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In the present volume, Biomarkers in Bone Disease, we have sections on

1. General Aspects and Introductory Material

2. Body Fluids, Tissue, and Specific Biomarkers

3. Genetic, Histological, Physical, and Imaging Methods
4. Specific Diseases and Conditions

5. Resources

The editors recognize the difficulties in assigning particular chapters to particular
sections, as some chapters can fit into more than one section. Nevertheless, the book
has enormously wide coverage. Platforms and techniques include, for example,
“omics,” Raman spectroscopy, ultrasound, immunological, biochemical, histochem-
ical methods, and imaging. Conditions and biomedical areas encompass bariatric
surgery, bisphosphonate failure, bone quality, diabetes, effect of phytoestrogens,
effects of statins, ethnicity, exercise, fracture risk, gestational hypertension, gluco-
corticoid treatments, HIV, intrauterine growth restriction, lumbar spine analysis,
osteoarthritis, osteogenesis imperfecta, osteopetrosis type II, osteoporosis, Paget’s
disease, physiology, prematurity, remodeling, Rett syndrome, sclerosing disorders,
sexual development, skeletal metastasis, spinal cord injury, and vascular remodeling.
Analytes and measures include acid phosphatase, adiponectin, alkaline phosphatase,
ameloblastin, calcium, carboxy-methyl lysine (CML), chitinases, creatine kinase,
gene expression, geometry, integrin alpha2betal, natural radionuclides, osteocalcin,
parathyroid hormone, pentosidine, phosphorus, procollagen type 1 n-propeptide,
PTX3, quality of life, radiomorphometric indices, relaxin, sclerostin, sirtuins, tra-
becular bone scores, ultrasound, uric acid, and vitamin D. There are also many other
analytes and conditions described within this volume.

Finally, the last chapter is devoted to locating resource material for biomarker
discovery and applications.

The chapters are written by national or international experts. This book is
designed for clinical biochemists, orthopedic specialists. rheumatologists, those
working within the wider field of skeletal disease, health scientists, epidemiologists,
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doctors and nurses, from students to practioners at the higher level. It is also
designed to be suitable for lecturers and teachers in health care and libraries as a
reference guide.

The Editors



In the past decade, there has been major changes in the way diseases are diagnosed
and investigated due to the advent of high-throughput technologies and advances in
chemistry and physics. This has lead to the development of microarrays, lab-on-a-
chip, proteomics, genomics, lipomics, metabolomics, and other new platforms.
These advances have enabled the discovery of new and novel markers of disease
relating to autoimmune disorders, cancers, endocrine diseases, genetic disorders,
sensory damage, intestinal diseases, and many other conditions too numerous to list
here. In many instances, these developments have gone hand in hand with analysis of
biomarkers elucidated via traditional methods, such as histopathology, immunoas-
says, and clinical biochemistry. Together with microprocessor-based data analysis,
advanced statistics, and bioinformatics these markers have been used to identify
individuals with active disease as well as those who are refractory or have
distinguishing pathologies.

Unfortunately, techniques and methods have not been readily transferable to other
disease states, and sometimes diagnosis still relies on a single analyte rather than a
cohort of markers. Furthermore, the discovery of many new markers has not been
put into clinical practice partly because of their cost and partly because some
scientists are unaware of their existence or the evidence is at the preclinical stage.
There is thus a demand for a comprehensive and focused evidenced-based text that
addresses these issues. Hence, the book series Biomarkers in Disease: Methods,
Discoveries and Applications. It imparts holistic information on the scientific basis
of health and biomarkers and covers the latest knowledge, trends, and treatments. It
links conventional approaches with new platforms. The ability to transcend the
intellectual divide is aided by the fact that each chapter has:

* Key Facts (areas of focus explained for the lay person)

» Definitions of Words and Terms

» Potential Applications to Prognosis, Other Diseases, or Conditions
* Summary Points

The material in Potential Applications to Prognosis, Other Diseases, or Condi-
tions pertains to speculative or proposed areas of research, cross-transference to
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other diseases or stages of the disease, translational issues, and other areas of wide
applicability.

The series is expected to prove useful for clinicians, scientists, epidemiologists,
doctors and nurses, and also academicians and students at an advanced level.

The Editors
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Abstract

The bone has the function of supporting the body; the bone is a tissue
characterized by its rigidity, hardness, and power of regeneration and repair.
The bone has several functions including protection of the vital organs,
environment for marrow, mineral reservoir for calcium homeostasis, reser-
voir of growth factors and cytokines, and taking part in acid—base balance.
Bone metabolism is a dynamic and continuous remodeling process that is
normally maintained in a tightly coupled balance between resorption of old
or injured bone and formation of new bone. Several hormones and factors
are involved in bone metabolism, which regulation depends from the com-
plex interaction among them. Considering the various phases of the bone
cycle, markers of bone metabolism may be classified either as markers of
bone formation, markers of bone resorption, and markers of bone metabo-
lism regulation. The aim of this chapter will be to examine biochemical
markers in bone metabolism in order to give readers a guide about the
normal physiological process to better understand the mechanisms underly-
ing bone diseases.

Keywords
Biomarkers ¢ Bone diseases * Bone metabolism ¢ Calcium * Regulation

List of Abbreviations

D-Pyr  Deoxypyridinoline

FGF Fibroblast growth factors
IGF Insulin-like growth factors
IL-1 Interleukin-1
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PG Prostaglandins

PTH Parathyroid hormone

Pyr Pyridinoline

TGF-B  Transforming growth factor-p
TNF-a  Tumor necrosis factor-a

Key Facts of Bone Metabolism

The bone has several functions including protection of the vital organs, environ-
ment for marrow, mineral reservoir for calcium homeostasis, reservoir of growth
factors and cytokines, and role in acid—base balance.

Bone metabolism is a dynamic and continuous remodeling process that is nor-
mally maintained in a tightly coupled balance between resorption of old or injured
bone and formation of new bone.

Biomarkers relevant to bone metabolism include markers of bone formation,
markers of bone resorption, and markers of bone metabolism regulation.

The knowledge of biomarkers linked to bone metabolism is very useful to
promptly identify bone abnormalities and to guide physicians in the right direc-
tion to better understand the mechanisms underlying bone diseases.

Definition of Word and Terms

Biomarker The term refers to a measurable indicator of

some biological state or condition that can be
used for diagnosis or follow-up a particular
disease.

Cytokines The term refers to proteins released by cells

with specific effect on the interactions among
cells. Cytokines include interleukins, lympho-
kines, and cell signal molecules.

Osteoblast The term refers to a cell producing the organic

part of the bone matrix, an array of proteins
collectively called “osteoid.”

Osteoclast The term refers to a cell with the function of

resorption of existing bone and active early in
the bone remodeling cycle.

Transforming growth factor type-p ~ The term refers to molecules implicated in the

regulation of a variety of cellular events
involved in the regulation of bone growth
and turnover.
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Introduction

The bone has the function of supporting the body; the bone is a tissue characterized
by its rigidity, hardness, and power of regeneration and repair. The bone has several
functions (Taichman 2005) including:

* Protection of the vital organs

* Environment for marrow (both blood forming and fat storage)
* Mineral reservoir for calcium homeostasis

» Reservoir of growth factors and cytokines

* Part in acid—base balance

Bone metabolism is a dynamic and continuous remodeling process that is nor-
mally maintained in a tightly coupled balance between resorption of old or injured
bone and formation of new bone. On a microscopic level, bone metabolism always
occurs on the surface of the bone at focused sites, called “bone metabolism unit.”
Global bone metabolism represents the cumulative behavior of many bone metab-
olism units such that defects in the organization of bone formation or any imbalance
to the side of bone resorption can result in substantial changes in functional integrity
over time. Changes can occur rapidly when the rate of turnover is increased. The
bone has two components, the cortical and the trabecular bone. Cortical bone is
dense and solid and surrounds the marrow space; on the other hand, the trabecular
bone is composed of a network of trabecular plates and rods interspersed in the bone
marrow compartment. The bone is composed of support cells, including osteoblasts
and osteocytes, remodeling cells including osteoclasts, non-mineral matrix of colla-
gen, and noncollagenous proteins called osteoid, with inorganic mineral salts depos-
ited within the matrix (Fig. 1). The main characters in bone metabolism are
osteoclasts and osteoblasts; they carry out bone metabolism at the fundamental
bone metabolism unit site. Osteoblasts are involved in bone formation and differen-
tiation from stromal marrow cells, in particular from precursor blood cells, and
histologically have one nucleus and an extensive network of rough endoplasmic
reticulum, responsible for synthesis of bone matrix proteins. Osteoblasts produce the

Pre-
Osteoclasts Pre-

{
Osteoclasts Mononuclear ~ OSt€OPRSts Osteoblasts

Cells

\g? ) A‘ ! ) ) -

A B @y

Surface Resorption Reversal Bone Formation Mineralization

Active

Fig. 1 Bone remodeling cycle
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organic part of the bone matrix, an array of proteins collectively called “osteoid.”
Osteoid includes:

» Collagen type I which represents the bulk of osteoid. It consists of triple helix
units containing two ol chains and one o2 chain, which already form in the
endoplasmic reticulum of the osteoblast after the individual chains have been
posttranslationally hydroxylated on lysines and prolines. This procollagen unit is
secreted, followed by proteolytic removal of C- and N-terminal peptides. The
resulting collagen monomers spontaneously aggregate forming long fibrils that
are subsequently covalently cross-linked via their hydroxylated lysines.

* Osteocalcin is a small protein that is carboxylated on glutamic acid residues with
the help of vitamin K. Osteocalcin concentrated calcium in the bone, attracting
Ca++ with the double-negative charges of glutamic acid residue after carboxyl-
ation. Osteocalcin, acting together with integrin-binding sialoprotein, nucleates
crystals with phosphate ions to form hydroxyapatite Cas(PO4)3(OH). Transcrip-
tion of the gene of osteocalcin is induced by activated vitamin D. Osteocalcin
itself, in non-carboxylated form, enters the bloodstream and enhances insulin
activity. It stimulates proliferation of pancreatic B-cells and sensitizes fat cells to
insulin by stimulating them to secrete adiponectin.

» Osteonectin is an osteoid component that makes contact to collagen type I as
well as to hydroxyapatite, forming a link between organic and inorganic bone
matrix.

On the other hand, osteoclasts are giant, multinucleated cells that derive from
hematopoietic stem cells in the bone marrow, from the lineage leading to macro-
phages and neutrophils. A series of cytokines induces precursor cells to differentiate
to osteoclasts, including interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis
factor-o (TNF-ar), and prostaglandin E. Osteoclasts reabsorb existing bone and are
active early in the bone remodeling cycle. Osteoclasts use lysosomal chemistry, in
addition to acidification and activation of acid hydrolases. Osteoclasts seal off a
matrix area, which they acidify to dissolve hydroxyapatite, setting free Ca*". After
the mineral has melted away, acid proteases like cathepsin K hydrolyze the
remaining matrix proteins.

Several hormones and factors are involved in bone metabolism, which regulation
depends from the complex interactions among them. Considering the various phases
of the bone cycle, markers of bone metabolism may be classified either as:

* Markers of bone formation: osteoblasts, alkaline phosphatase, procollagen I
extension peptides, and osteocalcin

* Markers of bone resorption: osteoclasts, urinary calcium, acid phosphatase,
hydroxyproline, N-telopeptide, C-telopeptide, and pyridinoline (Pyr) and
deoxypyridinoline (D-Pyr) cross-links

* Markers of bone metabolism regulation: parathyroid hormone (PTH) and
calcitonin, thyroid hormones, estrogens, testosterone, vitamin D, cortisol, insulin,
fibroblast growth factors (FGFs), insulin-like growth factors (IGFs, types I and II),
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transforming growth factors (TGFs-fl and TGFs-p2), prostaglandins, and
interleukins.

Markers can be used in both generalized disorders of bone remodeling, such as
osteoporosis or osteogenesis imperfecta, or in localized disorders of bone turnover,
such as Paget’s disease and cancer metastases. At this regard, the aim of this chapter
will be to examine biochemical markers in bone metabolism in order to give readers
a guide about the normal physiological process to better understand the mechanisms
underlying bone diseases.

Markers of Bone Formation
Alkaline Phosphatase

Alkaline phosphatase (ALP) is present in mucosal epithelia of small intestine,
proximal convoluted tubule of the kidney, bone, liver, and placenta. It is involved
in lipid transportation in the intestine and calcification in the bone. Bone alkaline
phosphatase (BAP) is the bone-specific isoform of alkaline phosphatase, a glyco-
protein found on the surface of osteoblasts. Bone alkaline phosphatase is synthesized
by the osteoblasts and is presumed to be involved in the calcification of bone matrix,
though its precise role in the formation process is unknown; what is certain is that
BAP reflects the biosynthetic activity of these bone-forming cells. Normal value of
BAP ranges <20 mcg/L in males and <14 mcg/L in premenopausal women and
<22 mcg/L in postmenopausal women (Nicoll 2007). Bone alkaline phosphatase has
been shown to be a sensitive and reliable indicator of bone metabolism (Kress 1998).
The highest amount of serum ALP activity is observed in Paget’s disease, a meta-
bolic bone disease caused by excessive rates of bone remodeling, resulting in local
lesions of abnormal bone matrix. These lesions can result in fractures or neurological
involvement. Under this condition, ALP activity is almost 10-25 times higher than
the normal limit. The moderate increase in ALP activity is observed in osteomalacia,
which is slowly decreased toward normal ranges in response to vitamin D therapy.
The ALP activity rate is generally normal in osteoporosis, while in rickets disease, a
2—4 times increase is seen in the enzyme activity, which gradually moves toward the
normal range following vitamin D therapy. Very high levels of ALP enzyme activity
can be also found in patients with bone metastatic carcinoma and osteogenic
sarcoma, while a transitory increase in the enzyme activity may be observed during
the healing of bone fractures (Kubo et al. 2012; Hatayama et al. 2012; Corathers
2006; Simko 1991; Ross and Knowlton 1998).

Procollagen | Extension Peptides

Collagen is the major structural protein of the bone and comprises about 90% of the
organic material. Collagen plays a central role in the integrity and strength of bone
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matrix, and defects in its production lead to bone of poor quality, susceptible to fracture.
Type 1 collagen is synthesized by osteoblasts as a larger precursor protein termed
procollagen I (Risteli and Risteli 1993). The carboxy-terminal and amino-terminal ends
of procollagen I are enzymatically “clipped” during extracellular processing and fibril
formation prior to incorporation of type 1 collagen into the bone matrix. The amino-
terminal (“N-terminal”) and carboxy-terminal (“C-terminal”’) ends of the procollagen
are released in the blood and can be quantified. Values of procollagen I extension
peptides are increased during growth and in situations of increased bone formation,
such as in Paget’s disease, and in response to growth hormone.

Osteocalcin

Serum osteocalcin has been found to correlate with bone formation. Osteocalcin is a
relatively small protein produced by osteoblasts during the matrix mineralization
phase (Fottrell and Power 1991). Osteocalcin is both released into circulation and
incorporated into the bone matrix, where it is the most abundant noncollagenous
protein (Fottrell and Power 1991). In common with many factors involved in the
coagulation cascade, osteocalcin synthesis is dependent on vitamin K, which
posttranslationally modifies the gene product with gamma-carboxyglutamate (Gla)
residues; due to this modification, osteocalcin is also known as bone
y-carboxyglutamate protein. The y-carboxylated form binds hydroxyapatite and is
abundant in bone extracellular matrix, while the undercarboxylated circulating form
has been implicated as a novel hormone and positive regulator of glucose homeo-
stasis. It is secreted into circulation and, in individuals having normal renal function,
excreted in urine due to its low molecular weight (Kapustin and Shanahan 2011).
Normal reference ranges for osteocalcin are 9-42 ng/mL for subjects of 18 years or
older (Delmas et al. 2000). Elevated levels of osteocalcin can be found in conditions
associated with increased bone formation, as happened in hyperparathyroidism,
hyperthyroidism, and bone metastases. Reduced levels of osteocalcin can be found
in condition with lower rates of bone formation, as seen in myeloma, or in patients
taking glucocorticosteroids, or antiresorptive agents (bisphosphonates or hormone-
replacement therapy), usually within 3—6 months after therapy begins. Decreasing
osteocalcin levels indicate effective response to treatment. Within 3—6 months after
surgical cure, osteocalcin levels in patients with primary hyperparathyroidism
should return to the reference range (Harris et al. 2001).

Markers of Bone Resorption
Urinary Calcium
Calcium salts provide rigidity to the skeleton and calcium ions play a fundamental

role. In the vertebrate skeleton, calcium is provided by a form of calcium phosphate,
which approximates hydroxyapatite [Ca;o(OH),(PO4)s] and is embedded in
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collagen fibrils. The average adult store of calcium is approximately 1-2 kg. The vast
majority (99%) resides in the skeleton. Only a fraction of the stored calcium is
present in extracellular fluid and available for the use in the form of ionized calcium.
Ionized calcium is tightly regulated by PTH. Adult calcium plasma concentrations
are normally between 8.5 and 10.5 mg/dL (2.2-2.6 mmol/L). Most of this circulating
calcium is bound to albumin. Because of this, changes in serum protein concentra-
tions can affect total blood calcium concentrations. Calcium enters the extracellular
fluid through absorption from the gut and resorption from the bone. It is removed
through secretion into the gastrointestinal tract and urine as well as losses in sweat
and deposition in the bone. Urine calcium levels will reflect dietary intake. Normal
values are collected on urine sample over 24 h, average between 100 and 250 mg of
calcium (15-20 mmol). Moreover, calcium excretion is influenced by sodium
excretion; patients following low-sodium diets tend to have a lower calcium excre-
tion. High levels of urine calcium (>300 mg/24 h) are often a sign of an overactive
parathyroid gland. Parathyroid hormone is produced in response to serum calcium
levels: when serum calcium levels are low, parathyroid calcium-sensing receptors
stimulate the PTH release. Parathyroid hormone works to increase serum calcium
levels, increasing renal tubule resorption of calcium and simultaneously decreasing
phosphorus resorption. Parathyroid hormone also causes resorption of calcium from
the bone and increases synthesis of 1,25-dihydroxy vitamin D, which stimulates
calcium absorption from the gut (Foley 2010). For the reasons reported above,
hyperparathyroidism results in excessive uptake and increased concentrations of
calcium in serum, leading to hypercalcemia, hypercalciuria, and hyperphosphaturia.
Thus, urine calcium levels are often increased in the setting of hyperparathyroidism.

Acid Phosphatase

Acid phosphatase is an enzyme stored in lysosomes and localized in different organs.
In particular, there are five isoenzymes of acid phosphatase in blood, localized in the
bone, prostate, platelets, erythrocytes, and spleen (Moss and Henderson 1994). The
bone isoenzyme is derived from osteoclasts, where it is present in high concentration
and excreted into the microenvironment between the membrane sealing zone and the
bone matrix. Acid phosphatase is a potent enzyme that plays an important role in the
bone resorption process. It is released into circulation by “leakage,” during resorp-
tion and after detachment of the osteoclast’s sealing zone. Due to its molecular size,
assays for acid phosphatase are serum or plasma based. Normal values of acid
phosphatase range between 0 and 0.8 U/L. Abnormal levels of acid phosphatase in
the blood may indicate Paget disease, hyperparathyroidism, and multiple myeloma.

Hydroxyproline

Proline and its metabolite hydroxyproline are unique amino acids, both chemically
and biochemically (Hu et al. 2008; Kaul et al. 2008). Hydroxyproline is a modified
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amino acid produced from the posttranslational hydroxylation of integral proline
residues of type 1 collagen. It constitutes one-third of amino acids in the collagen
proteins and has an essential role in collagen stability (Nelson and Cox 2005). It is
also a major extracellular component in connective tissues (skin, tendon, cartilage,
vessels of the vascular system, and bone). After collagen breakdown, hydroxypro-
line is not reutilized; 90% is degraded to the free amino acid form and passes through
the glomerulus; moreover, hydroxyproline is almost completely resorbed and catab-
olized in the liver to urea and carbon dioxide. The remaining 10% of hydroxyproline
is released in small polypeptide chains that pass through the glomerulus and are
excreted in urine (Kivrikko 1983).

Testing hydroxyproline in the serum and in the urine is common. The reference
range of hydroxyproline is different according to different age (Laitinen et al. 1966),
in particular:

» Total hydroxyproline in the urine among subjects aged 18-21 years is 13—-28 mg/
24/m’

* Total hydroxyproline in the urine among subjects aged 22-55 years is
8.5-23.5 mg/24/m>

* Free hydroxyproline in the serum of males ranges between 0.7 and 1.55 pg/mL

* Free hydroxyproline in the serum of females ranges between 0.7 and 1.40 pg/mL

Elevated hydroxyproline levels can be found in Paget disease, hyperparathyroid-
ism, osteomyelitis, hyperthyroidism, and skeletal metastases. However, also other
diseases can give an increase of this marker, including rheumatoid arthritis,
polyarteritis nodosa, Marfan syndrome, acromegaly, Turner syndrome, and
pregnancy.

N-Telopeptide and C-Telopeptide

During bone resorption, amino- and carboxy-terminal fragments of collagen are
released with cross-links attached. These fragments with attached cross-links are
called telopeptides. N-Telopeptides and C-telopeptides are excreted in the urine.
N-Telopeptides are measured by immunoassay using an antibody to the a2 chain of
the N-telopeptide fragment. C-Telopeptides are measured by immunoassay (Watts
1999).

Pyridinoline (Pyr) and Deoxypyridinoline (D-Pyr) Cross-Links

Posttranslational modification of lysine and hydroxylysine produces the
nonreducible pyridinium cross-links, pyridinoline (Pyr) and deoxypyridinoline
(D-Pyr), that stabilize mature collagen. Both Pyr and D-Pyr are released from the
bone in a ratio of approximately 3:1. Deoxypyridinoline is specific for the bone,
while Pyr is also found in articular cartilage and in soft tissues such as ligaments and
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tendons. Almost 60% of the cross-links released during resorption are bound to
protein, with the remaining 40% being free. Pyridinium cross-links are not metab-
olized, and they can be measured in urine by HPLC or immunoassay either before or
after hydrolysis.

Markers of Bone Metabolism Regulation
Parathyroid Hormone and Calcitonin

As already described above, PTH plays an important role in bone metabolism,
regulating calcium levels in blood. When serum calcium levels are low, parathyroid
calcium-sensing receptors stimulate the PTH release (Fig. 2). Parathyroid hormone
works to increase serum calcium levels, increasing renal tubule resorption of calcium
and simultaneously decreasing phosphorus resorption. Parathyroid hormone also
causes resorption of calcium from the bone and increases synthesis of 1,25-
dihydroxy vitamin D, which stimulates calcium absorption from the gut (Foley
2010). Parathyroid hormone is antagonized by calcitonin, a hormone produced by
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Fig. 2 Parathyroid, calcium, and phosphate metabolism
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Table 1 Calcium and phosphate regulation

Parathyroid
hormone

Vitamin D
Calcitonin

Intestinal
absorption of
calcium

Release of calcium
and phosphate
from the bone
Renal excretion of
calcium

Calcium deprivation
Secretion stimulated

Production stimulated by increased
parathyroid hormone secretion

Very low-level secretion

Enhanced due to activity of vitamin
D on intestinal epithelial cells

Stimulated by increased parathyroid
hormone and vitamin D

Decreased due to enhanced tubular
resorption stimulated by elevated

13

Calcium loading
Secretion inhibited

Synthesis suppressed due to low
parathyroid hormone secretion
Secretion stimulated by high
blood calcium

Low basal uptake

Decreased due to low
parathyroid hormone and
vitamin D

Elevated due to decreased
parathyroid hormone-stimulated

parathyroid hormone and vitamin D;
hypocalcemia also activates calcium
sensors in loop of Henle to directly
facilitate calcium resorption
Strongly stimulated by parathyroid
hormone; this phosphaturic activity
prevents adverse effects of elevated
phosphate from bone resorption

resorption

Decreased due to
hypoparathyroidism

Renal excretion of
phosphate

Low intestinal absorption and
enhanced renal excretion guard
against development of
hypercalcemia

General response Typically see near-normal serum

concentrations of calcium and
phosphate due to compensatory
mechanisms. Long-term deprivation
leads to bone thinning (osteopenia)

C cells of the thyroid gland in response to high serum calcium levels. In order to
decrease serum calcium levels, calcitonin prevents calcium loss from bones
suppressing the activity of osteoclasts throughout receptors present on the surface
of osteoclasts to stop them from breaking down the bone. Calcitonin also prevents
the absorption of calcium from the intestine, maintaining normal blood levels of
vitamin D. Calcitonin also regulates the level of calcium and other mineral levels in
the kidneys. It reduces the kidney’s reabsorption of calcium and magnesium, leading
to increased calcium excretion via the urine (Stevenson 1982) (Table 1).

Thyroid Hormones

Thyroid diseases have systemic manifestations including effects on bone metabo-
lism. Thyrotoxicosis is an important cause of secondary osteoporosis, while hypo-
thyroidism has only a minimal effect on bone mineral metabolism (Donangelo and
Braunstein 2011). Lower bone mass associated with hyperthyroidism may be caused
by increased bone turnover as a result of imbalance between bone resorption and
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formation. Thyroid hormones have direct catabolic effect on bone mineral homeo-
stasis, leading to increased bone mineral resorption and calcium loss through
kidneys. Histomorphometric studies demonstrate that thyroid hormones increase
the activation of new remodeling cycles and stimulate osteoclastic and osteoblastic
activity in trabecular and cortical bone, with an increase in number and activity of
osteoclasts. The mechanisms of thyroid hormone-induced bone resorption include
cAMP-mediated increased sensitivity of beta adrenergic receptors to catechol-
amines, increased sensitivity of bone cells to PTH, osteoclast activator factor, and
IL-1-mediated increased bone resorption.

Estrogens

Estrogen actions on bone are complex. The major physiological effect of estrogen is to
inhibit bone resorption. Bone cells have two kinds of intracellular steroid receptors for
estrogen. When estrogen binds to the receptors, various genes become active. Estrogen
also has effects that do not depend on activating the DNA. Estrogen effects may be
mediated in part by growth factors and interleukins. For example, IL-6 is a potent
stimulator of bone resorption, and estrogen blocks the osteoblast’s synthesis of 1L-6.
Estrogen may also antagonize the IL-6 receptors (Vadninen and Héarkonen 1996).

Testosterone

Men with hypogonadism are at increased risk of osteoporosis (Jackson et al. 1992).
On the other hand, many observational studies have found an association between
testosterone use in men and important gains in bone density, favorable changes in
bone turnover biomarkers, and lower risk of osteoporotic fractures (Kenny
et al. 2001). Androgen receptors have been identified in osteoblasts. Androgens
likely stimulate longitudinal bone growth by their direct effects on growth plate
chondrocytes. Androgen effects on the bone may also be indirectly mediated by
regulation of cytokines and growth factors expressed locally in the bone. Androgens,
in fact, upregulate TGF-B and IGFs, which stimulate bone formation, and
downregulate IL-6, which stimulates osteoclastogenesis. Androgens inhibit PTH
or IL-1-induced prostaglandin E2 (PGE2) production. Androgens stimulate IL-1
production and enhance the mitogenic effect of fibroblast growth factor (FGF) in
cultured osteoblasts. Finally, dihydrotestosterone has been shown to reduce
osteoprotegerin levels, which could potentially stimulate osteoclasts activity (Clarke
and Khosla 2009).

Vitamin D

Vitamin D is important for normal development and maintenance of the skeleton. It
is well known that vitamin D deficiency is related to rickets and osteomalacia.



1 Overview of Biochemical Markers of Bone Metabolism 15

Vitamin D is available either as ergocalciferol, or vitamin D2, derived from plants or
as cholecalciferol, or vitamin D3, from animal sources. Both are converted by the
liver to 25-hydroxyvitamin D, then by the kidneys to 1,25-dihydroxyvitamin D
(Holick 2007). Ultraviolet B (UV-B) radiation (290-315 nm) converts
7-dehydrocholesterol in the deep epidermal layers to the provitamin cholecalciferol.
Measurement of the active form 1,25-dihydroxyvitamin D is not useful in clinical
practice. The serum 25-hydroxyvitamin D level, instead, reflects the vitamin D stores
in the body. Normal serum 25-hydroxyvitamin D level values have been defined as
>20 ng/mL (50 nmol/L). Deficiency is defined if serum values are <20 ng/mL
(50 nmol/L); on the other hand, serum values of 25-hydroxyvitamin D level
>200 ng/mL (500 nmol/L) are considered as toxic (von Domarus et al. 2011). As
already said before, plasma calcium concentrations are maintained at a very constant
level; if plasma becomes less than saturated with respect to calcium and phosphate,
then mineralization fails, which results in rickets among children and osteomalacia
among adults (Underwood and DeLuca 1984). The vitamin D hormone functions to
increase serum calcium concentrations in three different ways:

1. Vitamin D is able to induce the proteins involved in active intestinal calcium
absorption. Furthermore, it stimulates active intestinal absorption of phosphate.

2. Vitamin D is able to mobilize calcium from the bone when calcium is absent from
the diet. Vitamin D, in fact, stimulates osteoblasts to produce receptor activator
nuclear factor-kB ligand (RANKL). RANKL then stimulates osteoclastogenesis
and activates resting osteoclasts for bone resorption (Suda et al. 2002). Both
vitamin D and PTH are required for this mobilization event (Garabedian
et al. 1974).

3. Vitamin D stimulates calcium absorption by the distal renal tubule, responsible
for resorption of the last 1% of the filtered load of calcium (Yamamoto
et al. 1984). Because 7 g of calcium are filtered every day, this represents a
major contribution to the calcium pool. Again, both PTH and the vitamin D
hormone are required.

Cortisol

The periosteum may affect bone formation by providing precursor cells, needed to
achieve a normal osteoblastic cell population, or by providing bone growth factors,
known to be released by cultured fibroblasts and intact bones. The long-term
inhibitory effect of cortisol on bone collagen is secondary to a decrease in cell
population, whereas the short-term stimulatory effect could be related to locally
released growth factors (Canalis 1984). Data about cortisol effect on the bone come
primarily from experience in patients with Cushing’s syndrome, characterized by
elevated levels of cortisol. In these patients, the prevalence of osteopenia and
osteoporosis is usually estimated between 60—80% and 30-65%, respectively (Man-
cini et al. 2004). The end result of glucocorticoid excess is a loss of bone mineral
content and increased bone fragility. The pathogenesis of glucocorticoid-induced
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osteoporosis involves both skeletal and extraskeletal mechanisms. Glucocorticoids
have extraskeletal effects including hypogonadotrophic hypogonadism, a decrease
in intestinal calcium absorption and an increase in renal calcium excretion. More-
over, there is also a decreased secretion of adrenal androgens and estrogens and
changes in the GH-IGF-1 axis and insulin. Glucocorticoids also have direct effects
on skeleton, with a decrease in bone formation due to impaired osteoblastogenic
differentiation, decreased osteoblast function, and increased osteoblastic apoptosis,
resulting in decreased bone formation. The impairment of osteoblastic differentiation
of bone marrow stromal cells parallels a shift toward the adipocytic lineage due to a
decrease in bone morphogenetic protein-2, an increase in peroxisome proliferator-
activated receptor-c-2 and CAAT enhancer-binding proteins, as well as inhibition of
the Wnt/beta-catenin pathway (T6th and Grossman 2013).

Insulin

The anabolic effects of insulin do not have to be confused with those of insulin-like
growth factor (IGF-1), although the homology of molecular structure of both
molecules may in fact account for some of the anabolic effects of insulin on the
bone. A first difference between the two molecules is that insulin is produced in the
pancreatic p-cells, while endocrine IGF-1 is synthesized in the liver. The release of
insulin production is induced by glucose and osteocalcin, while IGF-1 is produced in
response to growth hormone and the paracrine IGF-1 produced by bone cells,
including pre-osteoblasts and osteoblasts, osteocytes, and osteoclasts (Klein 2014).
Insulin proved to have an anabolic effect on the bone. Recent data suggest that, under
normal conditions, insulin stimulates osteoblast differentiation to produce more
osteocalcin, which would then stimulate more insulin production by the pancreas
and greater insulin sensitivity of skeletal muscle. In insulin-resistant patients, such as
in type 2 diabetes, osteocalcin levels are lower; moreover, insulin resistance is also
caused by factors that cause bone resorption, such as IL-6-mediated chronic
low-grade inflammation (Tarantino et al. 2010).

Fibroblast Growth Factors

Fibroblast growth factors (FGFs) are polypeptides originally isolated from the
central nervous system but also found in a variety of tissues including the bone.
Two forms of FGFs have been isolated: acidic (aFGF) and basic (bFGF); they have
55% homology in their amino acid sequence, have similar biological effects, and
interact with the same cell receptors (Gimenex-Gallego et al. 1986). The skeletal
tissue is a rich source of growth factors; both aFGF and bFGF are contained in bone
matrix, suggesting that they are either trapped by the bone matrix or are synthesized
by skeletal cells. They play a role in the local regulation of percent collagen
synthesized. Fibroblast growth factors are important factors that promote
osteoprogenitor cell proliferation and osteogenesis. They were found to exert
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anabolic effects on bone formation in intact animals and to reduce bone loss in
experimental models of osteoporosis (Fromigué et al. 2004).

Insulin-Like Growth Factors (IGFs, Types | and Il)

IGF-I is the major mediator of growth hormone (GH) action, and it plays a central
role in growth, development, and metabolism of skeletal tissue. GH stimulates
skeletal growth indirectly by stimulating liver production of IGF-I to act in an
endocrine manner to stimulate bone growth. However, subsequent studies showed
that GH also has direct effects on the bone and that these effects are largely mediated
via GH regulation of local IGF-I expression and its action in the bone. Osteoblasts
contain GH receptors and GH treatment increases the production of IGF-I in these
cell types (Mohan and Kesavan 2012). IGF-1 binds to IGF1-R, a type II tyrosine
kinase, leading to autophosphorylation of Tyr residues 1131, 1135, and 1136 in the
kinase domain, followed by phosphorylation of Tyr 950 in the juxtamembrane
domain, which activates downstream substrates, insulin receptor substrate (IRS)
proteins, and Shc by tyrosine phosphorylations. The IRS protein family consists of
four isomers IRS1, 2, 3, and 4. Two of these proteins, IRS1 and IRS2, have been
studied with respect to the bone; IRS1 is expressed in chondrocytes and osteoblasts;
IRS2 is expressed in osteoblasts and osteoclasts but not in chondrocytes (Hernandez-
Sanchez et al. 1995).

Transforming Growth Factors (TGFs 31 and 32)

Transforming growth factors type-p (TGF-p1, TGF-p2, TGF-f3) have been impli-
cated in the regulation of a variety of cellular events involved in the regulation of
bone growth and turnover. They are produced by osteoblasts and chondrocytes and
are highly concentrated in skeletal tissue. Autocrine and paracrine stimulation by
TGF-p is important in the maintenance and expansion of the mesenchymal stem/
progenitor cells, the progenitors of osteoblasts. The bone and cartilage contain large
amounts of TGF-p and target cells for TGF-f activity. At earlier developmental
stages, osteoblast-enriched populations from fetal bone are more sensitive to the
mitogenic effect of TGF-p than similar populations from newborns. Furthermore,
TGF-p signaling also promotes osteoprogenitor proliferation, early differentiation,
and commitment to the osteoblastic lineage (Derynck and Akhurst 2007).

Prostaglandins

Prostaglandins are potent, multifunctional regulators of bone metabolism, which
have both stimulatory and inhibitory effects. Prostaglandins stimulate bone resorp-
tion by increasing the number and activity of osteoclasts. Prostaglandin E2 is the
most potent agonist, although other prostanoids, particularly prostacyclin (PGI2), are
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potent stimulators. Most of the potent stimulators of bone resorption increased
prostaglandin production in the bone by induction of COX-2, although they also
stimulate resorption by prostaglandin-independent pathways. However, PG can
stimulate bone formation by increasing replication and differentiation of osteoblasts.
This effect is associated with an increase in the production of growth factors. There is
indirect evidence that stimulation of bone formation is mediated by the EP2 receptor,
which is expressed in osteoblast precursor cells.

Cytokines

Interleukin-1 is a prototypic pro-inflammatory cytokine that regulates a wide variety
of cellular and tissue functions. There are two forms of IL-1, IL-1a and IL-1b, with
similar biological activities but different functional roles. Both bind to IL-1 type I
receptor (IL-1RI) with an equal affinity. In addition, IL-1 receptor antagonist
(IL-1Ra) serves as a natural competitive inhibitor of IL-1a and IL-1b. The bone is
very sensitive to IL-1, which regulates both bone formation and bone resorption.
Interleukin-1 is an osteoclast-activating factor; it stimulates osteoclast formation
indirectly by stimulating prostaglandin E2 synthesis in osteoblasts/stromal cells.
Interleukin-1 also induces the fusion of mononuclear osteoclasts leading to
multinucleation, it potentiates osteoclast function, and it is involved in the survival
part of osteoclasts (Lee et al. 2010).

As already said above, IL-6 is an essential mediator of the bone loss. Interleukin-6
is a pleiotropic cytokine influencing many biological events in several organs
including the bone marrow. In the bone, activation of the glycoprotein (gp)-130
signaling pathway by IL-6 and its soluble receptor (sIL-6R) is a key pathway for the
regulation of osteoclastogenesis (Roodman 1992).

Another cytokine involved in bone resorption is tumor necrosis factor-a, a
multifunctional cytokine mainly produced by activated macrophages, with numer-
ous functions. Tumor necrosis factor-a is associated with several cell signaling
systems via two types of cell surface receptors, namely, TNFR I and TNFR
II. Both receptors are expressed on several cell types including bone marrow
hematopoietic cells. Both TNFR I and II mediate biological properties of TNF-a.
Osteoclast recruitment by TNF-a is probably essential in the pathogenesis of inflam-
matory osteolysis (Kwan Tat et al. 2004).

Potential Applications to Prognosis, Other Diseases, or
Conditions

Bone metabolism is a dynamic and continuous remodeling process that is normally
maintained in a tightly coupled balance between resorption of old or injured bone
and formation of new bone. Several hormones and factors are involved in bone
metabolism, which regulation depends from the complex interaction among them.
The knowledge of biomarkers linked to bone metabolism is very useful to promptly
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identify bone abnormalities and to guide physicians in the right direction to better
understand the mechanisms underlying bone diseases.

Summary Points

» This chapter focuses on biomarkers relevant to bone metabolism.

* Biomarkers include measurable indicators of some biological state and are useful
to diagnose or follow-up a specific condition or risk factor.

* Biomarkers relevant to bone metabolism include markers of bone formation,
markers of bone resorption, and markers of bone metabolism regulation.

* The knowledge of biomarkers linked to bone metabolism is very useful to
promptly identify bone abnormalities and to guide physicians in the right direc-
tion to better understand the mechanisms underlying bone diseases.
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