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Introduction

Alkaline Phosphatases (ALP) are enzymes with specificity 
for a wide range of substrates, particularly evident in vitro. 
They derive their name from their optimal activity at pH 
levels above neutral, typically within the range of pH 8–111. 
The versatile properties of ALPs render them valuable for 
diverse biotechnological uses, such as the dephosphorylation 
of DNA fragments and phosphoproteins, as well as serving as 
end-point detectors in immunoassays and as in vivo reporter 
molecules2.

ALPs are ubiquitous in nature, found across bacteria 
and all animals, including mammals. Their activity is 
prevalent in diverse tissues and organs, primarily located 
ectoplasmically and tethered to the cytoplasmic membrane 
through glycosylphosphatidylinositol (GPI). ALPs found 
in mamals show wide substrate selectivity in vitro, but for 
some of the AP isozymes in vivo, natural substrates are just 
a small fraction of substances that have been verified. These 
include the dephosphorylation of proteins like osteopontin 
and nucleotides like ATP as well as pyrophosphate (PPi) and 
pyridoxal-5α-phosphate (PLP)3.

Mammalian ALPs are zinc-containing metalloenzymes 
that are expressed in different organs and encoded by 

several genes. They are dimeric molecules. Three necessary 
metal ions are needed for enzymatic activity; these are 
two Zn2+ and one Mg2+ in the active site. These metal ions 
indirectly control subunit-subunit interactions and provide a 
substantial contribution to the ALP monomer’s structure4.

Structure and expression of ALP 

In humans, there are 4 separate genes which are encoding 
unique ALP isoforms . Three of these genes (named ALPI, 
ALPP, and ALPPL2) are encoding the tissue-specific ALPs 
(intestinal, placental, and germ-cell ALPs, respectively), 
while the 4th gene (ALPL, also known as TNSALP) encodes the 
tissue non-specific ALP (TNSALP), which is expressed mainly 
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in the skeleton, the liver, the kidney, and the developing teeth. 
Intestinal, placental, germ cell, and tissue non-specific ALPs 
are characterized as true isoenzymes because their amino 
acid sequences differ. TNSALP undergoes posttranslational 
modifications, resulting in bone and liver ALP formation. 
Although these two products strictly share the same 
amino acid sequence, they are not true isoenzymes but 
rather isoforms of TNSALP, differing only in carbohydrate 
composition. TNSALP is highly expressed in the bones, liver, 
and the kidneys (alternatively named L/B/K ALP). TNSALP is 
also expressed, at lower levels, in several other tissues (i.e., 
cerebral cortex, developing spinal cord)5. The tissue specific 
isoenzymes share a high degree of similarity (90-98%), and 
the genes that encode them are located on the long arm of 
chromosome 2 (bands q34-q37.1). They are closely related, 
and their structures are nearly similar. This structural 
similarity between these three genes indicates that they 
probably evolved from a common ancestor. TNSALP is 50% 
identical to the other three ALPs, however is at least 5 times 
larger, mostly due to changes in intron size. The ALPL gene 
is situated on the short arm of chromosome 1 (bands p34–
36.1). Moreover, the ALPL gene exists in a single copy and 
contains 12 exons which are distributed over more than 50 
kb. The first exon is part of the 5’-untranslated region (5’-
UTR) of the ALPL mRNA and consists of either exon 1A or 
exon 1B by alternative transcription initiation, giving rise to 
two different kinds of mRNA, deriving from a single gene6,7.
Exon 1A is mainly initiated in osteoblasts whereas exon 
1B is more often initiated in the liver and the kidneys. The 
remaining 11 exons encode the 524 amino acid monomer 
which contains one active site generated by evolutionarily 
conserved nucleotide sequences. 

Until recently, the only information we had about the 
molecular structure of ALP was from Escherichia coli. 
However, now the three-dimensional structure of human 
placental ALP has been resolved, providing valuable 
information about the structure of human ALPs4,8. All 
ALP isoenzymes are homodimers and are linked to the 
cell membrane via a GPI anchor. Soluble ALP is released 
into the blood with the action of an enzyme a GPI-specific 
phospholipase D9.

After their synthesis each monomer has a MW of 
66 kDa and the native protein is transported to the 
endoplasmic reticulum, where glycosylation takes place 
as carbohydrate chains are added as O- and N-linked 
sugar chains. These posttranslationaly modified proteins 
are subsequently processed through the Golgi apparatus 
before being localized to the outer cell membrane via the 
GPI anchor. The two tissue-specific isforms of ALP (bone 
and liver) have distinct sugar chains, mostly having different 
O-linked glycosylations4,10. Further research utilizing 
high-performance liquid chromatography (HPLC) found 
that bone alkaline phosphatase (BALP) has four distinbct 
isoforms, while liver alkaline phosphatase (LALP) has three 
isoforms11,12.

In order TNSALP to express its enzymatic activity, two 
Zn2+ one Mg2+ and one Ca2+ ions are necessary as cofactors. 
Moreover, TNSALP is optimally active in alkaline pH 
environments. No ALP has been shown to be enzymatically 
active in a metal-free state. The amino acid sequence of 
human TNSALP is 57% similar and 74% homologous to the 
human placental ALP (PLALP) protein13.

ALP function in bone mineralization

Τhe critical role of ALP bone formation was identified 
initialy by Dr Robinson in 1923. He was the first to propose 
that ALP was involved in skeletal mineralization by providing 
inorganic phosphate (Pi) for the creation of hydroxyapatite 
(HA)14. 

The first theory relating ALP to hard tissue formation was 
formed relating ALP to the raise of the local concentration 
of Pi, also known as the ‘booster hypothesis’. ALP’s role as 
an osteogenic activity marker has been confirmed as our 
understanding of hard tissue biology and mineral metabolism 
has grown. However, the precise method by which ALP 
operates in hard tissues is still debated, despite the fact that 
its importance in bone metabolism is widely acknowledged. 
This became clear when we discovered mutations in the 
gene which encodes the TNSALP. These mutations can to 
hereditary disorders known as hypophosphatasia15.

TNSALP plays a crucial role in the physiological 
mineralization of hard tissues by hydrolyzing pyrophosphate 
to produce the inorganic phosphate required for 
mineralization1,16. Bone mineralization is a meticulously 
regulated process involving the deposition of minerals 
onto an organic matrix (bone matrix) essential for bone 
development. This process depends on a complex interaction 
between hormones (such as parathormone (PTH) and 
fibroblast growth factor 23 (FGF23), inorganic ions (Ca2+, Pi, 
and PPi), and enzymes, primarily TNSALP.

Hydroxyapatite (HA) is the mineral that has been 
deposited in certain areas of the extracellular matrix (ECM) 
in humans, as well as in most vertebrates. Hard tissues 
including bone, growth-plate cartilage, and teeth go through 
a number of physicochemical and metabolic processes that 
lead to physiological mineralization. This mineralization 
is caused by different cells that are particular to certain 
tissues16,17. 

The hypertrophic zone in growth-plate cartilage is where 
mineralization takes place, and it is here that chondrocytes—
both early and late hypertrophic—form HA18,19. Osteoblasts 
and matrix viens (MV) are the main components of 
mineralization in bone. 

Osteoblasts, which line the osteoid, are responsible for 
HA formation, while odontoblasts perform this function in 
teeth. The role of the MVs is crucial, as they are thought 
to initiate mineralization17,18. Hydroxyapatite crystals are 
formed inside these MVs, which are extracellular vessels 
and their size is between 50 and200 nm. MVs are formed 
from the polarized budding of the surface membrane of 
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osteoblasts, chondrocytes or odontoblasts. The process of 
the MV-mediated skeletal mineralization is described below.

Inorganic phosphate (Pi) is transported throughout MVs 
via both sodium (Na+)-dependent and independent routes. 
The sodium-dependent process is most likely mediated by 
type III Na+/Pi co-transporters PiT-1 and PiT-2, in a manner 
similar to Pi absorption by the MVs’ originating cells19.

Calcium (Ca2+) and Pi ions absorbed by MVs create 
HA crystals that can proliferate on collagen fibrils in 
the extracellular matrix. TNSALP, which is found on the 
outer surface of MVs, hydrolyzes its substrates, including 
pyrophosphate (PPi), adenosine triphosphate (ATP), and the 
protein-bound form of phosphate, to create Pi18,20. TNSALP 
stimulates skeletal mineralization by decomposing PPi and 
generating Pi (since PPi inhibits HA formation). 

According to recent animal investigations, another 
phosphatase, PHOSPHO1, has been implicated in the initial 
stage of mineralization by generating Pi within the MVs from 
phosphocholine and phosphoethanolamine. However, its 
relevance in humans has to be determined21,22.

TNSALP on the other is responsible for the calcification of 
soft tissues in cases of pathological mineraliztion. This type 
of pathological or uncontrolled mineralization can occur in 
any soft tissue, although the kidneys and the cardiovascular 
tissue are particularly prone to this disorder23. A more 
detailed review on the role of ALP in mineralization can be 
found elsewhere24-26.

Tissue Non-Specific ALP in disease

BALP activity (measured in human serum) can be found 
elevated during physiological and pathological events linked 
to elevated osteoblastic activity27. In healthy individuals, 
increased serum BALP activity can be seen during 
fracture healing and bone growth28-30. Several diseases 
like osteoporosis, rickets, osteomalacia, Paget’s disease, 
neoplastic disorders such as osteosarcoma, and metastatic 
bone disease are all associated with elevated BALP activity 
as well as primary and secondary hyperparathyroidism, 
chronic kidney disease (CKD), and vascular calcification. 

Conversely, decreased total ALP and BALP activity 
is rarely observed in humans but can occur in conditions 
such as hypophosphatasia (a rare metabolic bone disease), 
multiple myeloma with osteolytic lesions, growth hormone 
deficiency, and hypoparathyroidism. 

Clinical interest in ALP continues to grow, as recent 
studies have demonstrated that ALP levels can be associated 
with increased morbidity and mortality in various clinical 
populations3,12,31,32. Elevated BALP levels have also been 
linked to increased mortality in patients with advanced 
CKD33-36.

Rickets and OsteomalaciaRickets and Osteomalacia

Rickets, a condition that affects developing children, is 
characterized by changes in chondrocyte differentiation 
and decreased bone matrix mineralization. The primary 

aetiology of rickets is vitamin D deficiency, however primary 
phosphate homeostasis and kidney tubular diseases can 
also be the cause of rickets in children37,38. 

Vitamin D deficiency can lead to rickets through several 
mechanisms, including inadequate exposure to UV light, 
insufficient dietary intake, intestinal malabsorption, 
impaired renal function resulting in inadequate production 
of 1,25(OH)₂-vitamin D, vitamin D receptor abnormalities, 
and inherited deficiencies of the enzyme 1α-hydroxylase, 
which is essential for synthesizing 1,25(OH)₂-vitamin D39. In 
children with vitamin D deficiency-related rickets, total ALP 
and BALP levels are typically moderately to highly elevated. 
These levels may rise further shortly after the initiation of 
treatment, reflecting the onset of healing, and then gradually 
decrease if the therapy is effective. ALP serves as a surrogate 
marker for osteoblast activity in this context40,41. 

Total ALP and BALP activity are also elevated in X-Linked 
hypophosphatemia (XLH), an inherited disease caused 
by mutations in the PHEX gene (phosphate-regulating 
endopeptidase X-linked), and in autosomal dominant 
hypophosphatemic rickets (ADHR), another inherited 
disease resulting from mutations in the gene encoding 
FGF23. The main charactecteristic of these conditions is 
progressive and severe skeletal deformities and dwarfism. 
Rickets can also occur in various disorders that impair 
proximal tubular function, leading to increased renal 
clearance of Pi and subsequent hypophosphatemia. In these 
cases, the glomerular filtration rate (GFR) may be normal 
or nearly normal. Hypophosphatemia results in defective 
mineralization of the bones since serum concentrations of Pi 
and calcium (Ca) are crucial for the formation of HA crystals 
and bone mineralization.

Serum total ALP activity levels can be used as a biomarker 

Age group
Total ALP activity in IU/L

Male Female

0 - 15 days old old 90 -273

15 - 30 days old 134 -518

1 - 10 years old 156 - 369

10 - 13 years old 141 - 460

13 -15 years old 127 - 517 62 -280

15 -17 years old 89 - 365 54 - 128

17 - 19 years old 59 -165 48 - 95

Adults 43 - 115 33 - 98

Table 1. Age and sex specific reference intervals for total ALP 
(adapted from: Adeli K, Higgins V, Trajcevski K, White-Al Habeeb N. 
The Canadian laboratory initiative on pediatric reference intervals: A 
CALIPER white paper. Crit Rev Clin Lab Sci. 2017;54(6):358-413.44 
published under the terms of the Creative Commons Licence BY-NC-
ND 4.0 (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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reflecting osteoblast activity and can be found elevated in 
all forms of rickets38,42. In children, 80–90% of total ALP 
originates from bone. Therefore, the measurement of total 
ALP may be used as an alternative to BALP in pediatric 
patients provided liver disease has been ruled out through 
liver enzyme evaluation43. ALP levels peak during infancy and 
puberty, and reach troughs during mid-childhood and post-
puberty44. Total ALP levels must be interpreted in relation 
to age- and sex-specific normative values. See Table 1 for 
reference intervals derived from caliper study performed in 
Canada44. Pediatric reference values for bone-specific ALP 
are also available45. However, reference ranges can vary 
significantly depending on the population and the laboratory 
assay used. consequently, laboratories are advised to create 
their own local reference intervals based on their local 
population.

High ALP serum levels can be used to confirm the 
diagnosis of rickets in patients who show clinical and 
radiographic symptoms. ALP levels can be normal or 
lowered in several other diseases like metaphyseal 
dysplasia, Blount’s disease, and also in hypophosphatasia, 
which may mimic rickets39.

In untreated patients with calcipenic rickets, ALP levels 
are also elevated, with values potentially exceeding the 
upper normal limit (UNL) by tenfold or even more. In 
contrast, in patients with phosphopenic rickets ALP levels, 

are moderately elevated (usually 1 to 3 times the UNL)39. 
Osteomalacia, the adult equivalent of rickets in children, 

is defined by a deficiency in the mineralization of the 
osteoid matrix produced by osteoblasts. Adult growth 
plates, unlike those in children, are closed, hence epiphyseal 
cartilage problems do not exist, and consequently growth 
abnormalities are not noticed. The principal effect is the 
formation of unmineralized bone, which can be identified by 
X-rays or other imaging techniques. Vitamin D metabolism 
disorders are the primary cause of osteomalacia, and BALP 
levels are typically elevated in affected patients40.

HypophosphatasiaHypophosphatasia

The most direct link between TNSALP and human disease 
is hypophosphatasia (OMIM: 171760). Hypophosphatasia 
(HPP) is an inherited systemic bone disease caused by 
mutations in the TNSALP gene leading to reduced enzyme 
activity in specific organs. This reduced TNSALP production 
results in under-mineralization of hard tissues, primarily 
affectings bone and teeth mineralization)46-48. 

The severity of HPP can vary widely, ranging from 
the severe, often lethal, infantile form to the milder 
adult form. HPP can be classified into six types based on 
disease severity and age of onset (Table 2)48,49. TNSALP 
has also been implicated in non-HPP related medical 
conditions50,51.

Clinical form Inheritance Bone symptoms Dental symptoms Diagnosis

Lethal prenatal Autosomal recessive 
Hypomneralization, 
osteohondral spurs

NA
Radiographs, 

ultrasonography

Benign perinatal Autosomal dominant
Bowing and shortening of 

long bones
NA

Ultrasonography, clinical 
examination

Infantile Autosomal recessive

Craniosynostosis, 
Hypomineralization, 

Rachitic ribs, 
hypercalcemia, 

hyperphosphatemia, 
hypecalciuria, low PTH

Premature loss of 
deciduous teeth

Clinical examination. 
Low serum ALP activity, 
increased PEA and PLP).

Childhood
Autosomal recessive 

(frequent) or dominant 
(rare) 

Short stature, skeletal 
deformity, bone pain and 

fractures

Premature loss of 
deciduous teeth

Clinical examination. 
Low serum ALP activity, 
increased PEA and PLP).

Adult
Autosomal recessive or 

dominant 

Stress fractures 
(metatarsal), 
osteoarthritis

+/-
Clinical examination. 

Low serum ALP activity, 
increased PEA and PLP).

Odonto
Autosomal recessive or 

dominant
Loss of alveolar bone

Reduced thicknes of 
dentin, enlarged pulp 

chambers of teeth

Clinical examination. 
Low serum ALP activity, 
increased PEA and PLP).

NA = not applicable, PLP = pyridoxal 5’-phosphate, PEA = urinary phosphoethanolamine

Table 2. The six clinical forms of Hypophosphatasia. Reproduced from: Mornet E. Hypophosphatasia. Orphanet J Rare Dis. 2007;2:40.175 
published under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0) (https://creativecommons.org/licenses/
by/4.0/).
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Inheritance and epidemiology of HPPInheritance and epidemiology of HPP

As of today over 400 mutations in the TNSALP 
gene have been described (see for more details https://
alplmutationdatabase.jku.at.). HPP is predominately 
inherited as an autosomal recessive trait, although some 
milder cases autosomal dominant inheritance have been 
reported (Τable 2). The most severe cases of the disease are 
uncommon. Its prevalence has been estimated to 1:100,000 
in North America and to 1:300,000 in Europe. In contrast, 
the frequency of the milder adult forms have been estimated 
between 1:3,100 and 1:508 in Europe52-54.

Pathophysiology of HPPPathophysiology of HPP

TNSALP deficiency leads to both poor enzymatic and 
mineralizing activities. The primary characteristic of HPP 
patients is bone and tooth hypomineralization. These patients 
have fewer extracellular HA crystals and poor mineralization. 
However, in HPP, the first phase of mineralization proceeds 
normally within the MVs since the cytosolic phosphatase 
PHOSPHO1 is expressed normally in these patients13,22,55. 
This has been verified in a study using double knock-out 
mice for TNSALP and PHOSPHO122. Patients with HPP 
usually show an increase in osteoid tissue that contains non 
mineralized bone extracellular matrix without HA crystals, 
which leads to rickets and osteomalacia56. Additionally, 
deficient mineralization of acellular cementum results in 
premature loss of deciduous teeth.

In severe HPP cases, decreased mineral incorporation in 
the skeleton leads to increased Ca and Pi levels. This causes 
lower PTH levels and hypercalciuria. In less severe cases, 
mineral homeostasis is normal; nevertheless, a modest rise 
in Pi levels and hypercalciuria are common.

The observed hyperphosphataemia is mostly due to an 
enhanced tubular renal reabsorption rate of Pi. Possible 
explanations include TNSALP’s direct function in renal Pi 
reabsorption, competition with excess PPi for the same 
transport route, and abnormally normal or lowered levels of 
phosphatonines (e.g., FGF23).

Another physiological activity of TNSALP is to synthesize 
neurotransmitters in the central nervous system (CNS). 
One of the physiological substrates of TNSALP is pyridoxal 
5΄-phosphate (PLP). PLP is one of the main metabolites 
(vitamers) of vitamin B6, and is necessary for the 
biosynthesis of γ-aminobutiric acid-transaminase (GABA). 
GABA is a cofactor of glutamic acid carboxylase in neuronal 
cells and is known to act as repressive neurotransmitter.

Role of ALP in Vascular CalcificationRole of ALP in Vascular Calcification

Vascular Calcification (VC), is a pathological process 
characterized by the deposition of calcium-phosphate 
crystals in the form of hydroxy-apatite mineral in the arteria 
wall (aortic media and/or intima), is an important risk factor 
for morbidity and mortality and increases with age57,58. It 
is linked to an increased risk of heart disease, stroke and 
atherosclerotic plaque rupture59. Several mechanisms have 

been linked and can lead to vascular calcification, which 
suggest the presence of multiple etiologies rather than only 
one mechanism. 

VC is linked to physiological aging, genetic disorders, and 
a variety of pathological illnesses, including chronic kidney 
disease (CKD) and diabetes60. VC lowers aortic and artery 
compliance and elasticity. 

Intimal calcification is linked to arterial obstruction 
atherosclerotic plaque rupture whereas medial calcification 
leads to vessel stiffness systolic hypertension leading to 
increased diastolic dysfunction and heart failure61. 

Tissue mineralization can occur at normal calcium 
and phosphate concentrations, thus the body has evolved 
many regulatory systems to confine the process to bone 
and cartilage. Several endogenous VC inhibitors have been 
found, with pyrophosphate (PPi) being the most important. 
PPi inhibits the creation of calcium-phosphate crystals as 
well as their development. 

Inorganic PPi is produced by the hydrolysis of the 
phosphodiester link in nucleotide triphosphates like ATP 
or UTP. As a result, it is a metabolic consequence of many 
intracellular biochemical activities as well as external 
signaling cascades62. It is critical to distinguish between the 
functions of intracellular and extracellular pyrophosphate. 
Intracellular pyrophosphate is created as a byproduct 
of over 200 different enzyme activities, and enormous 
amounts of pyrophosphate are formed within cells every day 
during the creation of numerous macromolecules such as 
proteins, nucleic acids, lipids, and carbohydrates from their 
precursors. This intracellular PPi remains within cells, where 
it undergoes hydrolysis by intracellular enzymes62.

The major source of is extracellular ATP. Extracellular 
PPi antagonizes the ability of calcium to crystallize with 
phosphate to form hydroxyapatite. PPi also binds strongly 
to the surface of HA crystals and prevents further crystal 
growth. Extracellular PPi therefore has a dual role: first it 
acts to prevent harmful soft tissue calcification and second 
to regulate bone mineralization62-64. TNSALP has been found 
to play a central role in VC as it acts upon PPi degrading it to 
phosphate (Pi) and thus promoting VC. 

Calcification of advanced lesions resembles endochondral 
ossification of long bones and appears to stabilize plaques. 
This procedure involves the transdifferentiation of vascular 
smooth muscle cells (VSMCs) into chondrocyte-like cells. 
In contrast, the poorly known microcalcification of early 
plaques is thought to be hazardous. Tissue Non-Specific 
Alkaline Phosphatase (TNSALP) and collagen are two 
proteins required for physiological mineralization. 

Under pathological conditions, TNSALP is activated by 
pro-inflammatory cytokines in VSMCs (such as TNFα and 
interleukin-6) and reactive oxygen species (ROS). Collagen 
production is constant. Activation of TNSALP appears 
to induce calcification by enhancing mineralization and 
promoting osteogenic differentiation.

Calcifying vascular specimens contain osteoclasts, 



JRPMS38

E. Miriouni et al. 

osteoblasts, and chondrocytes, all of which are produced 
from stem cells or VSMC transdifferentiation. Local TNSALP 
levels are elevated along with bone-related proteins like 
osteocalcin and osteopontin. This activation triggers 
significant VC in arteries due to its overexpression in VSMCs 
and endothelial cells. Elevated circulating TNSALP is also 
associated with increased mortality in patients with chronic 
kidney disease (CKD)65.

Paget’s diseasePaget’s disease

Paget’s disease (PD) of the bone is a nonmalignant 
skeletal disease defined by specific abnormalities in bone 
remodeling at one (monostotic) or many (polyostotic) 
skeletal locations66. Any bone of the body can be impacted, 
although the pelvis, spine, femur, tibia, and skull are most 
susceptible. At the cellular level, Paget’s disease (PD) of 
the bone is distinguished by an increase in the number (and 
activity) of osteoclasts, as well as an increase in osteoblastic 
activity. Bone growth is enhanced yet chaotic, resulting in 
braided bone that is mechanically weak and susceptible to 
deformation and fracture. vascularity of bone. 

The pathophysiology of PD is poorly known, but hereditary 
factors appear to play an important role. Inheritance may 
play a role, as many of the affected people have family 
histories. Several cases may have an autosomal dominant 
inheritance pattern with incomplete penetrance67.

Age and sex may play a role, as the disease typically affects 
older adults, with men being at a higher risk than women. The 
most common symptom is pain, and the presentation of the 
disease may vary depending on which bones are affected, the 
extent of involvement, and the presence of complications. 
The disease may also be asymptomatic, and we often it from 
incidental findings of elevated serum total ALP levels or 
abnormalities on imaging tests performed for an unrelated 
cause68.

Bone turnover markers (BTMs) are not required to 
diagnose Paget’s disease; however, they are useful in 
evaluating disease activity and monitoring response to 
bisphosphonate therapy. Total ALP offers comparable 
value to the newer BTMs and may serve as a cost-effective 
replacement. However, it iscrucial to confirm that the patient 
does not suffer from concomitant hepatobiliary disease.

Clinical use of total ALP and BALP in bone metastases Clinical use of total ALP and BALP in bone metastases 
and multiple myelomaand multiple myeloma

In solid tumors, the bone is the third most common 
location of metastasis, behind the lungs and liver. Bone 
metastasis disease arises due to various interactions 
between malignant cells and bone cells, causing changes in 
normal bone metabolism69.

Bone metastases are typically associated with 
significant bone pain, the causes of which are unknown 
but appear to be related to osteolysis. Osteolysis is also 
followed by increased bone fragility and a higher risk of 
fractures. Pathological fractures frequently occur in load-

bearing bones due to bone metastases and pose significant 
treatment challenges when they are present in the neck or 
shaft of the femur or in the pelvis. 

Other side effects of bone metastasis include 
leukoerythroblastic anemia, bone deformities, 
hypercalcemia, and nerve-compression disorders such as 
spinal cord compression. Bone metastases are classified 
as osteolytic or osteoblastic, with each type having a 
distinct cause. 

Osteolytic metastases are thought to be generated 
by activated osteoclasts. Osteoclast-activating factors, 
particularly parathyroid hormone-related peptide 
(PTHrP), which are released by tumor cells in the bone 
microenvironment are important for osteoclast activation. 
On the other side, osteoblastic metastases are caused by 
cancer cells producing substances that promote osteoblast 
proliferation, differentiation, and bone creation. However, it 
is now recognized that osteoblastic and osteolytic lesions are 
two extremes, and studies have shown that bone metastases, 
in the majority of patients, contain both osteoblastic and 
osteolytic features.

Prostate and breast cancers are the two most common 
causes of bone metastases. However, the outcome of 
metastasis from each of these tumors is typically fairly 
varied. Bone metastases in breast cancer are primarily 
osteolytic, resulting from osteoclast activation rather than 
cancer cells’ direct effects on bone. The major lesion is lytic 
and destructive, but there is also a local bone formation 
response, which probably represents an effort at bone repair. 
This increase in bone formation is reflected by increased 
levels of serum activity of ALP. However, the predominant 
effect is osteolysis, despite this secondary increase in local 
bone formation.

Prostate cancer bone metastases are often osteoblastic. 
ALP and osteocalcin levels in these metastases indicate 
that osteoblasts close to metastatic tumor cells are being 
stimulated locally. However, up to 25% of patients with bone 
metastases from breast cancers show osteoblastic lesions 
that are comparable to those found in metastatic prostate 
cancer. In contrast, some prostate cancer patients develop 
osteolytic lesions similar to those found in metastatic breast 
cancer patients. As a result, the idea of two discrete types of 
bone metastases is probably overly simplified70.

ALP, specifically the BALP isoform, appears to be a 
sensitive and consistent indicator of osteoblastic activity71. 
High ALP levels of activity have been reported in a variety 
of cancers and appear to be associated with an increased 
risk of unfvourable clinical outcomes72. However, due to a 
low specificity and conflicting evidence in the literature, 
this test is not used routinely clinical practice. Its potential 
as a diagnostic or prognostic marker for bone metastases 
remains intriguing, and it is being studied for numerous solid 
malignancies73.

Several studies have shown that ALP is a valuable 
predictive marker of bone metastasis from solid tumors. 
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BALP exhibits a good sensitivity and specificity for the 
prediction of bone metastases and progression of disease 
in prostate cancer. The majority of patients with prostatic 
cancer who also have metastases to the bone have elevated 
ALP values. Furthermore, several studies have found that 
higher ALP levels before to treatment beginning are related 
with a poorer response and prognosis. These findings 
imply that ALP could be a biomarker to be employed in the 
evaluation of patients with metastatic prostate cancer not 
only to predict bone metastases but also to monitor the 
response to treatment74-79. The role of ALP as a predictive 
biomarker of bone metastases for other solid tumors (renal 
lung or gastric) has been studied in several studies with 
mixed results80-83.

Multiple myeloma (MM) is a neoplasm of bone marrow 
with an increasing prevalence. The clonal development 
of malignant plasma cells in the bone marrow causes 
hypogammaglobulinemia, cytopenia, osteolytic bone 
disease, hypercalcemia, and, ultimately, kidnel failure85. 
Osteolytic bone disease is caused by increased osteoclastic 
activity and decreased osteoblast function, both of which 
are associated with myeloma. The bone loss observed in MM 
is multifactorial, with the majority of patients developing 
severe osteolytic bone disease during the course of the 
illness. However, it is not clear why bone destruction is a 
result of this disease84,85. 

Pain and pathological bone fractures in various areas of 
the body are common clinical features in many individuals. 
Some typical examples include vertebral osteolysis, which 
can cause pathological fractures, as well as spinal collapse 
with medullary compression and a variety of neurological 
symptoms. Among all of the clinical repercussions of MM, 
bone damage has the greatest influence on patients’ quality 
of life86,87. Studying bone markers is an essential step in 
tackling MM. It is critical to identify serum biomarkers that 
can be used to quantify and predict future severe bone 
lesions.

Plain radiographs are commonly used to assess bone 
disease in MM. Although radiographs are valuable for 
identifying osteolytic lesions, they do not reveal any 
information about continuing bone remodeling. Therefore, 
bone turnover markers have been utilized as an alternative 
to measure the rate of bone turnover in individuals with 
MM84,88.

Biomarkers of bone formation have been used in several 
studies but the results were inconsistent. Some studies 
showed elevated BALP and osteocalcin in myeloma patients 
compared with controls whereas in others were either within 
normal range or even reduced89-91.

In a study involving 440 patients with and 461 patients 
with solid tumors with metastases, the levels of ALP were 
generally found to be normal or slightly elevated, regardless 
of the stage and the number of osteolytic lesions and were 
consistently lower than those observed in solid tumors. 
The distinctions between MM and solid tumors, particularly 

in comparison to prostate cancer, are significant. Multiple 
myeloma has a different mechanism of bone involvement 
than solid malignancies because of decreased bone turnover 
and/or osteoblastic activity, which coincides with lower 
levels of plasma ALP expression73.

The measurement of ALPs

Measuring total-ALP activityMeasuring total-ALP activity

The assessment the activity of total-ALP in serum or 
plasma is one of the most commonly performed tests in 
clinical chemistry laboratories. ALPs hydrolyze a wide range 
of organic monophosphate esters, resulting in the production 
of an alcohol or phenol and phosphate ion. Over the years 
several analytical methods have been proposed, each one 
of them based on a distinct substrate and distinct assay 
parameters (such as pH, buffers, and reaction temperature92. 
The choice of buffer and reaction temperature are the 
most important. Currently, most tests use conventional 
photometric method which involves the following reactions 
in two steps: In the first step, ALP catalyzes the hydrolysis 
of p-nitrophenylphosphate (p-NPP), which is colorless, 
to phosphate and free p-nitrophenol (p-NP). In the second 
step, and under alkaline pH conditions, p-NP is converted 
to 4-nitrophenoxide , which has an intense yellow color and 
absorbing at 405nm. This is the method that is used today 
on most automated clinical chemistry analyzers and was 
initially standardized by IFCC in 198393-95. The reaction 
temperature was set at 30oC. As the market was populated 
with more methods, it became clear that these different 
methods produced different results. The need for assay 
standardization became urgent. IFCC started a working 
group with aim to “standardize the measurement of the 
catalytic activity of enzymes establishing reference systems 
in clinical enzymology”. The major scope of this effort was 
to achieve inter laboratory agreement of enzyme activity 
measurements. ALP was one of the target enzymes in this 
project. The current IFCC primary reference measurement 
process for ALP is based on prior IFCC work, with the only 
alteration being an increase in the measurement temperature 
from 30oC to 37oC96.

IFCC’s recommendation is to use a colorless substrate 
(p-nitrophenylphosphate) in an alkaline buffer (2-amino-2-
methyl-1-propanol) at 37oC96,97.

Unfortunately, not all clinical laboratories employ 
the IFCC reference measurement approach. A recent 
investigation conducted 5 years after the publication of the 
standard measurement protocol found “substantially poor 
comparability” among clinical laboratories98. However, the 
existence of an internationally agreed reference system for 
the measurement of ALP activity does not necessarily imply 
that all manufacturers will instantly apply traceability to 
it98. It is also critical to emphasize the importance of well-
designed external quality assessment schemes (EQAS) in 
which ALP target values are assigned using the IFCC RMP 
rather than consensus values (such as peer-group means 
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or other indicators of central tendency). With such EQAS 
schemes in place quality specifications indicators are 
deriving from objective models97,99,100.

These tests measure the enzymatic activity of total ALP 
in the serum, tthey cannot distinguish between the many 
isoenzymes and isoforms, limiting the utility of total ALP 
activity as a bone formation marker, particularly in patients 
with hepatic diseases101. As a result, immunoassays capable 
of quantifying the bone isoform of ALP (BALP) have been 
developed and are now are frequently utilized in biochemical 
laboratories102,103. 

Separation and Quantification of ALP isoenzymes Separation and Quantification of ALP isoenzymes 

The challenge in BALP quantification is to differentiate 
the bone isoform of ALP from its liver isoform (LALP). In 
human serum, these are the two main isoforms, under non-
pathological conditions. What makes the measurement of the 
bone isoforms challenging is the fact that both liver and bone 
isoforms share the same amino acid sequence and that their 
differences are limited only to the rate of post-translational 
glycosylations. 

Over the years researchers developed various techniques 
that exploit these carbohydrate differences to measure 
specifically the bone isoform. Various separation techniques 
(including electrophoresis and chromatography) were 
used to separate the two major isoforms however these 
techniques lacked specificity, reproducibility and were 
extremely laborious.

Advancements in antibody production and assay 
technology during the decades resulted in the development 
of both polyclonal and monoclonal antibodies with high 
specificity for bone ALP, although in some cases the 
discrimination between the liver and the bone isoforms 
has not been adequate to satisfy the clinical needs104-107. 
These antibodies have been used to develop various 
immunoassays, that allowed more widespread use in clinical 
chemistry laboratories. Initially two methods have been 
developed using these antibodies. 

Hybritech invented the first immunoradiometric test 
(IRMA), known commercially as Tandem-R-Ostase108,109. 
This was a “sandwich” immunoassay which used two 
unique murine monoclonal antibodies directed at separate 
antigenic regions (epitopes) on the bone-ALP molecule. The 
assay was calibrated with calibrators made of purified bone-
ALP isolated from osteosarcoma cells (SAOS-2 cells). The 
assay determined the mass of bone-ALP and the results 
were expressed the ng/mL110,111. This type of assay was 
difficult to perform as it was fully manual required overnight 
incubations and required radioisotope labeled reagents. 
According to evaluation tests, there was significant cross 
reactivity with the liver isoform which ranged between 14.3 
and 18.3%108,109,112,113. However, this assay demonstrated 
potential as a tool for monitoring and diagnosing bone 
disorders characterized by enhanced osteoblastic 
activity108,114-116.

The next assay that was developed was an immunocapture 
enzymatic immunoassay created by Gomez et al. in 1995102. 
This assay utilized only one monoclonal antibody produced 
on mice, vaccinated with ALP isolated from SAOS-2 cells, 
and purified119. This assay in fact was measuring the activity 
of BALP that was captured on the solid phase and the results 
were expressed in U/L where 1U represents the activity 
to the enzyme which hydrolyses 1μmol of p-NPP per min 
at 25oC. A calibration curve was also used to quantify the 
unknown samples. The calibrators were also made of ALP 
produced from SAOS-2. This assay was commercialised by 
Metra Biosystems as Alkphase-B117. The comparison these 
two first assays gave inconsistent results113,118,119. 

The Tandem-MP-Ostase, a novel commercial enzyme 
immunoassay released in 1998, claimed to assess the 
ALP bone isoform. This was an immunocapture ELISA with 
a single monoclonal antibody. This assay, like the previous 
immunoassay, measured the activity of bone isoforms103. 
However the calibration of this assay was designed to match 
the calibration of the IRMA Tandem-R-Ostase. Calibrators 
were also produced using purified ALP extracted from 
SAOS-2 cells, however their values were given in μg/L and 
therefore using the calibration curve the activity values that 
were extracted from the test were transformed into mass 
values to match the immunometric assay results103. 

Today the immunoradiometric (IRMA) assay is still in 
production and it is distributed by Beckman-Coulter. It is 
actually the same assay only the new version uses coated 
tubes with the first antibody whereas the Hybritech version 
used coated plastic beads. 

Conclusion

ALP is one of the most extensively studied enzymes, 
however its metabolism is not even today entirely 
understood. The diagnostic utility of measuring blood 
total ALP activity is well established, and it is one of the 
most commonly used laboratory tests for the detection of 
cholestasis and bone diseases. ALP is an essential enzyme 
that regulates the mineralization of skeletal tissue. It has 
important physiological activities (skeletal and dental 
tissue mineralization), is critical for the dephosphorylation 
of numerous physiological substrates and also has some 
extra-skeletal functions (implicated in ectopic pathological 
calcification of soft tissues, particularly in the vasculature). 

Total ALP activity assays provide important information 
about the total ALP level in human serum, but they do not 
distinguish between ALP isozymes and isoforms. Although 
the IFCC has standardized these assays, their clinical 
relevance and reliability in assessing bone development in 
patients with liver diseases is limited. Nonetheless, these 
assays remain critical for identifying hypophosphatasia.

Immunoassays claiming to measure the bone-specific 
isoform of ALP also have limitations, including significant 
inter-method variability. These discrepancies likely stem 
from a lack of standardization due to the absence of a an 
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international standard and a reference method for BALP. 
Standardizing these assays is a primary objective of the 
IFCC.

ReferencesReferences

1.	 Golub EE, Boesze-Battaglia K. The role of alkaline phosphatase in 
mineralization. Current Opinion in Orthopaedics 2007;18(5):444-
8.

2.	 Millan JL. Mammalian Alkaline Phosphatases: From Biology to 
Applications in Medicine and Biotechnology: ILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim; 2006.

3.	 Nizet A, Cavalier E, Stenvinkel P, Haarhaus M, Magnusson P. 
Bone alkaline phosphatase: An important biomarker in chronic 
kidney disease - mineral and bone disorder. Clin Chim Acta 
2020;501:198-206.

4.	 Millan JL. Alkaline Phosphatases : Structure, substrate specificity 
and functional relatedness to other members of a large superfamily 
of enzymes. Purinergic Signal 2006;2(2):335-41.

5.	 Millan JL, Whyte MP. Alkaline Phosphatase and Hypophosphatasia. 
Calcif Tissue Int 2016;98(4):398-416.

6.	 Matsuura S, Kishi F, Kajii T. Characterization of a 5’-flanking region 
of the human liver/bone/kidney alkaline phosphatase gene: two 
kinds of mRNA from a single gene. Biochem Biophys Res Commun 
1990;168(3):993-1000.

7.	 Weiss MJ, Ray K, Henthorn PS, Lamb B, Kadesch T, Harris H. 
Structure of the human liver/bone/kidney alkaline phosphatase 
gene. J Biol Chem 1988;263(24):12002-10.

8.	 Le Du MH, Millan JL. Structural evidence of functional 
divergence in human alkaline phosphatases. J Biol Chem 
2002;277(51):49808-14.

9.	 Harrison G, Shapiro IM, Golub EE. The phosphatidylinositol-
glycolipid anchor on alkaline phosphatase facilitates mineralization 
initiation in vitro. J Bone Miner Res 1995;10(4):568-73.

10.	 Shibata H, Fukushi M, Igarashi A, Misumi Y, Ikehara Y, Ohashi Y, 
et al. Defective intracellular transport of tissue-nonspecific alkaline 
phosphatase with an Ala162-->Thr mutation associated with lethal 
hypophosphatasia. J Biochem 1998;123(5):968-77.

11.	 Magnusson P, Lofman O, Larsson L. Determination of alkaline 
phosphatase isoenzymes in serum by high-performance 
liquid chromatography with post-column reaction detection. J 
Chromatogr 1992;576(1):79-86.

12.	 Haarhaus M, Fernstrom A, Magnusson M, Magnusson P. Clinical 
significance of bone alkaline phosphatase isoforms, including the 
novel B1x isoform, in mild to moderate chronic kidney disease. 
Nephrol Dial Transplant 2009;24(11):3382-9.

13.	 Orimo H. Pathophysiology of hypophosphatasia and the potential 
role of asfotase alfa. Ther Clin Risk Manag 2016;12:777-86.

14.	 Robison R. The Possible Significance of Hexosephosphoric Esters in 
Ossification. Biochem J 1923;17(2):286-93.

15.	 Millán JL, Whyte MP. Alkaline Phosphatase and Hypophosphatasia. 
Calcif Tissue Int 2016;98(4):398-416.

16.	 Orimo H. The mechanism of mineralization and the role of 
alkaline phosphatase in health and disease. J Nippon Med Sch 
2010;77(1):4-12.

17.	 Millan JL. The role of phosphatases in the initiation of skeletal 
mineralization. Calcif Tissue Int 2013;93(4):299-306.

18.	 Michigami T, Ozono K. Roles of Phosphate in Skeleton. Front 
Endocrinol (Lausanne) 2019;10:180.

19.	 Solomon DH, Browning JA, Wilkins RJ. Inorganic phosphate 
transport in matrix vesicles from bovine articular cartilage. Acta 

Physiol (Oxf) 2007;190(2):119-25.
20.	 Millán JL. The role of phosphatases in the initiation of skeletal 

mineralization. Calcif Tissue Int 2013;93(4):299-306.
21.	 Yadav MC, Bottini M, Cory E, Bhattacharya K, Kuss P, Narisawa S, 

et al. Skeletal Mineralization Deficits and Impaired Biogenesis and 
Function of Chondrocyte-Derived Matrix Vesicles in Phospho1(-/-) 
and Phospho1/Pi t1 Double-Knockout Mice. J Bone Miner Res 
2016;31(6):1275-86.

22.	 Yadav MC, Simão AM, Narisawa S, Huesa C, McKee MD, Farquharson 
C, et al. Loss of skeletal mineralization by the simultaneous ablation 
of PHOSPHO1 and alkaline phosphatase function: a unified model 
of the mechanisms of initiation of skeletal calcification. J Bone 
Miner Res 2011;26(2):286-97.

23.	 Kirsch T. Determinants of pathological mineralization. Curr Opin 
Rheumatol 2006;18(2):174-80.

24.	 Golub EE, Harrison G, Taylor AG, Camper S, Shapiro IM. The role 
of alkaline phosphatase in cartilage mineralization. Bone Miner 
1992;17(2):273-8.

25.	 Golub EE, Boesze-Battaglia K. The role of alkaline phosphatase in 
mineralization. Current Opinion in Orthopaedics 2007;18(5).

26.	 Michigami T. Skeletal mineralization: mechanisms and diseases. 
Ann Pediatr Endocrinol Metab 2019;24(4):213-9.

27.	 Van Hoof VO, De Broe ME. Interpretation and clinical significance 
of alkaline phosphatase isoenzyme patterns. Crit Rev Clin Lab Sci 
1994;31(3):197-293.

28.	 Magnusson P, Hager A, Larsson L. Serum osteocalcin and bone 
and liver alkaline phosphatase isoforms in healthy children and 
adolescents. Pediatr Res 1995;38(6):955-61.

29.	 Muljacić A, Poljak-Guberina R, Zivković O. Prognostic significance 
of BsALP in healing of long bone fractures. Coll Antropol 
2008;32(2):551-6.

30.	 Muljacić A, Poljak-Guberina R, Zivković O, Bilić V, Guberina M, 
Crvenković D. Course and rate of post-fracture bone healing in 
correlation with bone-specific alkaline phosphatase and bone callus 
formation. Coll Antropol 2013;37(4):1275-83.

31.	 Haarhaus M, Monier-Faugere MC, Magnusson P, Malluche HH. 
Bone alkaline phosphatase isoforms in hemodialysis patients with 
low versus non-low bone turnover: a diagnostic test study. Am J 
Kidney Dis 2015;66(1):99-105.

32.	 Haarhaus M, Brandenburg V, Kalantar-Zadeh K, Stenvinkel P, 
Magnusson P. Alkaline phosphatase: a novel treatment target for 
cardiovascular disease in CKD. Nat Rev Nephrol 2017;13(7):429-
42.

33.	 Drechsler C, Verduijn M, Pilz S, Krediet RT, Dekker FW, Wanner 
C, et al. Bone Alkaline Phosphatase and Mortality in Dialysis 
Patients. Clinical Journal of the American Society of Nephrology 
2011;6(7):1752.

34.	 Manghat P, Souleimanova I, Cheung J, Wierzbicki AS, Harrington 
DJ, Shearer MJ, et al. Association of bone turnover markers and 
arterial stiffness in pre-dialysis chronic kidney disease (CKD). Bone 
2011;48(5):1127-32.

35.	 Beige J, Wendt R, Girndt M, Queck K-H, Fiedler R, Jehle P. 
Association of serum alkaline phosphatase with mortality in non-
selected European patients with CKD5D: an observational, three-
centre survival analysis. BMJ Open 2014;4(2):e004275.

36.	 Ishimura E, Okuno S, Okazaki H, Norimine K, Yamakawa K, 
Yamakawa T, et al. Significant Association Between Bone-Specific 
Alkaline Phosphatase and Vascular Calcification of the Hand 
Arteries in Male Hemodialysis Patients. Kidney and Blood Pressure 
Research. 2014;39(4):299-307.

37.	 Nield LS, Mahajan P, Joshi A, Kamat D. Rickets: not a disease of the 
past. Am Fam Physician. 2006;74(4):619-26.



JRPMS42

E. Miriouni et al. 

38.	 Turan S, Topcu B, Gokce I, Guran T, Atay Z, Omar A, et al. Serum 
alkaline phosphatase levels in healthy children and evaluation of 
alkaline phosphatase z-scores in different types of rickets. J Clin 
Res Pediatr Endocrinol 2011;3(1):7-11.

39.	 Haffner D, Leifheit-Nestler M, Grund A, Schnabel D. Rickets 
guidance: part I-diagnostic workup. Pediatr Nephrol 2021.

40.	 Goltzman D, Miao D. Alkaline Phosphatase. In: Martini L, editor. 
Encyclopedia of Endocrine Diseases. New York: Elsevier; 2004. p. 
164-9.

41.	 Haffner D, Leifheit-Nestler M, Grund A, Schnabel D. Rickets 
guidance: part II—management. Pediatric Nephrology. 2022.

42.	 Carpenter TO, Shaw NJ, Portale AA, Ward LM, Abrams SA, Pettifor 
JM. Rickets. Nat Rev Dis Primers. 2017;3:17101.

43.	 Haffner D, Emma F, Eastwood DM, Duplan MB, Bacchetta J, 
Schnabel D, et al. Clinical practice recommendations for the 
diagnosis and management of X-linked hypophosphataemia. Nat 
Rev Nephrol 2019;15(7):435-55.

44.	 Adeli K, Higgins V, Trajcevski K, White-Al Habeeb N. The Canadian 
laboratory initiative on pediatric reference intervals: A CALIPER 
white paper. Crit Rev Clin Lab Sci 2017;54(6):358-413.

45.	 Fischer DC, Mischek A, Wolf S, Rahn A, Salweski B, Kundt G, et al. 
Paediatric reference values for the C-terminal fragment of fibroblast-
growth factor-23, sclerostin, bone-specific alkaline phosphatase 
and isoform 5b of tartrate-resistant acid phosphatase. Ann Clin 
Biochem 2012;49(Pt 6):546-53.

46.	 Mornet E. Hypophosphatasia: the mutations in the tissue-nonspecific 
alkaline phosphatase gene. Hum Mutat 2000;15(4):309-15.

47.	 Linglart A, Biosse-Duplan M. Hypophosphatasia. Curr Osteoporos 
Rep 2016;14(3):95-105.

48.	 Tournis S, Yavropoulou MP, Polyzos SA, Doulgeraki A. 
Hypophosphatasia. J Clin Med 2021;10(23).

49.	 Whyte MP. Hypophosphatasia - aetiology, nosology, pathogenesis, 
diagnosis and treatment. Nat Rev Endocrinol 2016;12(4):233-46.

50.	 Rader BA. Alkaline Phosphatase, an Unconventional Immune 
Protein. Front Immunol 2017;8:897.

51.	 Sekaran S, Vimalraj S, Thangavelu L. The Physiological and 
Pathological Role of Tissue Nonspecific Alkaline Phosphatase 
beyond Mineralization. Biomolecules 2021;11(11).

52.	 Mornet E, Yvard A, Taillandier A, Fauvert D, Simon-Bouy B. A 
molecular-based estimation of the prevalence of hypophosphatasia 
in the European population. Ann Hum Genet 2011;75(3):439-45.

53.	 Garcia-Fontana C, Villa-Suarez JM, Andujar-Vera F, Gonzalez-
Salvatierra S, Martinez-Navajas G, Real PJ, et al. Epidemiological, 
Clinical and Genetic Study of Hypophosphatasia in A Spanish 
Population: Identification of Two Novel Mutations in The Alpl Gene. 
Sci Rep 2019;9(1):9569.

54.	 Mornet E, Taillandier A, Domingues C, Dufour A, Benaloun E, 
Lavaud N, et al. Hypophosphatasia: a genetic-based nosology and 
new insights in genotype-phenotype correlation. Eur J Hum Genet. 
2021;29(2):289-99.

55.	 Anderson HC, Hsu HH, Morris DC, Fedde KN, Whyte MP. Matrix 
vesicles in osteomalacic hypophosphatasia bone contain apatite-
like mineral crystals. Am J Pathol 1997;151(6):1555-61.

56.	 Whyte MP. Chapter 73 - Hypophosphatasia: Nature’s Window on 
Alkaline Phosphatase Function in Humans. In: Bilezikian JP, Raisz 
LG, Martin TJ, editors. Principles of Bone Biology (Third Edition). 
San Diego: Academic Press; 2008. p. 1573-98.

57.	 Demer LL, Tintut Y. Inflammatory, metabolic, and genetic 
mechanisms of vascular calcification. Arterioscler Thromb Vasc 
Biol. 2014;34(4):715-23.

58.	 Lee SJ, Lee I-K, Jeon J-H. Vascular Calcification—New Insights 
into Its Mechanism. International Journal of Molecular Sciences 

2020;21(8):2685.
59.	 Nicoll R, Henein MY. The predictive value of arterial and valvular 

calcification for mortality and cardiovascular events. Int J Cardiol 
Heart Vessel 2014;3:1-5.

60.	 Jinnouchi H, Sakamoto A, Torii S, Virmani R, Finn AV. Chapter 1 
- Types and pathology of vascular calcification. In: Finn AV, editor. 
Coronary Calcium: Academic Press; 2019. p. 1-25.

61.	 Durham AL, Speer MY, Scatena M, Giachelli CM, Shanahan CM. 
Role of smooth muscle cells in vascular calcification: implications 
in atherosclerosis and arterial stiffness. Cardiovasc Res 
2018;114(4):590-600.

62.	 Orriss IR, Arnett TR, Russell RG. Pyrophosphate: a key inhibitor of 
mineralisation. Curr Opin Pharmacol 2016;28:57-68.

63.	 Fleisch H, Bisaz S. Mechanism of calcification: inhibitory role of 
pyrophosphate. Nature 1962;195:911.

64.	 Fleisch H, Russell RG, Straumann F. Effect of pyrophosphate on 
hydroxyapatite and its implications in calcium homeostasis. Nature 
1966;212(5065):901-3.

65.	 Shroff R, Long DA, Shanahan C. Mechanistic Insights into Vascular 
Calcification in CKD. Journal of the American Society of Nephrology 
2013;24(2).

66.	 Shaker JL. Paget’s Disease of Bone: A Review of Epidemiology, 
Pathophysiology and Management. Ther Adv Musculoskelet Dis 
2009;1(2):107-25.

67.	 Ralston SH, Corral-Gudino L, Cooper C, Francis RM, Fraser 
WD, Gennari L, et al. Diagnosis and Management of Paget’s 
Disease of Bone in Adults: A Clinical Guideline. J Bone Miner Res 
2019;34(4):579-604.

68.	 Rianon NJ, des Bordes JK. Paget Disease of Bone for Primary Care. 
Am Fam Physician 2020;102(4):224-8.

69.	 Coleman RE. Metastatic bone disease: clinical features, 
pathophysiology and treatment strategies. Cancer Treatment 
Reviews 2001;27(3):165-76.

70.	 Mundy GR. Metastasis to bone: causes, consequences and 
therapeutic opportunities. Nat Rev Cancer 2002;2(8):584-93.

71.	 KS L, KP F, AH S, CK L, KM L. Plasma bone-specific alkaline 
phosphatase as an indicator of osteoblastic activity. The Journal of 
Bone and Joint Surgery British volume 1993;75-B(2):288-92.

72.	 Coleman RE, Major P, Lipton A, Brown JE, Lee KA, Smith M, et al. 
Predictive value of bone resorption and formation markers in cancer 
patients with bone metastases receiving the bisphosphonate 
zoledronic acid. J Clin Oncol 2005;23(22):4925-35.

73.	 Annibali O, Petrucci MT, Santini D, Bongarzoni V, Russano M, Pisani 
F, et al. Alkaline phosphatase (alp) levels in multiple myeloma and 
solid cancers with bone lesions: Is there any difference? J Bone 
Oncol 2021;26:100338.

74.	 Lorente J, Morote J, Raventos C, Encabo G, Valenzuela H. Clinical 
efficacy of bone alkaline phosphatase and prostate specific antigen 
in the diagnosis of bone metastasis in prostate cancer. The Journal 
of Urology 1996;155(4):1348-51.

75.	 Garnero P, Buchs N, Zekri J, Rizzoli R, Coleman R, Delmas P. 
Markers of bone turnover for the management of patients with 
bone metastases from prostate cancer. British journal of cancer 
2000;82(4):858-64.

76.	 Wymenga L, Boomsma J, Groenier K, Piers D, Mensink H. 
Routine bone scans in patients with prostate cancer related to 
serum prostate-specific antigen and alkaline phosphatase. BJU 
international 2001;88(3):226-30.

77.	 Brasso K, Christensen IJ, Johansen JS, Teisner B, Garnero P, Price 
PA, et al. Prognostic value of PINP, bone alkaline phosphatase, 
CTX-I, and YKL-40 in patients with metastatic prostate carcinoma. 
The Prostate 2006;66(5):503-13.



43

Alkaline Phosphatase

JRPMS

78.	 Metwalli AR, Rosner IL, Cullen J, Chen Y, Brand T, Brassell SA, et 
al., editors. Elevated alkaline phosphatase velocity strongly predicts 
overall survival and the risk of bone metastases in castrate-
resistant prostate cancer. Urologic Oncology: Seminars and Original 
Investigations; 2014: Elsevier.

79.	 Hammerich KH, Donahue TF, Rosner IL, Cullen J, Kuo H-C, 
Hurwitz L, et al., editors. Alkaline phosphatase velocity predicts 
overall survival and bone metastasis in patients with castration-
resistant prostate cancer. Urologic Oncology: Seminars and Original 
Investigations; 2017: Elsevier.

80.	 Kh C, Kpyati A, Murthy Ds J. Significance of serum total alkaline 
phosphatase levels in breast cancer. Int J Clin Biomed Res 
2016;2(1):13-5.

81.	 Seaman E, Goluboff ET, Ross S, Sawczuk IS. Association of 
radionuclide bone scan and serum alkaline phosphatase in patients 
with metastatic renal cell carcinoma. Urology 1996;48(5):692-5.

82.	 Min J-W, Um S-W, Yim J-J, Yoo C-G, Han SK, Shim Y-S, et al. The 
role of whole-body FDG PET/CT, Tc 99m MDP bone scintigraphy, 
and serum alkaline phosphatase in detecting bone metastasis 
in patients with newly diagnosed lung cancer. Journal of Korean 
medical science 2009;24(2):275-80.

83.	 Lim SM, Kim YN, Park KH, Kang B, Chon HJ, Kim C, et al. Bone 
alkaline phosphatase as a surrogate marker of bone metastasis in 
gastric cancer patients. BMC cancer. 2016;16(1):1-7.

84.	 Terpos E, Christoulas D, Gavriatopoulou M. Biology and treatment 
of myeloma related bone disease. Metabolism 2018;80:80-90.

85.	 Łacina P, Butrym A, Humiński M, Dratwa M, Frontkiewicz D, Mazur 
G, et al. Association of RANK and RANKL gene polymorphism 
with survival and calcium levels in multiple myeloma. Molecular 
Carcinogenesis 2021;60(2):106-12.

86.	 Pop V, Parvu A, Craciun A, Farcas AD, Tomoaia G, Bojan A. Modern 
markers for evaluating bone disease in multiple myeloma (Review). 
Exp Ther Med 2021;22(5):1329.

87.	 Westhrin M, Kovcic V, Zhang Z, Moen SH, Nedal TMV, Bondt A, 
et al. Monoclonal immunoglobulins promote bone loss in multiple 
myeloma. Blood 2020;136(23):2656-66.

88.	 Terpos E, Dimopoulos MA, Sezer O. The effect of novel anti-
myeloma agents on bone metabolism of patients with multiple 
myeloma. Leukemia 2007;21(9):1875-84.

89.	 Terpos E. Biochemical markers of bone metabolism in multiple 
myeloma. Cancer Treat Rev 2006;32 Suppl 1:15-9.

90.	 Lipton A, Cook RJ, Coleman RE, Smith MR, Major P, Terpos E, et 
al. Clinical utility of biochemical markers of bone metabolism for 
improving the management of patients with advanced multiple 
myeloma. Clin Lymphoma Myeloma 2007;7(5):346-53.

91.	 Terpos E, Dimopoulos MA, Sezer O, Roodman D, Abildgaard N, 
Vescio R, et al. The use of biochemical markers of bone remodeling 
in multiple myeloma: a report of the International Myeloma Working 
Group. Leukemia 2010;24(10):1700-12.

92.	 McComb RB, Bowers GN, Posen S. Measurement of Alkaline 
Phosphatase Activity. In: McComb RB, Bowers GN, Posen S, editors. 
Alkaline Phosphatase. Boston, MA: Springer US; 1979. p. 289-
372.

93.	 Tietz NW, Burtis CA, Duncan P, Ervin K, Petitclerc CJ, Rinker AD, et 
al. A reference method for measurement of alkaline phosphatase 
activity in human serum. Clin Chem 1983;29(5):751-61.

94.	 Tietz NW, Rinker AD, Shaw LM. IFCC methods for the 
measurement of catalytic concentration of enzymes Part 5. IFCC 
method for alkaline phosphatase (orthophosphoric-monoester 
phosphohydrolase, alkaline optimum, EC 3.1.3.1). J Clin Chem Clin 
Biochem 1983;21(11):731-48.

95.	 Tietz NW, Rinker AD, Shaw LM. International Federation of Clinical 

Chemistry. IFCC methods for the measurement of catalytic 
concentration of enzymes. Part 5. IFCC method for alkaline 
phosphatase (orthophosphoric-monoester phosphohydrolase, 
alkaline optimum, EC 3.1.3.1). IFCC Document Stage 2, Draft 1, 
1983-03 with a view to an IFCC Recommendation. Clin Chim Acta 
1983;135(3):339F-67F.

96.	 Schumann G, Klauke R, Canalias F, Bossert-Reuther S, Franck 
PF, Gella FJ, et al. IFCC primary reference procedures for the 
measurement of catalytic activity concentrations of enzymes at 
37 degrees C. Part 9: reference procedure for the measurement 
of catalytic concentration of alkaline phosphatase International 
Federation of Clinical Chemistry and Laboratory Medicine (IFCC) 
Scientific Division, Committee on Reference Systems of Enzymes 
(C-RSE) (1)). Clin Chem Lab Med 2011;49(9):1439-46.

97.	 Infusino I, Schumann G, Ceriotti F, Panteghini M. Standardization 
in clinical enzymology: a challenge for the theory of metrological 
traceability. Clin Chem Lab Med. 2010;48(3):301-7.

98.	 Braga F, Frusciante E, Infusino I, Aloisio E, Guerra E, Ceriotti F, 
et al. Evaluation of the trueness of serum alkaline phosphatase 
measurement in a group of Italian laboratories. Clin Chem Lab Med 
2017;55(3):e47-e50.

99.	 Braga F, Panteghini M. Verification of in vitro medical diagnostics 
(IVD) metrological traceability: responsibilities and strategies. Clin 
Chim Acta 2014;432:55-61.

100.	 Goossens K, Van Uytfanghe K, Thienpont LM. Trueness and 
comparability assessment of widely used assays for 5 common 
enzymes and 3 electrolytes. Clin Chim Acta 2015;442:44-5.

101.	 Woitge HW, Seibel MJ, Ziegler R. Comparison of total and bone-
specific alkaline phosphatase in patients with nonskeletal disorder 
or metabolic bone diseases. Clin Chem 1996;42(11):1796-804.

102.	 Gomez B Jr, Ardakani S, Ju J, Jenkins D, Cerelli MJ, Daniloff GY, et 
al. Monoclonal antibody assay for measuring bone-specific alkaline 
phosphatase activity in serum. Clin Chem 1995;41(11):1560-6.

103.	 Broyles DL, Nielsen RG, Bussett EM, Lu WD, Mizrahi IA, Nunnelly 
PA, et al. Analytical and clinical performance characteristics of 
Tandem-MP Ostase, a new immunoassay for serum bone alkaline 
phosphatase. Clin Chem 1998;44(10):2139-47.

104.	 Bailyes EM, Seabrook RN, Calvin J, Maguire GA, Price CP, Siddle 
K, et al. The preparation of monoclonal antibodies to human bone 
and liver alkaline phosphatase and their use in immunoaffinity 
purification and in studying these enzymes when present in serum. 
Biochem J 1987;244(3):725-33.

105.	 Seabrook RN, Bailyes EM, Price CP, Siddle K, Luzio JP. The 
distinction of bone and liver isoenzymes of alkaline phosphatase in 
serum using a monoclonal antibody. Clin Chim Acta 1988;172(2-
3):261-6.

106.	 Hill CS, Wolfert RL. The preparation of monoclonal antibodies which 
react preferentially with human bone alkaline phosphatase and not 
liver alkaline phosphatase. Clin Chim Acta 1990;186(2):315-20.

107.	 Masuhara K, Suzuki S, Yoshikawa H, Tsuda T, Takaoka K, Ono K, et 
al. Development of a monoclonal antibody specific for human bone 
alkaline phosphatase. Bone Miner 1992;17(2):182-6.

108.	 Garnero P, Delmas PD. Assessment of the serum levels of bone 
alkaline phosphatase with a new immunoradiometric assay in 
patients with metabolic bone disease. J Clin Endocrinol Metab 
1993;77(4):1046-53.

109.	 Panigrahi K, Delmas PD, Singer F, Ryan W, Reiss O, Fisher R, 
et al. Characteristics of a two-site immunoradiometric assay 
for human skeletal alkaline phosphatase in serum. Clin Chem 
1994;40(5):822-8.

110.	 England TE, Samsoondar J, Maw G. Evaluation of the Hybritech 
Tandem-R Ostase immunoradiometric assay for skeletal alkaline 



JRPMS44

E. Miriouni et al. 

phosphatase. Clin Biochem 1994;27(3):187-9.
111.	 Withold W, Rick W. Evaluation of an immunoradiometric assay for 

bone alkaline phosphatase mass concentration in human sera. Eur 
J Clin Chem Clin Biochem 1994;32(2):91-5.

112.	 Farley JR, Hall SL, Ilacas D, Orcutt C, Miller BE, Hill CS, et al. 
Quantification of skeletal alkaline phosphatase in osteoporotic serum 
by wheat germ agglutinin precipitation, heat inactivation, and a two-
site immunoradiometric assay. Clin Chem 1994;40(9):1749-56.

113.	 Price CP, Mitchell CA, Moriarty J, Gray M, Noonan K. Mass versus 
activity: validation of an immunometric assay for bone alkaline 
phosphatase in serum. Ann Clin Biochem 1995;32(Pt 4):405-12.

114.	 Cooper EH, Forbes MA, Hancock AK, Parker D, Laurence V. Serum 
bone alkaline phosphatase and CA 549 in breast cancer with bone 
metastases. Biomed Pharmacother 1992;46(1):31-6.

115.	 Withold W, Degenhardt S, Castelli D, Heins M, Grabensee B. 
Monitoring of osteoblast activity with an immunoradiometric 
assay for determination of bone alkaline phosphatase mass 
concentration in patients receiving renal transplants. Clin Chim Acta 
1994;225(2):137-46.

116.	 Overgaard K, Alexandersen P, Riis BJ, Christiansen C. Evaluation 
of a new commercial IRMA for bone-specific alkaline phosphatase 
during treatment with hormone replacement therapy and calcitonin. 
Clin Chem 1996;42(6 Pt 1):973-4.

117.	 Hata K, Tokuhiro H, Nakatsuka K, Miki T, Nishizawa Y, Morii H, 
et al. Measurement of bone-specific alkaline phosphatase by 
an immunoselective enzyme assay method. Ann Clin Biochem 
1996;33 ( Pt 2):127-31.

118.	 Milligan TP, Park HR, Noonan K, Price CP. Assessment of the 
performance of a capture immunoassay for the bone isoform of 
alkaline phosphatase in serum. Clin Chim Acta 1997;263(2):165-
75.

119.	 Price CP, Milligan TP, Darte C. Direct comparison of performance 
characteristics of two immunoassays for bone isoform of alkaline 
phosphatase in serum. Clin Chem 1997;43(11):2052-7.

120.	 Makris K, Mousa C, Cavalier E. Alkaline Phosphatases: Biochemistry, 
Functions, and Measurement. Calcif Tissue Int 2023;112(2):233-
42.

121.	 Bhan A, Rao AD, Rao DS. Osteomalacia as a Result of Vitamin D 
Deficiency. Endocrinology and Metabolism Clinics of North America 
2010;39(2):321-31.

122.	 Basha B, Rao DS, Han ZH, Parfitt AM. Osteomalacia due to vitamin 
D depletion: a neglected consequence of intestinal malabsorption. 
Am J Med 2000;108(4):296-300.

123.	 Mukaiyama K, Kamimura M, Uchiyama S, Ikegami S, Nakamura 
Y, Kato H. Elevation of serum alkaline phosphatase (ALP) level in 
postmenopausal women is caused by high bone turnover. Aging 
Clinical and Experimental Research 2015;27(4):413-8.

124.	 Bolland MJ, Cundy T. Paget’s disease of bone: clinical review and 
update. J Clin Pathol 2013;66(11):924-7.

125.	 Kress BC, Mizrahi IA, Armour KW, Marcus R, Emkey RD, Santora 
AC, 2nd. Use of bone alkaline phosphatase to monitor alendronate 
therapy in individual postmenopausal osteoporotic women. Clin 
Chem 1999;45(7):1009-17.

126.	 Dobnig H, Sipos A, Jiang Y, Fahrleitner-Pammer A, Ste-Marie LG, 
Gallagher JC, et al. Early changes in biochemical markers of bone 
formation correlate with improvements in bone structure during 
teriparatide therapy. J Clin Endocrinol Metab 2005;90(7):3970-7.

127.	 Kyd PA, Vooght KD, Kerkhoff F, Thomas E, Fairney A. Clinical 
usefulness of bone alkaline phosphatase in osteoporosis. Ann Clin 
Biochem 1998;35 ( Pt 6):717-25.

128.	 Einollahi B, Taghipour M, Motalebi M, Ramezani-Binabaj M. 
Normal alkaline phosphatase level in a patient with primary 

hyperparathyroidism due to parathyroid adenoma. J Parathyr Dis 
2014;2(1):47-50.

129.	 Costa AG, Bilezikian JP. Bone turnover markers in primary 
hyperparathyroidism. J Clin Densitom 2013;16(1):22-7.

130.	 Ge P, Liu S, Sheng X, Li S, Xu M, Jiang J, et al. Serum parathyroid 
hormone and alkaline phosphatase as predictors of calcium 
requirements after total parathyroidectomy for hypocalcemia in 
secondary hyperparathyroidism. Head Neck 2018;40(2):324-9.

131.	 Gou M, Ma Z. Osteomalacia, renal Fanconi syndrome, and bone 
tumor. J Int Med Res 2018;46(8):3487-90.

132.	 Karatzas A, Paridis D, Kozyrakis D, Tzortzis V, Samarinas M, 
Dailiana Z, et al. Fanconi syndrome in the adulthood. The role of 
early diagnosis and treatment. J Musculoskelet Neuronal Interact. 
2017;17(4):303-6.

133.	 Kim SH, Shin KH, Moon SH, Jang J, Kim HS, Suh JS, et al. 
Reassessment of alkaline phosphatase as serum tumor marker with 
high specificity in osteosarcoma. Cancer Med 2017;6(6):1311-
22.

134.	 Bacci G, Picci P, Ferrari S, Orlandi M, Ruggieri P, Casadei R, 
et al. Prognostic significance of serum alkaline phosphatase 
measurements in patients with osteosarcoma treated with adjuvant 
or neoadjuvant chemotherapy. Cancer 1993;71(4):1224-30.

135.	 Ogose A, Hotta T, Kawashima H, Hatano H, Umezu H, Inoue 
Y, et al. Elevation of serum alkaline phosphatase in clear cell 
chondrosarcoma of bone. Anticancer Res 2001;21(1b):649-55.

136.	 Thio Q, Karhade AV, Notman E, Raskin KA, Lozano-Calderón SA, 
Ferrone ML, et al. Serum alkaline phosphatase is a prognostic 
marker in bone metastatic disease of the extremity. J Orthop 
2020;22:346-51.

137.	 Karhade AV, Thio Q, Kuverji M, Ogink PT, Ferrone ML, Schwab JH. 
Prognostic value of serum alkaline phosphatase in spinal metastatic 
disease. Br J Cancer 2019;120(6):640-6.

138.	 Kwo PY, Cohen SM, Lim JK. ACG Clinical Guideline: Evaluation of 
Abnormal Liver Chemistries. Am J Gastroenterol 2017;112(1):18-
35.

139.	 Giannini EG, Testa R, Savarino V. Liver enzyme alteration: a guide 
for clinicians. Cmaj 2005;172(3):367-79.

140.	 Torkadi PP, Apte IC, Bhute AK. Biochemical Evaluation of Patients 
of Alcoholic Liver Disease and Non-alcoholic Liver Disease. Indian J 
Clin Biochem 2014;29(1):79-83.

141.	 Jiang T, Zeng Q, He J. Do alkaline phosphatases have great potential 
in the diagnosis, prognosis, and treatment of tumors? Translational 
Cancer Research 2023;12(10):2932-45.

142.	 Fishman WH. Immunology and biochemistry of the Regan 
isoenzyme. Prostate 1980;1(4):399-410.

143.	 Ali AH, Petroski GF, Diaz-Arias AA, Al Juboori A, Wheeler 
AA, Ganga RR, et al. A Model Incorporating Serum Alkaline 
Phosphatase for Prediction of Liver Fibrosis in Adults with Obesity 
and Nonalcoholic Fatty Liver Disease. Journal of Clinical Medicine 
2021;10(15):3311.

144.	 Ross RS, Iber FL, McGehee Harvey A. The serum alkaline 
phosphatase in chronic infiltrative disease of the liver. The American 
Journal of Medicine 1956;21(6):850-6.

145.	 Hoshino T, Kumasaka K, Kawano K, Yamagishi F, Koyama I, 
Fujimori-Arai Y, et al. Low serum alkaline phosphatase activity 
associated with severe Wilson’s disease. Is the breakdown of 
alkaline phosphatase molecules caused by reactive oxygen 
species? Clin Chim Acta 1995;238(1):91-100.

146.	 Shaver WA, Bhatt H, Combes B. Low serum alkaline phosphatase 
activity in Wilson’s disease. Hepatology 1986;6(5):859-63.

147.	 Coash M, Forouhar F, Wu CH, Wu GY. Granulomatous liver diseases: 
a review. J Formos Med Assoc 2012;111(1):3-13.



45

Alkaline Phosphatase

JRPMS

148.	 Shipman KE, Holt AD, Gama R. Interpreting an isolated raised 
serum alkaline phosphatase level in an asymptomatic patient. Bmj. 
2013;346:f976.

149.	 Aragon G, Younossi ZM. When and how to evaluate mildly elevated 
liver enzymes in apparently healthy patients. Cleve Clin J Med 
2010;77(3):195-204.

150.	 Chuang Y-C, Lin ATL, Chen K-K, Chang Y-H, Chen M-T, Chang LS. 
paraneoplastic elevation of serum alkaline phosphatase in renal cell 
carcinoma: incidence and implication on prognosis. The Journal of 
Urology 1997;158(5):1684-7.

151.	 Alonso G, Varsavsky M. Tumour-induced osteomalacia: An 
emergent paraneoplastic syndrome. Endocrinología y Nutrición 
(English Edition) 2016;63(4):181-6.

152.	 Højsager FD, Rand MS, Pedersen SB, Nissen N, Jørgensen NR. 
Fracture-induced changes in biomarkers CTX, PINP, OC, and BAP-a 
systematic review. Osteoporos Int 2019;30(12):2381-9.

153.	 Pan C, Liu X, Li T, Wang G, Sun J. Kinetic of bone turnover 
markers after osteoporotic vertebral compression fractures in 
postmenopausal female. J Orthop Surg Res 2018;13(1):314.

154.	 Osella G, Terzolo M, Reimondo G, Piovesan A, Pia A, Termine A, et 
al. Serum markers of bone and collagen turnover in patients with 
Cushing’s syndrome and in subjects with adrenal incidentalomas. J 
Clin Endocrinol Metab 1997;82(10):3303-7.

155.	 Mancini T, Doga M, Mazziotti G, Giustina A. Cushing’s syndrome and 
bone. Pituitary 2004;7(4):249-52.

156.	 Arnaldi G, Angeli A, Atkinson AB, Bertagna X, Cavagnini F, 
Chrousos GP, et al. Diagnosis and complications of Cushing’s 
syndrome: a consensus statement. J Clin Endocrinol Metab 
2003;88(12):5593-602.

157.	 Cassar J, Joseph S. Alkaline phosphatase levels in thyroid disease. 
Clinica Chimica Acta 1969;23(1):33-7.

158.	 Meier C, Beat M, Guglielmetti M, Christ-Crain M, Staub JJ, Kraenzlin 
M. Restoration of euthyroidism accelerates bone turnover in 
patients with subclinical hypothyroidism: a randomized controlled 
trial. Osteoporos Int.2004;15(3):209-16.

159.	 Yorke E. Hyperthyroidism and Liver Dysfunction: A Review of 
a Common Comorbidity. Clin Med Insights Endocrinol Diabetes 
2022;15:11795514221074672.

160.	 Liver Enzymes Are Commonly Elevated in Untreated 
Hyperthyroidism and Improve after Correction of the 
Hyperthyroidism. Clinical Thyroidology® 2021;33(2):70-3.

161.	 Scappaticcio L, Longo M, Maiorino MI, Pernice V, Caruso P, 
Esposito K, et al. Abnormal Liver Blood Tests in Patients with 
Hyperthyroidism: Systematic Review and Meta-Analysis. Thyroid 
2021;31(6):884-94.

162.	 Hameed A, Brady JJ, Dowling P, Clynes M, O’Gorman P. Bone 
disease in multiple myeloma: pathophysiology and management. 
Cancer Growth Metastasis 2014;7:33-42.

163.	 Silbermann R, Roodman GD. Myeloma bone disease: 
Pathophysiology and management. J Bone Oncol 2013;2(2):59-
69.

164.	 Giuliani N, Rizzoli V, Roodman GD. Multiple myeloma bone 
disease: Pathophysiology of osteoblast inhibition. Blood 
2006;108(13):3992-6.

165.	 Kotila T, Adedapo K, Adedapo A, Oluwasola O, Fakunle E, Brown 
B. Liver dysfunction in steady state sickle cell disease. Ann Hepatol 
2005;4(4):261-3.

166.	 Banerjee S, Owen C, Chopra S. Sickle cell hepatopathy. Hepatology 
2001;33(5):1021-8.

167.	 Jain A, Jadhav AA, Varma M. Relation of oxidative stress, zinc and 
alkaline phosphatase in protein energy malnutrition. Arch Physiol 
Biochem 2013;119(1):15-21.

168.	 Ray CS, Singh B, Jena I, Behera S, Ray S. Low Alkaline Phosphatase 
(ALP) In Adult Population an Indicator of Zinc (Zn) and Magnesium 
(Mg) Deficiency. Current Research in Nutrition and Food Science 
Journal 2017;5:347-52.

169.	 Witkowska-Sędek E, Stelmaszczyk-Emmel A, Majcher A, Demkow 
U, Pyrżak B. The relationship between alkaline phosphatase and 
bone alkaline phosphatase activity and the growth hormone/
insulin-like growth factor-1 axis and vitamin D status in 
children with growth hormone deficiency. Acta Biochim Pol 
2018;65(2):269-75.

170.	 Bellastella G, Scappaticcio L, Longo M, Carotenuto R, Carbone C, 
Caruso P, et al. New insights into vitamin D regulation: is there a role 
for alkaline phosphatase? J Endocrinol Invest 2021;44(9):1891-
6.

171.	 McKenna MJ, Freaney R, Meade A, Muldowney FP. Hypovitaminosis 
D and elevated serum alkaline phosphatase in elderly Irish people. 
Am J Clin Nutr 1985;41(1):101-9.

172.	 Shaheen S, Noor SS, Barakzai Q. Serum alkaline phosphatase 
screening for vitamin D deficiency states. J Coll Physicians Surg Pak 
2012;22(7):424-7.

173.	 Leboy PS, Vaias L, Uschmann B, Golub E, Adams SL, Pacifici M. 
Ascorbic acid induces alkaline phosphatase, type X collagen, and 
calcium deposition in cultured chick chondrocytes. J Biol Chem 
1989;264(29):17281-6.

174.	 Van D, Klaassen CH. Cyanocobalamin-Dependent Depression Of 
The Serum Alkaline Phosphatase Level In Patients With Pernicious 
Anemia. N Engl J Med 1964;271:541-4.

175.	 Mornet E. Hypophosphatasia. Orphanet J Rare Dis. 2007;2:40.


