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Role of phosphate sensing in bone and mineral metabolism

Key points

—_— e Endocrine regulation of gastrointestinal absorption, storage in the mineral
deposits of the skeleton and renal excretion of inorganic phosphate (P;)
maintains the serum concentration of P; within a narrow range.

= = P; activates extracellular-signal-regulated kinases 1 and 2 in mammalian
cells. which are required for stimulation of mitochondrial respiration and
transcription of bone matrix proteins.

— . P; stimulates the synthesis and secretion of parathyroid hormone and

fibroblast growth factor 23 and blocks the synthesis of calcitriol; however,

the endocrine sensor for P; remains unknown.

_— Mutations in the endocrine regulators of P; lead to genetic disorders

characterized by abnormal bone and mineral metabolism and ectopic
calcifications.

. Identification of loss-of-function mutations in several P; transporters
highlights the importance of intracellular P; for muscle function and vascular
calcifications.

. How intracellular P; causes myopathy, tumour formation and changes
associated with acclerated ageing is less well understood.

Chanade S, Bergwitz C, 2018



Severe Hypophosphatemia: The Hidden Truth

Farzahna Mohamed

#* and Frederick J. Raal (®)®

Table 1. Biochemical results at the time of admission (all serum unless specified otherwise).

Analyte

Adjusted calcium

Phosphate

Magnesium

Albumin

Parathyroid hormone

25-hydroxy vitamin D
1,25-dihydroxy vitamin D

Alkaline phosphatase
Bone-specific alkaline phosphatase
Creatinine

Estimated glomerular filtration rate
TmP/GFR

Fibroblast growth factor 23

Reference interval
8.8-10 mg/dL
2.5-4.5 mg/dL
1.5-2.6 mg/dL

3.5-5.2 g/dL
14-72 pg/mL
<20 ng/mL—deficient; >30 ng/mL—sufficient
17-65 pg/mL
42-98 1U/L
14-42 |U/L
0.55-1.02 mg/dL
90-120 mL/min/1.73m?
2.0-3.4 mg/dL
12-49 pg/mL

Result

8.8
1.97
4.4
622
13
53
460
305
0.43
117
0.8
Q207




Endocrine regulation of Pi homeostasis
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Approach to patients with hypophosphataemia

Biochemical findings in patients with hypophosphataemia from different clinical conditions

Serum Urinary Parathyroid  25(OH)D 1,25(0H),D TmP:GFR  FGF-23
calcium calcium hormone
Nutritional
Phosphate deficien
Serum phosphate Serum phosphate

Vitamin D deficienc {mg,-"clL} (mmol,fL}
Main endocrine an 0-5 days 4-8-8-2 1-5-2-6
Primary hyperparat

1-3 years 3-8-6-5 1-2-2-1
Fanconi syndrome 4-11years 3.7-5.6 1.2-1-8
Other acquired cor 12-15 years 2-9-5.4 0-9-1-7
Tumour-induced os

16-19 years 2-7-4-7 0-9-15
Genetic condition: =20 years 2.5-4.5 0-8-1-4
FGF23-mediated he
hypophosphataem .
ARHRADHR Mas | Table 1: Normal age-dependent values of serum phosphate
Hereditary hypopht
with hypercalciuria v U vt e
Hypophosphataemic rickets with Normal Highor High Normal Low or Low High
hyperparathyroidism normal normal

sBTM

High or
normal

High or
normal

High or
normal

High

High or
normal

High or
normal




Age-dependent sex differences in calcium and
phosphate homeostasis
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Analytical performance specifications

QUALITY (analytical goals, Total Error)
Desirable TE,%

Obtained TE,%

Glucose 6,9

5,0

Phosphate - Meta Analysis

Matrix
Serum/plasma

Serum/plasma

BV Estimate Median CV Lower Cl Higher Cl Comments Updated

& Within Subject 7.7 5.7 8.3 21/1/2026

‘& Between Subject 10.7 7.9 17.4 21/1/2026
SUEICLALGEN  Analytical Performance Specification =~ RCV Calculation

Ca 2,4 (minimum 3,6) 3,0

Zaninotto M, 2010
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BS25-09 BS25-10
N® Qut Mediana DS CV% N® Qut Mediana DS CV%
Tutti i metodi 679 515
Fosfomolibdato 635 5 2,36 0,07 3,11 490 @ 1,39 0,04 2,73
Abbott, Alinity C 56 3 2,32 0,04 1.82 73 4 1.36 0,03 2,13
Abbott, Architect 52 1 2,33 0,04 1.77 M 2 1,39 0,02 1,65
Beckman, AL 120 237 0,07 2.84 1M 1.37 0,04 2,70
BioSab 1 1
BioSystems 1 1
IL, ILAB 24 2,31 0,07 3.1 4 1.31 0,07 a1
Mindray 2 2
Roche, Cobas 216 2,36 0,06 233 172 1 1,39 0,03 1,98
Siemens, Advia 43 242 0,08 3.09 8 1,39 0,04 3,14
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Fosfomolibdato 431 18,50 0,74 4,01 420 1 9,50 0,31 3H
Abbott, Alinity 79 2 158,15 0,32 1,77 a8 a3 024 2,53
Abbott, Architect 63 1 18,12 0,51 282 53 934 0,35 376
Beckman, CXLXDxC 1 i
Beckman, AU a7 1 16,46 0,67 3,61 a5 1 949 0,29 3,05
Roche, cobas 119 18,75 0,64 341 122 2,60 0,28 2,91
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Siemens, Advia 13 18,87 0,86 457 14 940 046 492
Siemens, Atellica 45 19,34 0,52 2,68 38 9,96 0,23 2,35
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Tubular phosphate transport: a comparison
between different methods of urine sample
collection in FGF23-dependent hypophosphatemic
syndromes

CTRP = | = {(Uy/Py) % (P Us]D

However, it is still unclear, at least in adults, which
is the best urine sample to consider for its calculation. In the
original paper by Bijvoet [9] an untimed urine morning
sample was used, probably because it was developed for
pediatric patients with hereditary rickets in which this type
of collection is easier to be obtained. However, in a recent
Consensus Statement on XLH management, it has been
suggested the use of a second morning void sample obtained
2 h after the first void [11]. On the contrary, no fully estab-
lished evidences exist regarding the possible contribution of
24 h urinary collection in the estimation of TmP/GFR.

Arcidiacono GP, 2024




Tubular phosphate transport: a comparison
between different methods of urine sample
collection in FGF23-dependent hypophosphatemic

syndromes

Table 3: Laboratory tests.

Variable

Results

Serum phosphate, mmol/L

m) TmP/GFR 2 h, mmol/L
® TmP/GFR 24 h, mmol/L

uPi/Cr 2 h, mmol/mmol
uPi/Cr 24 h, mmol/mmol
Serum creatinine, pmol/L
Creatinine clearance, mL/min
Serum albumin, g/L

Serum calcium, mmol/L
Urinary calcium, mmol/24 h
PTH, ng/L

25-OH-vitamin D, nmol/L
1,25-(0OH),-vitamin D, pmol/L
Intact FGF23, pg/mL
C-terminal FGF23, pmol/L

0.63 (0.51-0.71)
0.35 (0.24-0.47)
0.31 (0.22-0.43)
3.75 (2.65-5.18)
4.41 (3.55-5.66)
69.0 (53.9-82.2)

117 (93-129)
44.0 (41.5-47.0)
239 (2.31-2.43)
3.73 (2.75-4.95)
28.0 (22.8-41.4)

90.5 (65.3-103.0)

93.0 (64.0-142.3)

165.1 (106.1-455.0)

4.35 (1.58-8.60)
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Tubular phosphate transport: a comparison
between different methods of urine sample
collection in FGF23-dependent hypophosphatemic
syndromes

Thus, a 24 h urinary collection may be necessary to assess
the extent of urinary calcium and other solutes (e.g., urinary
citrate, oxalate, uric acid), as their excretion cannot be
adequately measured with 2 h or spot morning samples [14].
Considering the data presented in this study, the 24 h urine
sample could be an alternative to the 2 h morning sample for
calculation of TmP/GFR. This could enhance patient compli-

ance, as they would only need to collect one type of urine
sample.

Arcidiacono GP, 2024



Three feedback loops precisely regulating

phosphate concentration

Calcitriol
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Timeline of PTH detection method evolution

Immunoassays Mass Spectrometry

1963 ] [ 1987 ] [ 1999

I I ]
1 1 ] 1 1 1
1 1 ] 1 1 1
~ L = ~ L =y 'S L ' r L b r L A r 1 N
. 2nd-Generation 3rd-Generation
I1st-Generation RIA (Intact/Total PTH) J (Whole/Bioactive PTH) Bottom-Up MS | LC-HRMS SPE-LC-MS/MS
Sandwich immunoassay Sandwich immunoassay Bioactive PTH and PTH

Polyclonal antibodies (S i) ] | e L il Targeted 1-13 peptide L T ‘ Ne immunecapture

I ™ 4 b 4 b T = R 4 ™ s - B
C-terminal fragment Reduced C-terminal Avoid 7-84 PTH LOD 8-14.5 na/l Charge-state No Enzymatic
| cross-reactivity ) | interference | interference | ' ) optimization ) ! hydrolysis
( I Y\ 4 N " Y (e : ) ) )
Radioactive Severe 7-84 PTH cross- May be sensitive to Failed modified PTH
| contamination reactivity,may be post-translational detection ) LOD 50 pg/mL LOQ 5.7 pg/mL )
5 iy sensitive to post- . modifications* ) " ) O
translational - : Reference Method
Doslers \_ modifications* Routine CKD- : PIE fupret pratiliog Potential: Calibrating
: ’ _ . |MBD/dialysis and post- . ) : * | Immunoassays |
: Routine CKD- surgical monitoring . : .
: MBD/dialysis - . 4 . : :
monitoring
| — o I I | [
\ 4 Y A 4 A 4 Y \4

Bai X et al, 2025




Immunoassays to measure PTH: a critical issue

Table 1| Character  Parathyrin intact (PTH)
The overall reproducibility 15 comparable to previous rounds (CV almost 30 %) and large differences persist between
Method the averages of the results of the mdividual groups.
Roche Cobas Elecsys |

Parathyrin biointact (PTH 1-84)

The overall reproducibility 1s significantly better than that of PTH (CV, = 9.4 %, CVp = 5.6 %), approximately three
Roche Cobas Elecsys | quarters of the participants use Roche reagents and a quarter DiaSorm.
oinsorin Liason Lhe results of PTH 1-84 have a higher clmical effectiveness than the results of mtact PTH, especially i patients with
N-TACT PTH Gen Il chronic renal disease (espectally i patients on haemodialysis). Especially i cases where the manufacturer offers both
1[)_'38540;,'?HL'A'50N analytes, the transition to PTH 1-84 measurement is appropriate. The portion of the more progressive PTH 1-84 method

Fujirebio LUMIPULSE - within the BM programme 15 not growing significantly (approximately 40 participants for many years).
PTH

0%
'TH

2tic

CV, coefficient of variation; IS, International Standard; PTH, parathyroid hormone; RIA, radioimmunoassay; WHO, World Health Organization.




Standardization of PTH measurement by LC-MS/MS:
a promising solution for interassay variability

Immunoassay

Before recalibration After recalibration
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Real-world usage of Chronic Kidney Disease — Mineral
Bone Disorder (CKD-MBD) biomarkers in nephrology
practices

Use of parathyroid hormone
Which guidelines do you refer to for the value of PTH to

start the treatment of secondary hyperparathyroidism?

59% 4% 1% Most nephrologists used

-third-generation (37%) method

-second generation (25.8%) method

-38.4% did not know which methods was used

|| Cut-off > 500 pg/mL (mcg/L)

] Cut-off > 600 pg/mL (mcg/L)

[ Kidney Disease Outcomes Quality Initiative (KDOQI):
150-300 pg/ml (mcg/L)

[] Kidney Disease Improving Global Outcomes (KDIGO):

-2.2% used other methods»-

2 x — 9 x (the upper limit of normal for assay, respectively)

Fusaro M et al, 2024



Phosphate homeostasis
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Clinical Chemistry 60:7 * . .
933940 (2014) Mini-Review

Pathophysiological Implications of Fibroblast Growth
Factor-23 and Klotho and Their Potential Role
as Clinical Biomarkers

Javier Donate-Correa,’"* Mercedes Muros de Fuentes,?* Carmen Mora-Fernandez,**
and Juan F. Navarro-Gonzalez'-*%"

FGEF23 is a bone- and bone marrow-derived hormone that has a key role in maintaining

phosphate homeostasis by acting on the kidney proximal tubule to reduce both inorganic
phosphate reabsorption and 1.25-dihydroxyvitamin D synthesis (4). The net effect 1s
to increase kidney phosphate excretion and reduce intestinal phosphate absorption.

thereby lowering serum phosphate levels. Inadequate FGF23 production results in

hyperphosphatemia and ectopic calcifications, as seen in hyperphosphatemic familial

tumoral calcinosis (5). Conversely, excess FGF23 causes hypophosphatemia, leading to

defects in skeletal growth and development, as in patients with X-linked hypophosphatemic

rickets (XLH) (6). Patients with tumor-induced osteomalacia (TIO) also exhibit high FGF23
l |




FGF-23 family

Signal N-terminal FGF
peptide homology region

RHTR'”?  C-terminal receptor
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Commercially available assays for
FGF-23 measurements

(a)

Intact FGF23 assay iFGF23 antibodies
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Intact assay captures Intact FGF23 molecule exclusively

(b)
C-terminal FGF23 assay

C-terminal assay captures
Intact FGF23 and C-fragments

cFGF23 antibodies
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Zisman AL et al, 2010



FGF-23 measurements: preanalytical issues
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FGF-23:variabilita biologica

|analyte]

_-E_——{--%n ---}--{-"{ = cFGF23 (RU/mL)

-+ iFGF23 (pg/mL)

4.5 W"‘ PTH (pmol/L)

1.0 I‘II} II ----- { -#- phosphate (mmol/L)

Clock time (h)

TABLE 1. Variance components and test parameters of plasma FGF23, PTH, and serum phosphate concentrations in
healthy adult individuals

Number of

samples”
Assay Mean CV, (%) CV, (%) RCV? (%) CV¢ (%) +10% +20%
mm) iFGF23 26.1 pg/ml 6.2 18.3 54 19.2 0.95 14 4
cFGF23 49.0 RU/ml 3.6 8.3 25 289 0.29 3 1
— o7 3.7 pmolditer 2.5 20.2 56 21.8 0.93 16 4
p
Phosphate 0.91 mmol/liter 3.8 10.8 32 11.1 0.97 5 1
3P < (.05.

Smith ER et al. 2012



IFGF-23: intervalli di riferimento dichiarati
e e e |

Studio multicentrico
Prof.ssa Maria Rosaria Ambrosio (Pl)

Determinazione dei livelli circolanti di iFGF23 nella
popolazione adulta per la definizione di un
intervallo di riferimento specifico nella popolazione
adulta italiana
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iFGF-23: verifica intervalli di riferimento

Intact FGFZ3 (pg/mL)
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Intact FGF23 (pg/mL) Intact FGF23 (pg/ml)
Female Male

CLSI C28-A3 (robust method) n=200

Femmine mediana 35.6 pg/mL; intervallo 19-52
Maschi mediana 42.8 pg/mL; intervallo 27-58

Cosma C, dati non pubblicati



Determination of iIFGF23 Upper

Reference Limits (URL) in
healthy pediatric population,
for i1ts better correct use

iFGF23 pg/mL
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TABLE 4 The centiles calculated for different ages are shown.

Variable Centiles of iFGF23 (pg/mL)

Age (vears) 0.025 0.05 0.95 0.975
2 29,29 31,86 58,66 61,23
4 27,73 30,51 59,63 62,42
6 25,21 28,28 60,27 63,33
8 22,59 25,92 60,70 64,03
10 20,70 24,22 61,04 64,57
12 20,37 23,95 61,40 64,98
14 22,45 25,89 61,89 6533
16 27,77 30,81 62,62 65,67
18 22,62 42,28 66,85 67,73

Brescia V et al, 2022



Iron Deficiency on FGF-23 levels

CKD or
Hypophosphatemic Impaired
rickets present clevage of
iIFGF23
Bone FGF23
mRNA
expressiggT
Hif-1o / KD
( Ferritin¢ o.r bo
disease
Iron
- F erritin T
Irony,
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Degradation
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P iFor23 ()

4

Clinical Consequences
Phosphaturia,
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cFGF23 4
IEGF23 <>

!

No clinical effect

Kanbay M et al, 2017



Inflammation and functional iron deficiency regulate fibroblast
growth factor 23 production

Paziente MDB, maschio 44 anni Morbo di Chron

10.1 (Fe 2.2 umol/L)

cFGF-23: 0.8 pmol/L
iFGF-23:95.4 pg/mL

2% (Fe 5.7 umol/L

Concentrazione

3.6
(Fe 12.5 pmol/L) Ferro: 11.6-31.3 mmol/L
Fe 14.1 pmol/L) 2.32
1.8 Altri parametri biochimici

8/ 91.38 77.90 p v
32.9
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07-2018
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Diagnosis and treatment of Hypophosphatasia

Obligate diagnostic criterion for HPP

=) [ow ALP enzymatic activity for age and sex

Children Adults
Major diagnostic criteria for HPP
ALPL gene variant(s)
Elevation of natural substrates of TNSALP
Early nontraumatic loss of primary teeth Atypical femur fractures
Presence of rickets on radiograph Recurrent metatarsal stress fractures

Minor diagnostic criteria for HPP

Chronic musculoskeletal pain
Nephrocalcinosis

Delayed motor milestones Early atraumatic loss of teeth
Short stature Poorly healing fractures
Impaired mobility Chondrocalcinosis

Genu valgum/varum
Craniosynostosis
Low muscle tone

B6-responsive seizures

Seefried L et al, 2025



CONTRIBUTI SCIENTIFICI

SCIENTIFIC PAPERS

Tabella 2

Intewa"i di ri'l Limiti di nferimento standardizzati per Iattivita
alcalina del siero ottenuti nel presente studio

della fosfatasi g gierica in soggetti

pEdIatrICI Femmine Maschi
Eta Limite Limite Eta Limite Limite
(anni) inferiore superiore (anni) inferiore superiore
A 600 ;“ ALPF (U/L) (/L) (U/L) (U/L)
‘ <1 140 500 <1 140 500
1-<2 140 400 1-<2 140 400
2-<5 140 365 2-<5 140 365
5-<9 140 400 5-<12 140 400
- 9-<11 140 430 12-<13 140 465
;' 11-<12 140 400 13-<14 110 4865
- 12-<13 100 350 14-<15 90 400
13-<14 75 300 15-<16 65 275
14-<15 55 200 16-<17 50 200
15-<16 40 150 17-<18 50 150
16-<18 40 110 18-<19 43 135
g 0 5 19-<20 43 120
>18a 33 98 =202 43 115

aDati per la popolazione adulta da rif. (5), riportati per confronto.

MASCHI
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s

g,?

10 15 20
Eta, anni

Ceriotti F, 2017




Possible role of bone turnover markers in
the diagnosis of adult hypophosphatasia

Diagnosing HPP primarily relies on

measuring plasma ALP activity, but low ALP is not specific to HPP and can occur in other

conditions. Confirmatory tests, including specific biomarkers and genetic analysis, are often

exnensive and not widelv available. Our studv explores the use of bone turnover markers

(BTMs) to help diagnose HPP. We found that HPP patients show distinct patterns in BTMs

compared to those with antiresorptive-treated osteoporosis.
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Possible role of bone turnover markers in the
diagnosis of adult hypophosphatasia

Table 1. Female patient characteristics.

Characteristic Hypophosphatasia Controls p-value
(m=16) (n=46)

General
Age (vr) 509+13.4 65.1+8.6 <(0.001
Height (cm) 163.1£8.3 158.21+4.1 0.479
Weight (Kg) 59.3+12.1 58.1+12.2 0.785
BMI (Kg/m?) 23.4+4.8 23.3+4.9 0.979

Laboratory tests
Calcium (mg/dL) 9.4 (9.0-9.5) 9.3 (9.0-9.6) 0.782
Phosphate (mg/dL) 3.8 (2.9-4.4) 3.5 (3.1-3.8) 0.197
Creatinine (mg/dL) 0.70 (0.62-0.84) 0.90 (0.87-0.97) 0.003
eGFR (mL/min/1.73 m‘z] 86 (75-101) 94 (R7-99) 0.356
25-OH-vitamin D {nmol/L) 81.1(54.5-97.0) 90.0 (75.0-112.5) 0.061
'TH (2° generation assay, pg/mL) 49.0(43.0-60.0) 51.4 (38.7-66.0) 0.789
PTH (3° generation assay, ng/L) 21.2 (15.0-26.0) 26.3 (14.9-34.5) 0.831
Urinary calcium (mg/24 h) 159 (112-223) 187 (147-216) 0.305
Urinary phosphate (mg/24 h) 539 (480-600) 640 (471-703) 0.831

Bone turnover markers
CTX (pg/mL) 299 (149-343) 33 (30-120) <(0.001
ALP (U/L) 25(21-32) 37 (30-41) 0.001
hALP (pg/L) 4.7 (3.2-6.4) 6.1(3.9-7.3) 0.085
PINP (pg/L) 6l (42-77) 13 (9-20) <(0.001

Bertoldo F et al, 2024
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Practical Considerations for the Clinical Application of Bone Turnover
Markers in Osteoporosis 2023

Samuel D. Vasikaran'® . Masakazu Miura® - Richard Pikner** . Harjit P. Bhattoa® - Etienne Cavalier’ on behalf of the
|OF-IFCC Joint Committee on Bone Metabolism (C-BM)

Table 4 Intra individual variation [within-subject (CV,) biological
variation (BV)] estimates for the reference BTMs for osteoporosis,
PINP and B-CTX, with 95% confidence interval (CI), based on Cava-
lier et al.

Measurand ~ Mean value CV, % CV, %
(95% CI) (95% CI)* (95% CI)

PINP, ug/LL.  63.7 (62.3-65.0) 3.7 (3.6-3.9) 8.8(8.4-9.3)
B-CTX, ng/LL 514.3 (499.5-529.1) 5.0 (4.8-5.3) 15.1(14.4-16.0)




Mario Plebani*
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