97:E840-E844.

90. Enlund-Cerullo M, Holmlund-Suila E, Valkama S, et al. Variation in the fibroblast growth factor 23 (FGF23) gene associates with serum
FGF23 and bone strength in infants. Front Genet 2023; 14:1192368.

91. van't Hoff WG. Aetiological factors in paediatric urolithiasis. Nephron Clin Pract 2004; 98:c45-c48.
92. Worcester EM, Coe FL. New insights into the pathogenesis of idiopathic hypercalciuria. Semin Nephrol 2008; 28:120-132.

93. Sargent JD, Stukel TA, Kresel ], Klein RZ. Normal values for random urinary calcium to creatinine ratios in infancy. ] Pediatr 1993; 123:393-
397.

94. Pak CY, Britton E Peterson R, et al. Ambulatory evaluation of nephrolithiasis. Classification, clinical presentation and diagnostic criteria. Am
J Med 1980; 69:19-30.

95. Heller HJ, Zerwekh JE, Gottschalk FA, Pak CY. Reduced bone formation and relatively increased bone resorption in absorptive hypercalci-
uria. Kidney Int 2007; 71:808-815.

96. Freundlich M, Alonzo E, Bellorin-Font E, Weisinger JR. Reduced bone mass in children with idiopathic hypercalciuria and in their asympto-
matic mothers. Nephrol Dial Transplant 2002; 17:1396-1401.

Archivio Italiano di Urologia e Andrologia 2025; 97(2):13870
8



Kidney stones and metabolic bone diseases

97. Garcia-Nieto V, Navartro JE Monge M, Garcia-Rodriguez VE. Bone mineral density in gitls and their mothers with idiopathic hypercalciuria.
Nephron Clin Pract 2003; 94:¢89-c93.

98. Caudarella R, Vescini E, Buffa A, et al. Bone mass loss in calcium stone disease: focus on hypercalciuria and metabolic factors. ] Nephrol 2003;
16:260-266.

99. Cochat B, Rumsby G. Primary hyperoxaluria. N Engl ] Med 2013 28; 369:2168
100. Bacchetta ], Boivin G, Cochat P Bone impairment in primary hyperoxaluria: a review. Pediatr Nephrol 2016; 31:1-6.
101. Zuckerman JM, Assimos DG. Hypocitraturia: pathophysiology and medical management. Rev Urol 2009; 11:134-144.

102. Frassetto L, Banerjee T, Powe N, Sebastian A. Acid balance, dietary acid load, and bone effects-a controversial subject. Nutrients 2018;
10:517.

103. Pak CY, Peterson RD, Poindexter J. Prevention of spinal bone loss by potassium citrate in cases of calcium urolithiasis. | Urol 2002; 168:31-34.

104. Prot-Bertoye C, Lebbah S, Daudon M, et al. CKD and Its Risk Factors among Patients with Cystinuria. Clin ] Am Soc Nephrol 2015;
10:842-851.

105. Peters T, Thaete C, Wolf S, et al. A mouse model for cystinuria type I. Hum Mol Genet 2003; 12:2109-2120.
106. Bijelic R, Milicevic S, Balaban J. Incidence of osteoporosis in patients with urolithiasis. Med Arch 2014; 68:335-338.
107. D’AmbrosioV, Capolongo G, Caletti C et al. Bone mineral density assessment in patients with cystinuria 2023.

108. Sampat R, Fu R, Larovere LE, et al. Mechanisms for phenotypic variation in Lesch-Nyhan disease and its variants. Hum Genet 2011;
129:71-78.

109. Chen E Wang Y, Guo Y, et al. Specific higher levels of serum uric acid might have a protective effect on bone mineral density within a Chinese
population over 60 years old: a cross-sectional study from northeast China. Clin Interv Aging 2019; 14:1065-1073.

110. Dalbeth N, Becce E Botson JK, et al. Dual-energy CT assessment of rapid monosodium urate depletion and bone erosion remodelling dur-
ing pegloticase plus methotrexate co-therapy. Rheumatology (Oxford). 2022; 61:4898-4904.

111. Hyams ES, Matlaga BR. Economic impact of urinary stones. Transl Androl Urol 2014; 3:278-283.
112. Marcellusi A, Rotundo MA, Nardone C, et al. Osteoporosis: Economic Burden of Disease in Italy. Clin Drug Investig 2020; 40:449-458.

Correspondence

Anita Vergatti

anita.vergatti@unina.it

Veronica Abate

veronica.abata@unina.it

Alfonso Varriale
alfonso.varriale@unina. it

Simone Magelli
simone.magelli@outlook.it

Francesca Garofano
garofanofran.1@gmail.com

Lanfranco D'Elia
lanfranco.delia@unina.it

Antonio Barbato

abarbato@unina.it

Domenico Rendina (Corresponding Author)
Domenico.rendina@unina.it
Department of Clinical Medicine and Surgery, Federico II University, Naples, Italy

Matteo Della Monica
matteo191257@gmail.com
Former Head of the Medical and Laboratory Genetic Unit, Cardarelli Hospital, Naples, Italy

Gianpaolo De Filippo

gianpaolo.defilippo@aphp.fr
Assistance Publique-Hopitaux de Paris, Hopital Robert-Debré, Service d’Endocrinologie-Diabétologie, Paris, France

Archivio Italiano di Urologia e Andrologia 2025; 97(2):13870
9



