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This review focuses on the analysis of diagnostic value of the major bone remodeling markers, in
particular synthesis and degradation markers of collagen type 1. These include carboxy- and aminoterminal
telopeptide, carboxy- and aminoterminal propeptide of procollagen type I, hydroxyproline, hydroxylysine,
pyridinoline and deoxypyridinoline. Their measurement allows evaluating the structural and functional
conditions and also the rate of metabolic processes in the bone tissue. The advantages and disadvantages
of determination of these markers in the condition of different bone diseases were examined. It is shown that
determination of bone collagen type I metabolism markers is the most informative for assessment of bone

resorption, formation and turnover.
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P ] umerous bone diseases, such as osteopo-
rosis, osteomalacia, Paget’s disease, are
associated with metabolism disorders and

accompanied by substantial changes in biochemi-
cal markers of bone remodeling [1]. For diagnosing
and monitoring of bone diseases specific enzymes
activities, mineral and organic components con-
tent in blood are most commonly assessed. These
components enter the bloodstream in the process of
their synthesis by osteoblasts and osteoclasts or their
formation in the osteoclasts as a result of mediated
bone resorption. Thus, changes in calcium, inorganic
phosphate, osteocalcin, 25-hydroxycholecalciferol
(250HD,) levels [2], alkaline and tartrate-resistant
acid phosphatase activities [1], collagen type I me-
tabolism products such as carboxy- and aminotermi-
nal propeptides of procollagen type I, hydroxypro-
line, hydroxylysine, pyridinoline, deoxypyridinoline
in serum can reflect bone state.

Clinically the measurement of total alkaline
phosphatase (ALP) activity and its bone isoen-
zyme are the most commonly used markers of bone
metabolism disturbances. ALP is constitutively ex-
pressed in osteoblasts (bone forming cells) which
catalyzes the phosphate ester hydrolysis during the
osteosynthesis and provides phosphate-ion transfer
onto organic components of bone pericellular ma-
trix. ALP is also involved in the process of phos-
phates elevation and their transportation to the site of
the hydroxyapatite crystals synthesis in bone. Cata-
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lytic activity of ALP depends on phosphate concen-
tration and related to histocytological changes in the
bone formation parameters [1, 3].

Three main ALP isoenzymes have been iden-
tified: placental, intestinal and isoenzyme specific
for bone (B-ALP), liver and kidneys. Bone and liver
equally contribute to ALP circulation. The intestinal
mucosa makes it less. Methods that based on heat
stability, sensitivity to carbamide, peculiarities of
electrophoretic mobility, hydrocarbon composition
and immunochemical specificity are used for the
separate determination of individual isoenzymes. In
particular, bone isoenzyme is thermolabile and B-
ALP activity is completely inhibited in response to
heat at 56 °C for 10 min. Residual activity becomes
below 20% of initial activity after heating serum
sample that represents partial bone isoenzyme ac-
tivity [4, 5].

ALP activity elevation, mainly due to bone iso-
enzyme, during extensive bone growth and in patho-
logic conditions that is accompanied by abnormali-
ties in bone mineralization is observed. There are
osteoporosis, osteomalacia, vitamin D deficiency,
aluminium intoxication, hypophosphatemic rickets,
hyperthyroidism, myocardial infarction, etc. This
effect can also be associated with long-term use of
nonsteroidal anti-inflammatory drugs (allopurinol,
oral hypoglycemic agents) [3, 5].

Osteocalcin (bone Gla-protein) is a non-col-
lagenous bone matrix protein which is primarily
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synthesized by mature osteoblasts, odontoblasts
and hypertrophic chondrocytes. Osteocalcin has
been found only in bones and in dentin. Three
y-carboxyglutamate residues in osteocalcin provide
high Ca**-ion binding affinity and stabilize the oste-
ocalcin a-structure. This allows osteocalcin binding
with the hydroxyapatite. Theoretically, osteocalcin
blood level reflects bone formation. However, owing
to post-translational metabolism one-third of osteo-
calcin is presented in the intact protein form, one-
third in the large N-terminal fragment form and one-
third in the form of medium and small C-terminal
fragments. These immunoreactive osteocalcin frag-
ments are released into the blood and can charac-
terize bone resorption process [6, 7].

Osteocalcin is a valid bone remodeling marker
in case of coupling between bone formation and re-
sorption. When remodeling process is disturbed, os-
teocalcin level is tightly related only to osteogenesis.
It occurs in conditions of long-term use of corticos-
teroids, cancer-associated hypercalcemia, etc. It is
known that osteocalcin level is decreased in hypo-
thyroidism, hypoparathyroidism, and myelomatosis.
Osteocalcin in patients with acute lymphoblastic
leukemia is decreased two times as compared with
healthy children [7]. Serum osteocalcin elevation is
observed in primary hyperparathyroidism, hyper-
thyroidism, Paget’s disease, chronic kidney disease,
postmenopausal osteoporosis [5]. However, osteocal-
cin is a widely used marker of bone formation but its
short half-life in blood (~10 min) and fast excretion
through kidneys should be taked into account [5].

Five acid phosphatase (AP) isoenzymes have
been found. There are bone-, prostate-, platelets-,
erythrocyte- and spleen-specific ones. Tartrate-re-
sistant acid phosphatase bone isoenzyme (TRAP)
is produced only by osteoclasts. In this case TRAP
is a specific marker of osteoclasts activity and bone
resorption. Methods for total AP determination and
its isoenzymes activities have low specificity. Never-
theless, inhibitive capability of TRAP by tartrate
gives an opportunity to distinguish its activity from
activities of other phosphatases in particular eryth-
rocyte- and prostate-specific isoenzymes. TRAP
activity measurement is also accompanied by elec-
trophoretic separation and immunoenzyme analy-
sis for accuracy improving. The use of TRAP as a
marker of bone resorption is limited by its instability
in frozen serum and plasma samples, as well as by
the presence of an enzyme inhibitor in blood. Addi-
tional difficulties are caused by the blood circulating
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calcium-binding TRAP form. That is why it should
be separated before measurement [4, 5, §].

TRAP activity is elevated in patients with
bone metastasis and other diseases accompanied by
extensive bone destruction, such as osteomalacia,
hyperthyroidism, Paget’s disease, long-term glu-
cocorticoid therapy. Like other resorption markers
TRAP activity is increased after oophorectomy or
the menopause [5].

Despite the fact that earlier discussed clinical
markers are widely used in diagnostics, they are not
universal for the bone conditions assessment. For an
adequate diagnostics and monitoring of bone dis-
ease treatment efficacy special attention is paid to
the investigation of type I collagen fragments con-
tent in blood or urine as markers of bone formation
and resorption. Because collagen is the major bone
tissue protein and its amino acid composition differs
from other proteins in connective tissues, biochemi-
cal collagen metabolism markers are specific. These
markers allow characterizing the bone metabolic
processes in normal and pathological conditions.
It is well known that various diseases can lead to
structural changes in collagen. E.g., bone collagen
in patients with leukemia has different amino acid
composition, surface charge, content of covalently
bounded carbohydrate residues and polypeptide
chain length of molecule a-components compared
with normal collagen [9]. The substantial changes in
collagen are specific not only for bone pathologies,
but also for other diseases. This makes collagen an
important subject for research.

Numerous collagen molecule fragments
entering the bloodstream during the bone metabolic
lesion have been discovered. Some of them are well
studied and widely used in clinical practice, while
the other are potentially important but require a
more detailed research. Carboxy- and aminoterminal
telopeptide, carboxy- and aminoterminal propeptide
procollagen type I, pyridinoline, deoxypyridino-
line, hydroxiproline and hydroxylisine are the main
biochemical markers of collagen type I metabolism.
The appropriateness of these markers determination
depends on the peculiarities of pathologies’ develop-
ment, difficulties of laboratory technique and in-
formative capacity of obtained data. Therefore, this
review is focused on the analysis of the advantages
and disadvantages in clinical using of bone remode-
ling markers (resorption and formation) mainly of
collagen type I metabolism markers in various bone
pathologies.
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Collagen as a major structural
element of bone

Bone tissue is one of the connective tissue
types. It performs important functions in the body,
such as protection and support for internal organs,
assisting in body movement, reservoir for calcium,
inorganic phosphate and other minerals, the bone
marrow also performs blood cell production and
functioning of the immune system [10]. Bone has a
complex structure. Its extracellular matrix consists
of 35% organic and 65% mineral matrix. Inorganic
matrix is predominantly represented by body cal-
cium (99%), phosphorus (87%), magnesium (~60%),
sodium and other elements (25%). Bone calcium
and phosphorus are presented in the hydroxyapatite
Ca (PO,),(OH), mineral form (in the range of 60-
65%) [10, 11]. Organic bone matrix is mainly com-
posed by various collagen types (I, V, VI, XIV and
XXIV) [12]. Collagen type I is the most abundant
among proteins, making up 95% of the total bone
collagen and 80% of the whole bone protein [13, 14].
Besides collagen type I, there are about 200 non-
collagenous proteins, such as glycoproteins, proteo-
glycans, integrin binding proteins, fibronectin, fi-
bromodulin and enzymes, such as alkaline and acid
phosphatases which are presented in the bone matrix
[10, 15].

Bone collagen (type 1) is a right-handed helical
molecule that consists of three polypeptide chains.
There are two identical o,-chains and one a,-chain
([al(D],a2(1)) (Fig. 1) [16-18].

The collagen helix structure differs from the
structure of other a-helical proteins. Thus, collagen
helix has 3 amino acid residues per turn unlike 3.6
in a-helix. The helical pitch is 0.9 nm in contrast to
the 0.54 nm in a-helix [12]. So, the primary collagen
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helix is more elongated and less twisted. The amino
acid composition of collagen is atypical for proteins.
Every third amino acid in the chain is glycine (its
content is 33-35%). Collagen is also characterized by
high content of proline and hydroxyproline (20-21%).
These amino acids prevent classic a-helix formation
and give the collagen chain rigid and bent conforma-
tion [12, 17].

A major part of the collagen type I
(M, 300 kDa) in mammals (Fig. 1) is synthesized
by fibroblasts and osteoblasts on polyribosomes,
which bound to membranes of rough endoplasmic
reticulum, as a high-molecular-weight, functiona-
Ily inactive precursor procollagen type 1. The pre-
cursor molecule (M, 450 kDa) has N-(amino-) and
C-(carboxy-) terminal nontriple helix propeptides
(PINP and PICP) on each of the three chains [19-21].
These terminal propeptides are presented in the form
of globular or linear domains which play a signifi-
cant role in the assembly of the three a-chains into
the triple collagen monomers [22].

The newly synthesized procollagen molecule is
transported to the Golgi apparatus and secreted via
secretory granules into the extracellular space. The
last stages of the procollagen extracellular modifi-
cation, specifically cleavage of N- and C-terminal
propeptides with forming tropocollagen, take place
in the extracellular matrix. This process is catalyzed
by specific Zn*'-dependent metalloproteinase N- and
C-procollagen peptidase [13, 23]. Formed tropocol-
lagen can polymerize and aggregate into fibrils to
form active collagen form. Thus, tropocollagen mon-
omers are assembled along collagen fibrils in colla-
gen bundles form which are located from each other
at a distance 64 nm. It is considered that these spaces
play a significant role in the mineralization. They are
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Fig. 1. Molecular structure of fibrillar collagen type I (adapted to [13])
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the initial sites for mineral compounds’ deposition.
Formed initial crystals are the centers of minerali-
zation and hydroxiapatite deposition [12]. During
collagen fibrils’ formation tropocollagen molecules
bound each other by unusual covalent cross-links.
The cross-links’ formation is initiated by oxidation
of lysine and hydroxilysine side chains amino groups
to aldehyde groups with allysine and hydroxiallysine
formation. These reactions are catalyzed by copper-
containing lysyl oxidase enzyme [13, 24, 25].

Owing to extremely large quantities of formed
cross-links, bundled and twisted collagen fibrils
form a 3D network, which is filled up with other
substances of the extracellular matrix and makes the
tissues sturdier. Collagen posttranslational modifica-
tions are very important for mineralization process.
Thereby, the mineral components deposition occurs
only if collagen has a specific structure with availab-
le reactive groups which can act as sites of crystal-
lization [13].

Biochemical markers of bone collagen
type I synthesis and degradation

All skeletal system diseases are accompanied
by various bone metabolism disorders. Standard
clinical procedures do not allow in full to charac-
terize the actual bone metabolism because most of
them are not appropriate for immediate bone assess-
ment. Therefore, biochemical markers of collagen
type I metabolism determination in dynamics can be
determinant for diagnosis or assessment of therapy
effectiveness. Markers of collagen type I metabo-
lism have been classified as shown on Table 1. There
are synthesis and degradation markers. Degrada-
tion markers include hydroxyproline (HYP), hydro-
xylysine (HYL), pyridinoline (PYD), deoxypyridi-
noline (DPD), collagen type I N-terminal telopeptide
(NTX), collagen type I C-terminal telopeptide
(CTX). Whereas, procollagen type I C-terminal
propeptide (PICP) and procollagen type I N-termi-
nal propeptide (PINP) are the markers of synthesis.
These markers reflect changes in bone cells func-
tioning and show the overall rate of bone collagen
metabolism in pathology [26]. Synthesis and degra-
dation markers differ in their specificity and ability
to detect. Various methods can be used to identify
and measure their levels. There are radio immuno
assay (RIA), enzyme-linked immunosorbent assay
(ELISA), high performance liquid chromatography
(HPLC), electrochemiluminescence immunoas-
say (ECLIA), immunochemiluminometric assay
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(ICMA). ELISA is preferred in clinical practices for
measurement these markers in blood or urine (Tab-
le 1) [26, 27].

Level of bone collagen remodeling markers in
blood and urine is affected not only by bone meta-
bolic rate, but also by excretion rate of collagen
type I metabolism markers. Thus, we have a ques-
tion, which of the markers gives the most reliable
and accurate characteristic of bone state. A more de-
tailed study of each marker will allow making cer-
tain conclusions about their experimental and clini-
cal usage [26].

Markers of collagen type I degradation

1. Hydroxyproline (HYP)

Despite numerous disadvantages, the oldest
and the most commonly used method for collagen
metabolism assessment is HYP level determina-
tion in the urine. HYP is approximately 13% of all
collagen amino acids [28]. HYP synthesis occurs
in the condition of collagen mRNA translation on
ribosome. It is catalyzed by prolyl-4-hydroxylase.
This iron-containing enzyme is bound with endo-
plasmic reticulum membrane. Prolyl hydroxylase has
a-ketoglutarate (0a-KG) as a co-substrate, which is
decarboxylated and converted to succinate (Fig. 2).
In hydroxylation process iron of prolyl-4-hydroxy-
lase active site (Fe*") gives off electrons and is oxi-
dized to Fe**. Reduction of Fe** to Fe?* is provided
by ascorbic acid.

Proline hydroxylation occurs on the forming
polypeptide chain up to its releasing from the ribo-
some. It is found that attaching a hydroxyl group to
proline is necessary for collagen triple helix stabi-
lization and its transportation out of cells. It is also
known that released HYP after collagen breakdown
process cannot be directly reutilized for protein
synthesis [29]. Hydroxyproline content is related
to calcium bloodstream releasing and bone resorp-
tion process in various pathologies, such as Paget’s
disease, osteoporosis, osteomalacia etc (Calvo et al.
1996) [30].

The most commonly used method for HYP
specific determination in clinics is based on HYP
oxidation by hydrogen peroxide in alkaline medium
with the Cu?* presence. Addition of p-dimethylami-
nobenzaldehyde after acidification leads to genera-
tion of the pink color [31].

HYP exists in biological fluids in various
forms. Approximately 90% of HYP which released
during collagen breakdown (especially during bone
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Table 1. Synthesis and degradation markers of collagen type [

Marker and its specificity Tissue origin B;;)rlr?lfllgjl Ar?lael‘[}llltcl)(élal
Markers of collagen degradation
Hydroxyproline (HYP); specific for all fibrillar collagens Bone, skin, Urine Colorimetry,
and collagen proteins, including elastin; found in newly cartilage, HPLC
synthesized and mature collagen soft tissues
Hydroxylisine-glycosides ~ (Hyl-Glyc);  specific  for Bone, skin, Urine HPLC,
collagens and collagen proteins; glucogalactosyl- soft tissues ELISA
hydroxilysine is highly contained in soft tissue collagens
and Clgq; galactosyl-OHLys is highly contained in skeletal
collagen
Pyridinoline (PYD, Pyr); high concentration is observed | Bone, tendon, Urine, HPLC,
in cartilage and bone collagen; not found in skin, found cartilage, serum ELISA
only in mature collagen blood vessels
Deoxypyridinoline (DPD, d-Pyr); high concentration| Bone, dentine Urine HPLC,
is observed only in bone tissue collagen; not found in ELISA
cartilage and skin; found only in mature collagen
Collagen type [ N-terminal telopeptide (NTX); high levels All tissues Urine, ELISA, RIA,
are found in bone collagen type | which contain serum ECLIA
collagen type |
Collagen type I C-terminal telopeptide All tissues Urine, ELISA, RIA,
(a-CTX fragments, B-CTX); high levels which contain serum ECLIA
are found in bone collagen type I collagen type I
Markers of collagen synthesis
C-terminal propeptide procollagen type I (PICP) Bone, skin, Serum RIA, ELISA
soft tissues
N-terminal propeptide procollagen type I (PINP) Bone, skin Serum RIA, ELISA
e e N ——CH ——C O e e e e
Proline residue L J cOO™
|
i gy ? ©CH), o,
C=0
Prolyl hydroxylase COO~
Fe*' a-ketoglutarate
. . COO~
Ascorbic acid |
5 (L)
. C=0
¥ |
o-
ot ——CH —— CO v e e
Hydroxyproline

C .
H-" ™OH residue

Fig. 2. Scheme of proline hydroxylation by prolyl hydroxylase
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resorption) circulates in plasma in the free amino
acid form. After filtration and almost complete renal
reabsorption, HYP is oxidized in the liver yielding
urea and carbon dioxide. Approximately 10% of re-
leased HYP circulates in blood in the protein-bound
form. These proteins are filtered and excreted into
the urine without metabolic alterations [32, 33].

It is considered that collagen is one source of
HYP in the body. Recently it was discovered that
other animal proteins such as elastine, Clq, acetyl
cholinesterase, glycoproteins obtained by lung lava-
ge also contain HYP [34]. Therefore, in case of HYP
urine measurement the HYP contribution, released
during non-collagenous proteins metabolism and
procollagen type I N-terminal propeptide (PINP)
should be considered. It also should be noted that
HYP obtained from PINP images more bone forma-
tion than bone resorption [35]. Inflammation [36]
and dietary collagen [35] can also lead to a signifi-
cant HYP level increasing. Thus, total HYP urine
level partly reflects collagen degradation.

Because of HYP availability in different pro-
teins and due to its metabolism peculiarities the
HYP level is weakly related with the actual bone
collagen metabolism. All of these data indicate the
necessity of using more sensitive and specific col-
lagen type I degradation markers.

2. Hydroxylysine (HYL)

HYL is another modified amino acid that deter-
mines the unique collagen composition and proteins

containing collagen-like sequences. Lysine hydroxy-
lation occurs in the presence of lysyl hydroxylase.
This process is necessary for the covalent bonds
formation between collagen molecules in the fibrils’
formation. The hydrocarbon residues, like galactose
and galactosyl-glucose disaccharide, attach to the
procollagen molecule after hydroxylation process.
It is catalyzed by specific glycosyltransferases. As a
result HYL is converted to galactosyl-hydroxylisine
and glicosyl-galactosyl-hydroxylysine (Fig. 3) [12].

The relative and total content of galactosyl-hy-
droxylysine and glycosyl-galactosyl-hydroxylysine
in bone and soft tissues are different. It allows sug-
gesting that the urine glycosides’ level is more sensi-
tive marker of bone resorption and collagen molecule
degradation as compared with the urine HYP [37].

Released HYL and HYP are not involved in
collagen biosynthesis. Although HYL content in
collagen is less than HYP content, but HYL is a
prospective marker of this protein degradation. This
marker needs further research [37, 38].

3. Pyridinoline (PYD) and deoxypyridinoline
(DPD)

Deamination of lysine or hydroxylysine
g-amino group in the presence of lysyl oxidase leads
to the cross-links formation with 3-hydroxypyridine
ring in their structure (Fig. 4) [39, 27]. In human
urine samples two types of cross-links are identi-
fied. There are DPD and PYD. These cross-links are
formed during extracellular maturation of the fibril-

NH;
CH,OH by
OH o) O—C—H
CH, Hydroxylysi
Galactose H CH, Hydroxylysine
OH H S,
H H _[\lj_cl:_._C=O
H H H |
CH,OH
H o H P
H
OH H Glucose
OH
H OH

Fig. 3. Carbohydrate components of collagen
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Fig. 4. Pyridine cross-links of collagen type 1

lar collagens. Interaction between two hydrolysine
and one lysine residues leads to the deoxypyridino-
line formation. Pyridinoline cross-links are formed
as a result of interaction between three hydrolysine
residues of collagen molecule.

These cross-links stabilize the collagen struc-
ture. PYD and DPD ratio in human bone is about
3:4. PYD and DPD are formed during the post-
translational collagen modification which have been
already secreted and incorporated into the extracel-
lular matrix. That is why they cannot be directly reu-
tilized for collagen synthesis [39].

High pyridinoline concentration is observed
in the collagen type Il of cartilage. Ppyridinoline
has also been found in the bone collagen. The main
deoxypyridinoline source is bone and dentin. Both
DPD and PYD can be found in collagen tendon and
aorta, but are not detected in the skin [40]. Because
the major organic component of bone is collagen
matrix, which has a rapid metabolic rate, it can be
assumed that bone is the main source of PYD and
DPD in biological fluids. Because DPD and PYD are
formed during collagen molecule maturation they
were considered as specific markers of bone resorp-
tion and collagen type I degradation [41].

PYD and DPD enter the bloodstream during
bone collagen matrix proteolytic degradation. As
low-molecular-weight compounds, they are excreted
with urine in free (40%) or peptide-bound form
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(60%) [42]. DPD and PYD excretion is controlled
by circadian rhythm: the highest excretion occurs at
night and the lowest — in the day time [43]. Some
other factors can also affect the PYD and DPD level
in the urine. It may increase 2 times during pregnan-
cy. The urine DPD excretion for females in meno-
pause is 2-3 times higher than for females in fer-
tile age. Diet and physical activity have no effect on
DPD and PYD excretion. Urine DPD level is higher
for females than for males. For both sexes PYD and
DPD content in the urine increases in cases of pri-
mary hyperparathyroidism (about 3 times) [43], hy-
perthyroidism (about 5 times) and Paget’s disease (12
times). Also significant increasing of DPD excretion
is observed in cases of osteoporosis, osteoarthritis
and rheumatoid arthritis [44].

The determination of pyridine cross-links level
in the urine has several potential advantages. There
are high specificity of pyridine cross-links for bone
turnover, absence of DPD and PYD metabolic trans-
formation in vivo before the urine excretion and their
determination without any prior dietary limitations
[45].

The urine DPD and PYD content can be de-
termined by the HPLC analysis, ELISA fluoromet-
ric and chemiluminescent methods. In particular,
ELISA is the most commonly used method that al-
lows determining free DPD and PYD form. Howe-
ver, these results should be accompanied by other

27



OrJIs1I1

N-telopeptide
—_—

C-telopeptide
T ——

Fig. 5. Localization of N- and C-telopeptide in the collagen type [

diagnostic tests, because the DPD and PYD content
in the urine does not fully characterize normal or
pathological bone state [19, 45].

4. Collagen type I telopeptides (CTX, NTX)

Fragments of carboxy- (CTX) and amino-
(NTX) terminal collagen cross-links are released in
the bloodstream as a result of osteoclast-mediated
collagen type I degradation. It occurs under bone re-
sorption by action of osteoclasts proteolytic enzyme
cathepsin K. As compounds with small size, they are
readily pass through the glomerulus and excreted
with urine (Fig. 5) [19].

NTX fragments can be identified in the serum
and urine. NTX level is significantly decreased af-
ter the anti-resorptive therapy. It is currently unclear
the influence of diet on the NTX level. Monoclonal
antibodies for NTX determination that specifically
recognize the a-2 chain N-telopeptide fragment are
used in clinics [19]. CTX fragments in the urine also
can be determined by ELISA.

After racemization and isomerization a-CTX
can form to B-CTX (a-aspartic acid is converted to
B-form). That is why monoclonal antibodies which
can specifically recognize a- or B-CTX are used
[46]. a-CTX indicates the breakdown of the newly-
synthesized collagen while B-CTX of the mature col-
lagen. Based on these data it is proposed to calculate
the a-CTX/B-CTX ratio and use obtained index as a
value of bone metabolism rate. E.g., a-CTX/B3-CTX
index is increased in patients with Paget’s disease
and rapidly decreased under the biophosphonates
influence. This index in serum is increased almost
2 times during menopause [46].

Because osteoclasts affect only bone collagen
type I CTX and NTX fragments are the most informa-
tive markers of bone collagen destruction [47, 48].
Thus, determination of CTX and NTX level in dy-
namics is used for bone diseases diagnosing and bone
resorption monitoring during antiresorptive therapy.
These markers allow evaluating the efficacy of bone
diseases therapy after 3 months of treatment [26].
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Markers of type I collagen formation

1. Procollagen type I terminal propeptides
(PINP, PICP)

During extracellular collagen type I maturation
(before fibrils’ formation) the N-terminal (PINP)
and C-terminal (PICP) propeptides are removed
from procollagen molecule by specific endopepti-
dase. Procollagen molecule is by 50% longer than
mature collagen. Propeptides removing is necessary
for early collagen molecule aggregation into fibrils
inside the cells.

Procollagen type I C-terminal propeptide is a
glycoprotein (M_ 115 kDa) which is composed of
three polypeptide chains. There are two al-I poly-
peptide chains, containing 246 amino acid residues
and one a2-I polypeptide chain, containing 247
amino acid residues. Each of these chains contains
oligosaccharides with high mannose content. Intra-
and intermolecular disulfide bonds aggregate subu-
nits with a globular structure formation (Table 2)
[26]. This structure is necessary for the normal triple
structure formation of mature collagen type I mole-
cules.

Due to the high mannose content, PICP is me-
tabolized in the liver endothelial cells by means of
the mannose-6-P receptors. PICP half-life is about
6-8 minutes [49, 50].

Procollagen type I N-terminal propeptide
(M, 70 kDa) is a heterotrimer without covalent
bounds in its triple structure. PINP is composed
of two al-I polypeptide chains and one a2-I chain.
These chains are held together by identical to the
collagen molecule structure short helical sites. These
collagen-like sites define PINP properties. Thus,
PINP antigenicity is increased at its interaction with
a small helical domain of al-I chain Col-1, which is
the most immunogenic part of PINP propeptide [50].
PINP is metabolized by livers’ macrophages and its
blood level is 100 times higher than the PICP con-
centration [44, 50].
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Table 2. Comparative characteristics of procollagen type I propeptides

Propeptides ‘ PINP PICP
Localization aminoterminal carboxyterminal
Molecular weight 70 kDa 115 kDa
Structure linear globular
Chemical nature phosphoprotein glycoprotein
Bonds non-covalent disulfide

The maturation of soft tissue collagen type I
can contribute to the total level of PINP and PICP.
However, this contribution has the minimum value,
because the main part of PINP and PICP is released
during bone collagen type I formation. The ratio be-
tween collagen, which is deposited in bone matrix
and PICP (or PINP), which is released into the blood-
stream, are theoretically equal to 1. Thus, based on
blood propeptides’ level, it is possible to characteri-
ze the ability of osteoblasts to synthesize collagen
type 1. As propeptides with high molecular weight,
PINP and PICP cannot be filtered through the kid-
ney. So, their level is not affected by kidney filtration
[27].

High level of PICP and PINP is observed in
pathologies associating with increased bone re-
modeling processes in particular Paget's disease,
hyperthyroidism, primary hyperparathyroidism
and neurogenic osteodystrophy. In some cases, ele-
vated PICP level is observed in early menopause.
Low PICP concentrations are found in children with
growth hormone deficiency [51].

Data from numerous investigations indicate
that PINP and PICP reflect bone tissue formation.
That is why PINP and PICP are significant markers
for monitoring bone diseases [26, 51].

Biochemical markers of bone synthesis and
degradation are an important tool for assessing and
monitoring skeletal system conditions. As compared
with standard clinical methods, determination of the
potential new bone metabolism markers allows in-
vestigating the rate of bone metabolism and sponta-
neous bone loss, performing the bone diseases moni-
toring and prognosis of the risk of fractures. Besides
the main markers of mineral metabolism, synthesis
and degradation of collagen type I (CTX, NTX,
PINP, PICP, GP, GL, DPD, PYD), new markers of
bone remodeling have been discovered. These in-
clude periostin (POSTN), osteocytes’ factors: scle-
rostin and FGF-23, circulating in blood microRNA
(miRNA) [44].
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Periostin is a Gla-containing extracellular ma-
trix protein. Periostin is located in the periosteum
and affects the regulation of bone formation and
its strength through the PYD and DPD cross-links
formation in collagen [52]. Sklerostin stimulates
secretion of RANK-L which is formed in osteo-
cytes. Sklerostin also enhances osteoclasts’ activi-
ty. Circulating factor FGF-23 which is expressed in
osteocytes, negatively affects the serum levels of
inorganic phosphate and 1,25-dihydroxyvitamin D,
[53]. MicroRNAs play a significant role in normal
differentiation and functioning of the bone cells [54].

Thus, many new biomarkers of bone tissue re-
modeling have been recently discovered and inves-
tigated. Their use along with well-studied markers
will allow detecting and preventing numerous bone
diseases.

BIOXIMIYHI MAPKEPHU
METABOJII3MY KOJIATERY I TUITY
KICTKOBOI TKAHUHHU

O. B. 3aiiyesa, C. I lllanopernxo,
M. M. Benuxuti

IncruryT Gioximii im. O. B. [Tannanina
HAH VYxkpainu, Kuis,;
e-mail: Zaitseva OV(@ukr.net

B ornsni nmpoBeneHo aHai3 JiarHOCTHYHOTO
3HAUEHHSI OCHOBHHMX MAapKepiB PEMOJEIIOBAH-
HA KICTKOBOi TKaHHMHH, 30KpeMa, CHUHTE3y Ta
Jgerpajnanii kosareny | Tumy, 10 SIKMX Hajexarb
KapOOKCH- Ta aMiHOTEpMiHAJbHI TEJIOMENTUIH,
KapOOKCH- Ta aMiHOTEpMiHaJIbHI TPONENITUIH TIPO-
Konareny | Tumy, rigpoKCUIIpOIiH, T1APOKCUITI3UH,
MIipMAMHOMIH Ta J€30KCHIIPUAMHONIH. X BHU3-
HAueHHS  JO3BOJIIE  OLIHUTH  CTPYKTYpHO-
(YHKIIOHANBHUN CTaH Ta MIBHJAKICTH OOMIHHHX
MIPOLECiB y KICTKOBil TKaHMHI. Po3riisiHyTO IepeBa-
I'dl Ta HEIOJIKM METOAIB BU3HAYCHHSI LINX MAPKEPiB
3a pi3HUX KICTKOBHX 3aXBOproBaHb. [lokazano, 1o
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BU3HAUEHHS MapkepiB MeTabonizMy KojareHy I
TUIy KICTKOBOI TKaHWMHH € HaHiH(POpPMAaTUBHIIINM
JUISl OI[IHKU KICTKOBOI pe3opOiii, (popMyBaHHS Ta
PEMOJICITIOBAHHSL.

KniodoBi cioBa: komareH | TUITY, MApKe-
PpU CUHTE3Y Ta z[erpazlaui’l’ KOJIarcny, KICTKOBA TKa-
HHWHA.

BUOXUMUWYECKHUE MAPKEPBI
METABOJIU3MA KOJUIATEHA
I TUIIA KOCTHOM TKAHUA

O. B. 3aiiyesa, C. I lllanopenxo,
H. H. Benuxuu

WucTnTyT Onoxumun um. A. B. [Tannaguna
HAH VYxpannsl, Kues;
e-mail: Zaitseva_ OV(@ukr.net

B o0030pe mnposeneH aHanu3 AMArHOCTHYE-
CKOTO 3HAYEHHUS OCHOBHBIX MapKepOB pEMOAECIH-
pOBaHMUs KOCTHOW TKaHH, B YaCTHOCTH, CHHTE3a U
nerpaganuu koyareta | tuna. K HUM oTHOcATCS
KapOOKCH- 1 aMUHOTEPMHHAJIbHBIE TEJIONENTHIBI,
KapOOKCH- M aMHHOTEPMHHAJBHBIE ITPOMETITH b
MpoKosulareHa [ Tuma, THAPOKCUIIPOIINH, THIPOK-
CHJIM3UH, MAPUAUHOINH WU JE€30KCUITUPUIANHOIMH.
Nx onpeneneHue no3BONSET OLEHUTH CTPYKTYPHO-
(YHKIIMOHAJIBHOE COCTOSIHUE M CKOPOCTh OOMEH-
HBIX IIPOLECCOB B KOCTHOM TKaHU. PaccMOTpeHbI
[IPEeUMYLIECTBAa U HEJOCTAaTKU METOMOB OIperee-
HHUSI 3TUX MapKepoB MPH Pa3IHYHBIX KOCTHBIX 3a-
OoneBanusix. Ilokazano, yTo ompeneneHne Mapke-
poB MeTabonM3Ma Kojlarena | Tuna KocTHOW TKaHH
sBisieTcs: HanOoJiee NHPOPMATUBHBIM ISl OLICHKH
KOCTHOH pe3opOiuu, GOpMUPOBaHUS U PEMOICIIH-
poBaHwUsI.

KnoueBrie caoBa: komnareH | Ttuma,
MapKepbl CUHTE3a U JIeTpajialliyi KoJjlareHa, KocT-
Hasl TKaHb.
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