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Abstract: In this review, we describe genetic mutations affecting metabolic pathways of calcium
and phosphorus homeostasis. Calcium and phosphorus homeostasis has tight hormonal regulation
by three major hormones: vitamin D, parathyroid hormone (PTH) and fibroblast growth factor 23
(FGF23). We describe the physiology and pathophysiology of disorders, their biochemical profile,
clinical characteristics, diagnostics, and treatments.
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1. Physiology
1.1. Calcium-Phosphorus Metabolism

Calcium and phosphorus minerals play a major role in bone mineralization. Both
minerals are present in bones, and soluble in serum or intracellular in soft tissues. Calcium
and phosphorus are stored as a crystalline structure in bone called hydroxyapatite and
serve as storage and the basis of bone structure to carry body weight. In serum, calcium
and phosphorus are either ionized, bound to albumin, or found in other ion complexes [1,2].
Calcium also plays a role in muscle contraction, hormone and neurotransmitter release,
and enzyme activation and coagulation pathways [3]. Soluble calcium and phosphorus in
serum play important roles in homeostasis and function of nervous, muscular, and other
systems and therefore have tight hormonal regulation through intestinal absorption, bone
resorption, renal excretion, and reabsorption.

Serum levels of calcium are tightly controlled and monitored by calcium sensing
receptors (CaSR) [4]. The CaSRs are G-protein coupled receptors found in the kidneys and
parathyroid glands. In excess, calcium binds to CaSRs resulting in decreased parathyroid
hormone synthesis and secretion, as well as reduced renal calcium reabsorption [4].

In the form of hydroxyapatite, phosphorus is a structural component of bone. The main
functions of phosphorus are to provide cellular energy and aid metabolism as a component
of ATP [5]. Serum phosphorus homeostasis is maintained by continuous mineralization
and resorption of bone, by a balance between osteoblasts, which are osteocytes that form
bone, and osteoclasts that reabsorb bone [3,5].

Receptor Activator of Nuclear Factor-K (RANK) binding to its ligand called RANKL
activates the osteoclast precursor and increases osteoclast activity. The ligand RANKL is
produced by osteoblasts [6] and, under the influence of macrophage colony stimulating
factor (M-CSF), it stimulates osteoclasts thereby increasing bone resorption [6]. To negate
this process, osteoprotegerin, also produced by osteoblasts, will bind to RANKL and
prevent downstream osteoclast activity [7]. This balance between RANK expression and

Endocrines 2022, 3, 150–167. https://doi.org/10.3390/endocrines3010014 https://www.mdpi.com/journal/endocrines

https://doi.org/10.3390/endocrines3010014
https://doi.org/10.3390/endocrines3010014
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/endocrines
https://www.mdpi.com
https://doi.org/10.3390/endocrines3010014
https://www.mdpi.com/journal/endocrines
https://www.mdpi.com/article/10.3390/endocrines3010014?type=check_update&version=1


Endocrines 2022, 3 151

osteoprotegerin secretion is affected by several different cytokines and hormones. This
balance regulates the process of bone turnover, thereby aiding in the maintenance of
homeostasis of intracellular phosphorus and calcium [8].

Physiologically, calcium and phosphorus are regulated by three main hormones:
vitamin D 25(OH), parathyroid hormone (PTH), and fibroblast growth factor 23 (FGF23) [9].

1.2. Regulation by Vitamin D

Different forms of vitamin D are biochemically converted to an active form of vitamin
D1,25(OH)2 or calcitriol (Figure 1). Vitamin D3 (cholecalciferol) in the skin of animals is
initially synthesized from 7-dehydrocholesterol by exposure to UVB radiation and heat [10].
Vitamin D2 (ergocalciferol) is sourced from plants and fungi. Other sources include fish liver,
oily fish, and is added to milk and orange juice [7]. In the liver, D2 and D3 are hydroxylated
into calcidiol (vitamin D25(OH)) [7]. This intermediate metabolite functions mainly as
the storage form of vitamin D [11,12]. In the kidneys, calcidiol is further hydroxylated by
the enzyme 1α-hydroxylase to form active calcitriol, resulting in increased absorption of
intestinal calcium and phosphorus [4,9,13–16].

Figure 1. Summary of the vitamin D pathway. Vitamin D activation involves the action of 25-
hydroxylase (liver) and 1α-hydroxylase (kidney). Calcitriol or vitamin D1,25(OH)2 can bind its
receptor to exert its biological action. Vitamin D inactivation involves 24-hydroxylase. This en-
zyme can metabolize vitamin D25(OH) to the intermediate metabolite vitamin D24,25(OH)2 and
vitamin D1,25(OH)2 to vitamin D1,24,25(OH)3. The activity of 1α-hydroxylase and 24-hydroxylase is
regulated mainly by PTH and FGF23. FGF23 = fibroblast growth factor 23.
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1.3. Regulation by PTH

PTH produced by the four parathyroid glands, plays an important role in maintenance
of calcium and phosphorus homeostasis in bone, the gut and the kidneys [17] (Figure 2).
In the renal tubules, PTH increases reabsorption of calcium while increasing excretion
of phosphorus [17]. In the gut, PTH promotes reabsorption of calcium and phosphorus
indirectly via increased 1α-hydroxylase [3,17–19]. In bone, PTH stimulates osteoblasts
and osteoclasts to increase bone turnover and ultimately bone resorption [19–21]. Bone
resorption increases levels of both phosphorus and calcium; however, as PTH also increases
the excretion of phosphorus in the kidneys, the net effect is an increase in serum calcium
and a decrease in serum phosphorus [2,22]. The effects of PTH on the kidney are more
immediate and occur within minutes, while in bone, this takes effect in about 1–2 h [8].

Figure 2. Regulation of calcium-phosphate homeostasis by the parathyroid glands, bone, kidneys,
and intestinal tract. Low serum Ca2+ stimulates PTH release and binding to receptors found on
renal tubules and bone. Increased vitamin D1,25(OH)2 synthesis also leads to increased intestinal
absorption of calcium and phosphorus. CaSR = calcium sensing receptor, PTH = parathyroid
hormone, 1,25(OH)2 vitamin D = active form of vitamin D, NPT2a, NPT2c = sodium phosphorus
co-transporters.

1.4. Regulation by FGF23

FGF23 is a major hormone of phosphorus regulation, a phosphatonin that promotes
phosphaturia [18,23] (Figure 3). This hormone is believed to act on the proximal renal tubule
and binds to its receptor FGFR1, along with co-receptor klotho [18]. In conjunction with
this receptor, FGF23 acts as an inhibitor of 1α-hydroxylase and decreases levels of calcitriol
(vitaminD1,25(OH)2) [4,23]. An increase in serum phosphate levels stimulates skeletal
production of FGF23, which in turn depresses renal tubular reabsorption of phosphate and
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the synthesis of calcitriol. The FGF23 also increases 24α-hydroxylase, the enzyme which
inactivates vitamin D25(OH) to vitaminD24,25(OH)2, an inactive metabolite [18,23].

Figure 3. Binding of FGF23 to its receptor and coreceptor will downregulate the luminal sodium
phosphate cotransporters (NPT2a/c) at the renal tubules through which phosphate is reabsorbed
from the glomerular filtrate.

2. Pathophysiology of Calcium/Phosphorus Disorders

Vitamin D pathway mutations can lead to disorders of hypocalcemia and hypercal-
cemia [24].

2.1. Vitamin D Pathway Mutations-Hypercalcemia
Idiopathic Infantile Hypercalcemia (IIH)

Idiopathic infantile hypercalcemia is an autosomal recessive condition. There are two
variants. Biallelic mutations in the CYP24A1 gene and the SLC34A1 gene [24–26] are respon-
sible for an increased level of calcitriol caused by hyperactivity of 1α-hydroxylase [3,27].
Inactivating mutations of SLC34A1 that encode a renal sodium-phosphate co-transporter
(NaPi2a) in the renal proximal tubule leads to renal phosphorus loss, phosphaturia, and
hypophosphatemia [14,28]. Hypophosphatemia leads to low levels of FGF23, which means
decreased inhibition of 1α-hydroxlase and decreased 24-hydroxylase activity [14,26]. Hy-
percalcemia is the consequence of these pathways causing elevated calcitriol.

Monoallelic CYP24A1 gene mutations are rare [25]. Loss of function mutations results
in reduced activity of enzyme 24-hydroxylase. The 24-hydroxylase enzyme inactivates vita-
min D25(OH) and vitamin D1,25(OH)2 to inactive metabolites, vitamin D24,25(OH)2, and
vitamin D1,24,25(OH)3 respectively [25,29]. Impaired degradation leads to accumulation of
vitamin D1,25(OH)2 and consequently, causes hypercalcemia and hypercalciuria [13,25,29].
Monoallelic mutation presents with incomplete penetrance, leading to a broad range of
calcium levels and various clinical presentations [14].

Historically, clinical cases of IIH were brought to attention during the middle of
the last century after reports of hypercalcemia in infants receiving Vitamin D fortified
milk [26]. Infants presented with symptoms of severe hypercalcemia, including acute pre-
sentation as anorexia, vomiting, polyuria, dehydration, and febrile episodes [26]. Chronic
hypercalcemia also presented as failure to thrive, psychomotor delay, hypotonia, and
nephrocalcinosis [26]. Symptoms usually improve in childhood [14].
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Clinically, both variants of IIH are very similar and may display great variability by
severity and age of presentation [13,25,26,29,30].

2.2. Vitamin D Pathway Mutations–Hypocalcemia

Vitamin D mutations leading to insufficient production of vitamin D or end organ
resistance to vitamin D cause hypocalcemia and rickets [4]. Calcipenic rickets is a disorder
of insufficient mineralization of the bone, which affects the growth plate/metaphyseal
region [31]. Insufficient intake of calcium and vitamin D can cause nutritional rickets,
with clinical presentations similar to genetic mutations affecting vitamin D production or
responsiveness [32,33]. Vitamin D pathway is shown in detail in Figure 1. Specific subtypes
of rickets and corresponding electrolyte abnormalities are presented in Table 1.

Table 1. Genetic mutations in Vitamin D pathway leading to hypocalcemia.

Disease
Type of

Inheritance
MIM
No. Gene/Protein Serum

25OHD
Serum

1,25(OH)2D Serum Ca Plasma
PTH

Serum
ALP TmP/GFR Serum

Phos

Urine Ca
Excretion,

Urine
Ca/Cr

Vitamin
D-Dependent

rickets type 1A
(VDDR1A) AR

264700
CYP271

1α hydroxylase
12q14.1

N ↓↓ ↓↓ ↑↑↑ ↑↑↑ ↓ ↓ ↓

Vitamin
D-Dependent
rickets type 1B
(VDDR1B) AR

600081
CYP2R1

25 hydroxylase
11p15.2

↓↓ ↓ ↓↓ ↑↑↑ ↑↑↑ ↓ ↓ ↓

Vitamin
D-Dependent
rickets type 3
(VDDR3) AD

619073 CYP3A4
7q22.1 ↓↓ ↓ ↓↓ ↑↑↑ ↑↑↑ ↓ ↓ ↓

Vitamin
D-Dependent

rickets type 2A
(VDDR2A) AR

277440
VDR

Vitamin D
receptor
12q13.11

N ↑↑↑ ↓↓ ↑↑↑ ↑↑↑ ↓ ↓ ↓

Vitamin
D-Dependent
rickets type 2B
(VDDR2B) AR

164020

HNRNC
hormone response
element-binding

protein

N ↑↑↑ ↓↓ or N ↑↑↑ ↑↑↑ ↓ ↓ ↓

MIM Mendelian Inheritance in Man, FGF23 = fibroblast growth factor-23, 25OHD = vitaminD25(OH),
1,25(OH)2D = 1,25-dihydroxyvitamin D, urine Ca/Cr = urine calcium /creatinine ratio, Ca = calcium, P = phos-
phate, ALP = alkaline phosphatase, TmP/GFR renal tubular threshold maximum for phosphate, AR = autosomal
recessive, AD = autosomal dominant, ↑ elevated, ↓ reduced, N normal, N/A not available [1,3,34].

Genetic defects resulting in decreased levels of calcitriol include Vitamin D-dependent
rickets type 1A (VDDR1A) and Vitamin D–dependent rickets type 1B (VDDR1B) (Table 1).

a. Vitamin D-dependent rickets type 1A is due to failure to synthesize calcitriol due to
a defect in CYP27B1 encoding 1α-hydroxylase [16].

b. Vitamin D-dependent rickets type 1B is the result of failure to synthesize vitamin
D25(OH) due to mutations in CYP2R1 that encodes 25-hydroxylase [16,34].

In contrast, genetic defects of end-organ resistance to vitamin D result in the following:

a. Vitamin D–dependent rickets type 2 is the result of an impaired vitamin D receptor
VDR gene (VDDR2A), or post-receptor errors (hormone response element-binding
protein HNRNPC gene), that interferes with vitamin D receptor (VDDR2B) func-
tion [35]. As the defect is at the receptor level, vitamin D25(OH) levels are normal
and calcitriol levels are markedly elevated. Alopecia is found in VDDR2A [34,35].

b. Vitamin D-dependent rickets type 3 is due to the autosomal dominant mutation of
CYP3A4, which causes elevated serum 4,25-dihydroxyvitamin D, and low vitamin
D25(OH) and vitamin D1,25(OH)2. Patients require higher than usual doses of
ergocalciferol or calcitriol supplementation [12,34].

Although vitamin D25(OH) and vitamin D1,25(OH)2 levels are varied, electrolyte
abnormalities of calcium, phosphorus, PTH, and alkaline phosphatase (ALP) are simi-
lar for all types [3,12,34]. Typically, decreased serum calcium levels lead to secondary
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hyperparathyroidism, which causes rapid removal of sodium-dependent phosphate co-
transporter proteins (NaPi2a and NaPi2c) in the proximal renal tubules. Ultimately, this
leads to renal phosphate excretion and low serum phosphate [10,36].

Nutritional vitamin D deficiency similarly presents with low calcium and phosphorus,
secondary hyperparathyroidism, and compensatory increased renal calcitriol production.
However, the description of nutritional rickets is out of the scope of this review [18,36].

Calcipenic rickets characteristically presents with growth plate and metaphyseal bone
changes. Specific clinical features include symptoms of acute hypocalcemia affecting ex-
citability of neurons (paresthesia, laryngospasm, muscle cramps, numbness, tetany, seizures,
positive Chvostek and Trousseau signs, and ECG changes such as QT prolongation) [18].
Chronic hypocalcemia impacts muscle hypotonia and weakness, delayed tooth eruption,
and motor developmental delay [12,18]. Characteristic skeletal findings of rickets are well
known, including craniotabes, delayed closure of fontanelles, frontal bossing, deformities
such as bowed legs or knock-knee appearance in the lower extremities, widened wrists and
ankles with the medial malleoli, rachitic rosary and Harrison grooves [12,18].

2.3. Parathyroid Hormone-Hyperparathyroidism

Primary hyperparathyroidism is caused by excessive PTH production from overactive
parathyroids with targets receptors in the bones, guts, and kidneys, finally leading to
hypercalcemia and hypophosphatemia [37,38]. This can be isolated or part of a genetic
syndrome [38,39] (Table 2).

The PTH concentration is determined by the CaSR sensing extracellular serum con-
centration of calcium [38,39]. When the extracellular serum calcium level is at the lower
limit of the normal range, CaSR signals for more PTH production and release [40]. When
the extracellular serum calcium level is at the upper limit of the normal range, CaSR lowers
the level of PTH secretion [40]. Serum calcium concentration sensing by CaSR resulting in
half-maximal PTH secretion is called a ‘set point’ [19,41,42] (Figure 4). The ability of CaSR
to trigger PTH secretion depending on set point is crucial in the pathophysiology of hyper
or hypoparathyroidism [41,42].

Figure 4. The purple line shows the normal relationship between calcium and parathyroid hormone
concentrations and the green primary hyperparathyroidism (PHPT) curve is shifted to the right
(higher levels of PTH at each calcium). The calcium set point (dotted line) corresponds to the
concentration of calcium at which PTH secretion is at 50%. In primary hyperparathyroidism (PHPT),
PTH is less sensitive to calcium, leading to higher levels of calcium [19,41,42].
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The CaSR is located on the membrane of the parathyroid chief cells, where it controls
the release of PTH [42,43], as well in the thick ascending loop in the renal tubules. A
loss-of-function mutation in CaSR results in an increased set point for serum calcium, leads
to hypercalcemia [12,19,44]. Calcium is unable to activate the receptor in the renal tubules,
which leads to an increase of renal reabsorption of calcium into the blood from the tubular
fluid and hypocalciuria [19,20].

A. Familial Hypocalciuric Hypercalcemia and Neonatal Severe Hyperparathyroidism

1. FHH type 1, due to loss-of-function mutations of CaSR, presents with mild
hypercalcemia, inappropriately normal or elevated PTH levels and urine cal-
cium/creatinine clearance ratio < 0.01 or 24 h urine calcium < 6.25 mmol. Typi-
cally, patients are asymptomatic [38,45].

2. FHH type 2 is due to loss-of-function mutations of GNA11 (guanine nucleotide-
binding protein, alpha-11). It encodes the downstream G-protein signal of
CaSR to intracellular signal transduction pathways, and its inactivation leads to
hypercalcemia [46].

3. FHH type 3 is due to loss-of-function mutations in AP2S1 (adaptor related
protein complex 2, sigma1 subunit). Additionally, inactivating mutations lead to
defective adaptor-related protein complex 2 interactions with β-arrestin (ARRB1),
with a consequent defect in endocytosis of the CaSR from the cell surface. The
clinical presentation comprises of hypercalcemia, low bone mineralization, and
impaired cognition [46].

4. Neonatal severe hyperparathyroidism (NSHPT) is a result of inactivating muta-
tions of CaSR, however, it has a more severe presentation than FHH [47]. The
NSHPT condition results from the inheritance of two abnormal CaSR alleles in
either the homozygous or the compound heterozygous state, leading to severe
hypercalcemia at birth. An autosomal recessive condition, it is a potentially
lethal form of hyperparathyroidism that presents with life-threatening signs of
acute hypercalcemia such as short QT, dysrhythmias, respiratory distress, and
chronic hypercalcemia as demineralization and fractures [38,39]. Though hyper-
calcemia can lead to short QT intervals on ECG, arrhythmias are rare [20,37]. The
time of initial presentation of NSHPT depends on the degree of hypercalcemia
and varies from the first few days to several months of age [20].

B. Isolated Non-Syndromic—Mutations on CDC73, CaSR, GNA11, and AP2S1 Genes
Familial Isolated Hyperparathyroidism

1. Type 1 is the benign familial form [3,45–47].
2. Type 2, known as hyperparathyroidism jaw-tumour syndrome (HPT-JT), presents

as severe malignant ossifying fibromas of the maxilla and/or mandible, renal tu-
mours, uterine tumours and an increased risk of parathyroid carcinoma [38,48].
Interestingly, these tumours are not the brown tumours typically associated
with hyperparathyroidism. Both subtypes are caused by germline mutations in
CDC73 on chromosome 1q31.2, encoding parafibromin, a protein intrinsic to the
cell division cycle. Penetrance of this mutation is 80% [38,49].

C. Multiple Endocrine Neoplasia (MEN) syndromes

1. MEN1 comprises a constellation of tumours in specific locations: hyperplasia of
the parathyroid glands, tumours of the adenohypophysis (prolactinoma), and
pancreatic tumours (gastrinoma, insulinoma, etc) [35,41,43]. MEN1 is due to an
inactivating mutation of the MEN1 or menin tumour suppressor gene, located on
chromosome 11q13.1 [41]. The syndrome MEN1 rarely presents before the age of
10, and usually occurs in the second decade of life [41,50]. Hyperparathyroidism
is the initial presentation [20].

2. MEN2A results from activating germline mutations of RET proto-oncogene,
encoding a transmembrane receptor tyrosine kinase responsible for cell growth,
differentiation, and survival [2,50]. Specifically, it is associated with parathy-
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roid adenoma, medullary thyroid carcinoma, and pheochromocytoma [2,35,50].
In addition to hypercalcemia, high calcitonin levels produced by medullary
thyroid carcinoma with elevated plasma or urine catecholamines produced by
pheochromocytoma are characteristic [2,50].

3. MEN4 is clinically similar to MEN1. However, it is caused by an inactivating
mutation of CDKN1B (cyclin-dependent kinase inhibitor 1B) on chromosome
12p13.1 [2,35]. The tumour suppressor gene CDKN1B encodes p27 which blocks
the cell cycle at G0/G1 phase, regulates apoptosis and cell motility [2,50]. Sim-
ilar to MEN1, MEN4 typically comprises parathyroid adenoma and pituitary
adenoma, and can be associated with gastrinomas, insulinomas, or malignancy
in the genitourinary tracts [2,50].

Table 2. Genetic mutations causing Hyperparathyroidism.

Disease
Type of Inheritance MIM No. Gene

Defect/Location
Plasma

PTH
Serum

Ca
Serum
Phos

Serum
25OHD

Serum
1,25(OH)2D

Urine
Ca/Cr

Familial isolated
hyperparathyroidism

AD
145000

MEN1/menin
11q13.1
1q31.2
CaSR

3q13.3-q21.1
GCM2
6p24

↑ ↑ ↓ N ↑ ↑

Hyperparathyroidsm-
jaw-tumour syndrome

AD
145001 CDC73

1q31.2 ↑ ↑ ↓ N ↑ ↑

FHH type 1
AD 145980 CaSR

3q13-q21 ↑ ↑ ↓ N ↑ ↓

FHH type 2
AD 145981 GNA11

19p13.3 ↑ ↑ ↓ N ↑ ↓

FHH type 3
AD 600740 AP2S1

19q13.32 ↑ ↑ ↓ N ↑ ↓

Neonatal severe
hyperparathyroidism

AR
239200

CaSR
homozygous
inactivating

↑ ↑↑↑ ↓ N ↑ ↓

MEN1
AD 131100 MEN1 or menin

11q13.1 ↑ ↑ ↓ N ↑ ↓

MEN2A
AD 171400 RET

10q11.2 ↑ ↑ ↓ N ↑ ↓

MEN4
AD 610755 CDKN1B ↑ ↑ ↓ N ↑ ↓

MIM Mendelian Inheritance in Man, FGF23 = fibroblast growth factor-23, 25OHD = vitaminD25(OH),
1,25(OH)2D = 1,25-dihydroxyvitamin D, urine Ca/Cr = urine calcium /creatinine ratio, Ca = calcium, P = phos-
phate, ALP = alkaline phosphatase, TmP/GFR renal tubular threshold maximum for phosphate, AR = autosomal
recessive, AD = autosomal dominant, ↑ elevated, ↓ reduced, N normal, N/A not available [1–3,34,45–47,49].

D. Diagnosis

Clinical signs of hyperparathyroidism are associated hypercalcemia and hypophos-
phatemia with non-suppressed PTH level [4,39]. Symptoms are milder, ranging from com-
pletely asymptomatic to non-specific behavioural changes including depression, headache,
malaise, proximal muscle weakness, anorexia, abdominal cramping, nausea and vomiting,
constipation, polydipsia and polyuria [4,20]. Rarely, complications such as nephrolithiasis,
pancreatitis and pathological fractures due to osteopenia or lesions of osteitis fibrosa cystica
may be part of the initial presentation.

Metabolic findings include normal-elevated serum intact PTH, hypercalcemia, hy-
pophosphatemia, hypermagnesemia, elevated calcitriol values, and low renal tubular
reabsorption of phosphate [38].

Imaging studies should be undertaken to evaluate for any evidence of parathyroid
adenoma(s) (single vs. multigland disease). Sonogram, MRI, computed tomography or
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radionuclide scans (99 m technetium-labelled sestamibi-single photon emission CT scan)
can localize the lesion before surgical excision. At times, the parathyroid adenoma/tumour
may be ectopic [20,38]. Radiographical findings of osteopenia, metaphyseal widening and
irregularity, subperiosteal resorption, and fractures should be included. Renal sonograms
may also reveal nephrocalcinosis [20]. Genetic testing is indicated if hyperparathyroidism
syndrome is suspected.

2.4. Parathyroid Hormone- Hypoparathyroidism

Primary hypoparathyroidism is a group of disorders caused by deficient parathyroid
hormone (PTH) secretion leading to hypocalcemia and hyperphosphatemia (Table 3) [43,50].

A. Isolated Hypoparathyroidism

1. Autosomal dominant hypocalcemia type 1 results from a gain of function muta-
tions in CaSR increasing the sensitivity and response to serum concentrations of
calcium leading to inappropriately low PTH production [37,50]. It may be asso-
ciated with Bartter syndrome type 5 caused by poor renal tubular reabsorption
of sodium chloride [50].

2. Autosomal dominant hypocalcemia type 2 results from GNA11 (guanine nucleotide-
binding protein alpha-11) mutations that usually initiates intracellular signal
transduction from CaSR and calcium binding [37,50,51].

B. Familial Isolated Hypoparathyroidism

1. Mutation of PTH on 11p15.3 is either autosomal dominant or autosomal reces-
sive and leads to hypocalcemia-mediated increased neuromuscular irritability:
paresthesias, tetany, and seizures [37,50].

2. Mutations in GCM2 (glial cells missing 2) on 6p24.2 encodes a transcription
factor essential for parathyroid gland differentiation [52].

Table 3. Hypoparathyroidism genetic mutations.

Disease
Type of

Inheritance
MIM
No.

Gene De-
fect/Protein

Plasma
PTH

Serum
Ca Serum P Serum

1,25(OH)2D
Urine

Ca
Urine
cAMP

TmP
GFR

Additional
Features

AD hypocalcemia
type 1,

(isolated
hypoparathy-

roidism)

601198 CaSR
3q13.3-q21.1 ↓↓↓ ↓ ↑ ↓ ↑↑ ↓ ↑ Nephrocalcinosis

Nephrolithiasis

AD hypocalcemia
type 2

(isolated
hypoparathy-

roidism)

615361 GNA11
19p13.3 ↓ ↓ ↑ ↓ Low to

mild high N/A ↑
short stature,
intracranial

calcifications

Familial isolated
hypoparathy-

roidism
AD, AR

146200 PTH
11p15.3 ↓ ↓ ↑ ↓ ↑ ↓ ↑ N

Familial isolated
hypoparathy-

roidism
AD, AR

618883 GCM26p24.2 ↓ ↓ ↑ ↓ ↓ N/A ↑ calcifications of
the basal ganglia

MIM Mendelian Inheritance in Man, FGF23 = fibroblast growth factor-23, serum 25OHD = vitamin D25(OH),
vitamin D, 1,25(OH)2D = 1,25-dihydroxyvitamin D (calcitriol), urine Ca/Cr ratio = urine for calcium or creatinine
ratio. Ca = calcium, P = phosphate, ALP = alkaline phosphatase activity, TmP/GFR = renal tubular threshold
maximum for phosphate, ↑ elevated, ↓ reduced, N normal, N/A not available [2,4,51–53].

C. Diagnosis

In hypoparathyroidism, serum calcium concentrations are low and phosphate levels
high. The PTH levels are low or undetectable [54]. Vitamin D1,25(OH)2 levels are low,
but alkaline phosphatase activity is unaffected [54]. Despite increased fractional excretion
of calcium, there is suppressed intestinal calcium absorption and bone resorption. De-
creased renal filtered load of calcium, reduced 24-h urinary calcium excretion and low
nephrogenous cyclic AMP excretion is observed; renal tubular reabsorption of phosphate
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is elevated [54]. The clinical symptoms of hypoparathyroidism result from hypocalcemia
and comprise various degrees of neuromuscular excitability.

Symptoms include circumoral numbness, paresthesias of the distal extremities, muscle
cramping, carpopedal spasm, tetany, positive Chvostek, or Trousseau signs. It can also
present as laryngospasm, bronchospasm, or seizures [54]. Less specific, subtle signs are
fatigue and irritability. In contrast, severe acute hypocalcemia could lead to a prolonged
QTc interval and be complicated by life-threatening arrhythmias (torsades de pointes) [54].
Some with chronic hypoparathyroidism may have calcification of the basal ganglia or
more widespread intracranial calcification, detected by skull X-ray or CT scan [50,54].
Others exhibit rare extrapyramidal neurological symptoms (more often with intracranial
calcification), subcapsular cataracts, band keratopathy, abnormal dentition, alopecia, coarse
brittle hair.

2.5. Parathyroid Hormone-Pseudohypoparathyroidism

Pseudohypoparathyroidism (PHP) is a heterogeneous group of disorders characterized
by PTH end-organ resistance. Though the pathophysiology is different from hypoparathy-
roidism, this group presents with similar features of hypocalcemia and hyperphosphatemia
(Table 4) [22].

Table 4. Different subtypes of Pseudohypoparathyroidism.

Disease
Type of

Inheritance
MIM No. Gene

Defect/Protein
Serum

Ca Serum P Serum
PTH

Serum
1,25(OH)2D

Urine
cAMP

Urine
PO4

Associated
Features

Type 1A 103580 GNAS
Maternal allele ↓ ↑ ↑ ↓ ↓ ↓ Yes

TSH, LH, FSH

Type 1B 603233 GNAS-AS1,
STX16, GNAS ↓ ↑ ↑ ↓ ↓ ↓

Thyroid mild
defects

somatotropin

Type 1C 612462 GNAS ↓ ↑ ↑ ↓ ↓ ↓ Yes

Type 2 203330 PRKAR1A ↓ ↑ ↑ ↓ ↑ ↓ No

Pseudopseudo
Hypopara
thyroidism

612463 GNAS
Paternal allele N N N N N N No

MIM Mendelian Inheritance in Man, Ca = calcium, P = phosphate, ALP = alkaline phosphatase activ-
ity, TmP/GFR = renal tubular threshold maximum for phosphate, FGF23 = fibroblast growth factor-23,
25OHD = vitamin D25(OH), 1,25(OH)2D = 1,25-dihydroxyvitamin D (calcitriol), urine Ca/Cr = ratio urine for
calcium or creatinine ratio. ↑ elevated, ↓ reduced, N normal, N/A not available [2,4,53,55–59].

a. Pseudohypoparathyroidism 1A (PHP1A), the most common subtype of PHP, is
caused by inactivating maternal GNAS mutations. The gene GNAS encodes the
alpha subunit of the stimulatory guanine nucleotide-binding protein Gsα. The
maternal allele is expressed exclusively in the renal tubules while in other tissues,
both maternal and paternal alleles are expressed. Other hormones such as TSH,
gonadotropins, and growth hormone-releasing hormone act via G protein-coupled
receptors too [2,22]. Albright Hereditary Osteodystrophy (AHO) clinical phenotype
describes specific features such as short stature, developmental delay, round faces,
depressed nasal bridge, brachydactyly, and dental abnormalities associated with
PHP1A [22,53].

b. Pseudopseudohypoparathyroidism is a disorder of the mutated paternal allele of
GNAS, not maternal as in PHP1A [50,53]. These patients only have AHO but without
the biochemical changes of PHP1A such as PTH resistance since the maternal allele
is still expressed in the renal tubules [50,53].

c. Pseudohypoparathyroidism 1B (PHP1B) is caused by isolated renal resistance to
PTH, resulting from methylation defects at differentially methylated regions (DMRs)
of the GNAS maternal allele, causing decreased expression of Gsα [22,53]. These
patients are usually difficult to diagnose as they lack the AHO findings, present with
a normal phenotype [55], and typically have no other endocrine abnormalities [22,53].
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As only the maternal allele is expressed in the kidney, renal PTH resistance mani-
fests without the skeletal affects due to the intact paternal allele. Sporadic cases of
PHP1B are most common, however, autosomal dominant transmission has also been
reported [22,53]. Biochemically PHP1A and PHP1B are similar, leading to hyperphos-
phatemia, hypocalcemia, and elevated PTH (Table 4).

d. Pseudohypoparathyroidism 1C (PHP1C) is caused by impaired Gsα-receptor inter-
action due to different GNAS mutation in exon 13 [55,56]. Clinical and biochemical
presentation of abnormalities is similar to PHPIa [55,56].

e. Pseudohypoparathyroidism 2 (PHP2) is caused by mutations in PRKAR1A (protein
kinase, cAMP-dependent, regulatory, type 1, alpha), which encodes the catalytic
subunit of adenylate cyclase [57–59]. Patients do not have features of AHO [57,58].

2.6. FGF23

Hypophosphatemic rickets are disorders that result in renal phosphate loss due to
impaired metabolic pathways leading to the increased serum concentration of FGF23.

a. Activating FGF23 mutations lead to increased urinary phosphate loss via sodium-
dependent phosphate transporter in the proximal renal tubule. Specific genetic
mutations and electrolyte abnormalities are shown in Table 5 [1,60].

b. Loss-of-function mutation of PHEX (phosphate-regulating endopeptidase homolog)
on chromosome Xp22.2-p22.1 is associated with increased expression of FGF23 and
leads to X-linked dominant hypophosphatemic rickets [1,60,61]. Normally PHEX
is expressed in mature osteoblasts and odontoblasts and plays a role in the down-
regulation of FGF23 expression [62,63].

Table 5. Hypophosphatemic rickets genetic mutations.

Disease
Type of

Inheritance
MIM No.

Gene
Defect
Protein

Plasma
FGF23 TmP/GFR Serum Ca Serum

P
Serum
ALP

Plasma
PTH

Serum
25OHD

Serum
1,25

(OH)2D

Urine Ca
Excretion,

Urine
Ca/Cr

Autosomal
dominant

hypophosphatemic
rickets (ADHR)

193100 FGF23
12p13.32 ↑ ↓ N ↓↓ ↑↑ N or ↑ N N or ↓ N or ↓

X-linked
hypophosphatemia

(XLH)
X-linked dominant

307800 PHEX
Xp22.11 ↑ or N ↓ N ↓↓ ↑↑ N or ↑ N N or ↓ N or ↓

Autosomal
recessive

hypophosphatemic
rickets 1 (ARHR1)

241520 DMP1
4q22.1 ↑or N ↓ N ↓↓ ↑↑ N or ↑ N N or ↓ N or ↓

Autosomal
recessive

hypophosphatemic
rickets 2 (ARHR2)

613312 ENPP1
6q23.2 ↑or N ↓ N ↓↓ ↑↑ N or ↑ N N or ↓ N or ↓

Tumour-induced
osteomalacia (TIO) N/A N/A ↑↑↑ ↓ N ↓↓ ↑↑ N or ↑ N N or ↓ N or ↓

Hypophosphatemic
rickets with

hypercalciuria
(HHRH)

241530 SLC3
4A39q34.3 ↓ ↓ N ↓ ↑↑ N N ↑↑ ↑

MIM Mendelian Inheritance in Man, FGF23= fibroblast growth factor-23, serum 25OHD=vitaminD25(OH),
1,25(OH)2D =1,25-dihydroxyvitamin D (calcitriol), urine Ca/Cr ratio= urine for calcium or creatinine ratio.
Ca = calcium, P = phosphate, ALP =alkaline phosphatase activity, TmP/GFR =renal tubular threshold maximum
for phosphate, ↑ elevated, ↓ reduced, N normal, N/A not available [2,60,62–64].

Hypophosphatemia in phosphopenic rickets results in impaired apoptosis of ter-
minally differentiated chondrocytes and the growth plate’s mineralization failure [64].
Chronic hypophosphatemia causes impaired mineralization of osteoid and leads to rick-
ets in children and osteomalacia in older adolescents [64]. Hypophosphatemia prevents
apoptosis in the hypertrophic cells in the growth plate with consequent accumulation of
the hypertrophic cells in the growth plate and formation of the rachitic bone [64].
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It is the most common inherited refractory rickets in children [62,64]. Two disorders
may be acquired, comprised of tumour-induced osteomalacia (TIO) and drug-induced
Fanconi syndrome.

The TMP/GFR ratio provides the best estimate of renal phosphate loss. In the absence
of secondary hyperparathyroidism, low TMP/GFR usually indicates renal phosphate loss
as the primary defect. However, concomitant vitamin D deficiency must be treated prior to
diagnosing hypophosphatemic rickets [61–64].

2.7. Hypophosphatasia

A. Hypophosphatasia (HPP) is a rare inherited disorder of bone and mineral metabolism
caused by loss of function mutations in the ALPL gene encoding the tissue nonspecific
alkaline phosphatase (TNSALP) [65,66] (Table 6). Osteoblast synthesis of TNSALP is
decreased due to monoallelic or biallelic inactivating mutations in ALPL [66,67].

Table 6. Genetic Mutations leading to Hypophosphatasia.

Disease
Type of

Inheritance
MIM
No.

Gene Defect
/Protein

Plasma
FGF23

Serum
ALP

TmP
GFR

Serum
Ca

Serum
Phos

Plasma
PTH

Serum
25OHD

Serum
1,25

(OH)2D

Urine Ca
Excretion,

Urine
Ca/Cr

Infantile
severe

HypoPhos-
phatasia

(HPP)

171760

ALPL
geneTissue
nonspecific

alkaline
phosphatase

1p36.12

↓ N N/A ↑ ↑ ↓ ↑ ↓ ↑↑↑

MIM Mendelian Inheritance in Man, FGF23 = fibroblast growth factor-23, 25OHD = vitaminD25(OH),
1,25(OH)2D = 1,25-dihydroxyvitamin D, urine Ca/Cr = urine calcium/creatinine ratio, Ca = calcium, P = phos-
phate, ALP = alkaline phosphatase, TmP/GFR renal tubular threshold maximum for phosphate, AR = autosomal
recessive, AD = autosomal dominant, ↑ elevated, ↓ reduced, N normal, N/A not available [1,3,34].

The TNSALP is expressed in the extracellular bone matrix and serum circulation at the
outer surface of osteoblasts and chondrocytes [68]. More than 340 monoallelic or biallelic
mutations of the ALPL gene have been described, explaining a broad range of clinical
presentations [68,69]. Hypophosphatasia might have an autosomal dominant or autosomal
recessive mode of inheritance [66,68].

Normally, the TNSALP enzyme is responsible for degrading extracellular inorganic
pyrophosphate, a strong inhibitor of mineralization, into phosphate. A low concentra-
tion of extracellular inorganic pyrophosphate initiates the process of extracellular matrix
mineralization [66,68]. In contrast, the high serum concentration of inorganic phosphate
due to enzyme inactivity suppresses the formation of hydroxyapatite crystals and bone
mineralization. Insufficient bone mineralization contributes to characteristic futures of
bone changes in rickets and osteomalacia. Therefore, TNSALP is critical in promoting
osteoblastic mineralization [68].

Other substrates of TNSALP are pyridoxal-5 phosphate, an active form of Vitamin
B6, that facilitates the delivery of pyridoxal 5-phosphate into cells. Therefore, absence or
decreased activity of enzyme results in high serum concentration of pyridoxal-5 phosphate
could explain the epileptic seizures observed in babies with HPP [68].

B. Clinical Symptoms

a. The severe infantile form of hypophosphatasia is due to biallelic inactivating
mutation presenting before six months and is fatal. Initial signs are failure to
thrive, impaired feeding, motor delays and weakness, limb deformities and
rachitic deformations of the thorax leading to respiratory failure. Vitamin
B6-dependent seizures could be present as well [68].

b. Mild clinical forms of HPP are due to monoallelic mutations leading to milder
forms of the HPP presenting with bone pain, leg bowing, joint enlargement,
and fractures. A specific and constant feature of HPP is the premature, painless,
and atraumatic loss of the primary teeth with intact roots. Nephrocalcinosis
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due to elevated hypercalciuria could develop in older children and adoles-
cents [66,68,69].

In HPP, the primary defect is absent or low TNSALP, therefore, PTH and FGF23 levels
are normal [69]. In severe forms, calcium and phosphorus could not be integrated into
minerals to form a bone, causing hypercalcemia, hyperphosphatemia, suppressed low
PTH levels, and 1,25(OH)2 vitamin D levels. Vitamin D25(OH) may be high due to lack
of conversion to vitamin D1,25(OH)2. Hypercalciuria causes nephrocalcinosis [65,67–69]
PEA and PLP levels are elevated. The vitamin PLP is a kind of vitamin B6 that accumulates
because it is the physiological extracellular substrate of ALP.

In the infantile form of HPP, one can present with demineralized calvarium and
peripheral skeleton, rickets, spurs of cartilage, and bone extending from the sides of
the knee and elbow joints. Neurologically, increased intracranial pressure is possible
due to premature craniosynostosis [65,68,69]. Older children present with global bone
demineralization. The metaphyses are irregularly enlarged, similar to rickets. Focal defects
at the central zone of the metaphyses of the long bones, ‘tongues of radiolucencies,’ are
typical of the disease [65,68].

3. Treatment

Treatment of genetic disorders of calcium metabolism varies based on the specific
pathology, but the basis of treatment remains consistent [37]. Initial treatment depends
on the acuity and severity of the clinical condition. An immediate goal of treatment
is to stabilize serum calcium level within the normal range to avoid seizures and fatal
arrhythmias. After stabilization, the goal is to optimize the levels of calcium, phosphorus,
magnesium, and keep adequate hydration. The next step will be to ensure optimal bone
mineralization, and to prevent long term complications and side effects of treatment such
as nephrolithiasis. In addition, it is important to identify the cause and conduct genetic
testing if clinically indicated [37].

3.1. Vitamin D Deficiency and Nutritional Rickets

For vitamin D deficiency and nutritional rickets, moderate to severe symptoms are
recommended to be treated with vitamin D 50,000 IU weekly for 8–12 weeks in either
formulation: ergocalciferol (D2) or cholecalciferol (D3) [18]. Once serum and urine levels of
calcium, alkaline phosphatase, PTH, and vitamin D have normalized, a daily maintenance
dose of 1000–2000 units can be given [70].

3.2. Vitamin D-Dependent Rickets

For vitamin D-dependent rickets, where the disease is resistant to typical doses of
vitamin D, high doses of oral calcitriol (1–6 µg/kg/day, divided 2 doses), and calcium
(1–3 g/day elementary calcium) are the recommended treatment [64]. The additional
calcium is used to enhance the remineralization of bone [71]. This is particularly important
in patients with elevated PTH levels to avoid worsening hypocalcemia when beginning
vitamin D therapy to prevent hungry bone syndrome [71]. After roughly four weeks of
therapy, serum calcium, phosphorus, and alkaline phosphatase concentrations and urine
calcium to creatinine ratio should begin to normalize [67,71]. Serum calcium concentrations
should be normalizing, though urine calcium to creatinine ratio may still be low [67,71].

To monitor progress and prevent toxicity, regular follow-up of chemistries should
be checked until dosage has been lowered to a normal daily supplement level, generally
occurring around three months after the start of therapy. Imaging should also be taken to
assess for proper healing of bones or fractures [71].

3.3. Hyperparathyroidism

Hyperactive parathyroid gland(s) are surgically removed [72,73].
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3.4. Hypoparathyroidism

In cases of hypoparathyroidism, treatment is typically managed with calcium
(25–50 mg/kg elemental calcium per day) and calcitriol (initial dose of 0.25 mcg daily,
increased as needed) with possible magnesium treatment as needed [73–75]. Urinary and
serum calcium and phosphate should be measured weekly until serum calcium has stabi-
lized, after which three to six-month follow-ups are sufficient. Hypercalciuria is the earliest
sign of toxicity in these patients and should be monitored carefully to avoid complications
such as nephrolithiasis, nephrocalcinosis, and renal failure [73–75].

3.5. Hypophosphatemic Rickets

Calcitriol and oral phosphate supplements are typically given. For calcitriol, twice-
daily doses for a total of 20–40 ng/kg/day should be given [5,76]. Four to five doses per
day for phosphate with a starting dose of 40 mg/kg/day should be administered. Phos-
phorus supplements can be increased as needed until a maximum of 2000 mg/day [76].
Children should be followed up on every three months to monitor height, serum calcium,
phosphorus, alkaline phosphatase, and creatinine, as well as urine calcium to creatinine
ratio [76]. Patients should also annually undergo renal ultrasonography to evaluate for
nephrocalcinosis. Bone imaging should also be obtained to monitor bone age and rachitic
healing [76]. In newer studies, burosumab, a recombinant human immunoglobulin mono-
clonal antibody, has been tested in clinical trials. Burosumab binds to the FGF23 receptor
for inhibition and increases phosphate and calcitriol levels with only one dose. Dosing
in children begins at 0.8 mg/kg given through subcutaneous injection every 2 weeks and
increased as needed until a maximum dose of 2 mg/kg. Long-term effects are still being
studied [76].

3.6. Hypophosphatasia

Recently the treatment asfotase alfa was approved for hypophosphatasia. It is a
human recombinant enzyme replacement therapy for low alkaline phosphatase. Recom-
mended dosing is roughly 6 mg/kg/week injected subcutaneously divided 3 or 6 times a
week [77,78]. In most cases, dosing and regimen vary significantly by personal preference,
severity, and resource availability. Supplementation also requires frequent monitoring
of serum and urine calcium and phosphorus levels to prevent additional complications.
Periodic renal ultrasounds and ophthalmic examinations should also be conducted to
evaluate any ectopic calcifications associated with asfotase alfa.

It is important to note that symptomatic relief is achieved much quicker than biochem-
ical or radiologic progress, so maintenance is important. Even after normal values and
imaging are achieved, patients are still at risk of fracture due to the loss of cortical bone.
The goal of treatment is to alleviate symptoms and strengthen bone long-term and improve
mineralization [71,77–79].

3.7. Modifiable Factors

In our review, we described the most common and well-known genetic disorders of cal-
cium and phosphorus metabolism. Co-existing conditions can be found in the same patient.
It could present with a complex clinical picture and biochemical profile reflecting compen-
satory mechanisms. For example, case reports of a patient with pseudohypoparathyroidism
and concomitant nutritional vitamin D deficiency, masquerading as rickets showed that
treatment with vitamin D unmasked the main disorder [80,81]. Vitamin D–dependent rick-
ets (VDDR) and vitamin D co-existing could be suspected if the patient does not respond to
vitamin D treatment [82,83]. While nutritional rickets could be prevented with conventional
doses of Vitamin D supplement [84], VDDR requires significantly higher doses. Another
factor such as oral sodium phosphate supplementation can affect calcium phosphorus
homeostasis, especially in patients with nephrolithiasis. Patients with nephrolithiasis had
higher PTH levels and expressed a more prominent hypocalciuria after treatment with
sodium phosphate [85].
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4. Conclusions

We have summarized the genetic mutations and biochemical profiles of the most
common homeostasis disorders involving calcium and phosphorus. Recent advances in
molecular genetic testing have the potential to shed a light on the understanding of precise
mechanisms and treatment options of disorders of calcium and phosphorus homeosta-
sis. While management of some entities is still challenging, the treatment includes new
modalities. Further research is crucial to elucidate the precise mechanisms, diagnostics,
and management of genetic disorders of calcium-phosphorus homeostasis.
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