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ABSTRACT

PURPOSE: One of the most important functions of the osseous tissue is to deposit macro- and microele-
ments. For that reason, the investigation of the skeleton ion profile is highly important to explain the physi-
ological and reparative osteogenesis. The osseous tissue, compared to blood, is a more stable system and ion
concentration in bone can display the chronic disorders of its metabolism and its distribution around the
body. Ion disbalance can affect bone cells and change the structure and function of the skeleton. The long
and irregular bones have different metabolic activities and vascularization, so the ion distribution must
be different, but information about ion balance is not clear. This determined the purpose of the research,
which deals with microelement compounds of tibia, femoral bone and 2" lumbar vertebra.

MATERIAL AND METHODS: The paper deals with analysis of osseous tissue samples from 20 5-month-
old white rats. We measured the levels of Fe, Mg, Zn, Cu, Co, Mn, Ni, Pb and Cd in tibia, femur and 2" lum-
bar vertebra. The research results were analyzed according to generally accepted methods of variance anal-
ysis with the help of MS Excel software program.

RESULTS AND CONCLUSIONS: The elemental analysis of different bone types shows diversities be-
tween tubular and irregular bones’ microelement composition. The lumbar vertebrae contain a great
amount of essential elements which is related to its remodeling activity and availability of enzymes. Mostly
the long bones store toxic elements, such as Ni and Pb. This indicates a lower speed of the remodeling pro-
cess of compact substance. Thus, elementary bone compounds directly depend on osseous tissue structure.
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INTRODUCTION

Osteogenesis stimulation is one of the under-
investigated issues nowadays, as well as the topical
problem of traumatology. One of the most impor-
tant functions of the osseous tissue is depositing of
macro- and microelements and due to this research
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on the skeleton ion profile it is highly important to
explain the osteogenesis physiological and repara-
tive processes (1). Some microelements are involved
in enzyme catalysis reactions, which are held in the
osteogenic cells, so in case of their deficit or imbal-
ance, some processes are interrupted: such as osteo-
blastic and osteoclastic differentiation, apatite crys-
tallization process, cell-cell collaboration (2). These
all cause physiological and reparative remodeling
changes of bones.

Apart from Ca and P, which are the basic com-
posite elements, there are other elements in the osse-
ous tissue. Some cations can displace the hydroxy-
apatite crystalline grid, while other elements are ad-
sorbed on the nanocrystal surface or on its hydrat-
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ed film. All elements can be divided into synergist
and antagonist groups. The former include calcium
and phosphorus, which synergism in the formation
and remodeling of bone tissue has been well studied.
The other example is Fe and Cu, which are involved
in the cytochrome oxidase active site formation. The
antagonistic interaction includes the retarded influ-
ence of Ca on zinc and magnesium absorption, ion’s
contest for enzyme system active sites, such as diva-
lent Mg and Mn of metalloenzymic complexes of al-
kaline phosphatase. The vital, essential elements are
also distinguished, such as Fe, Cu, Zn, Co, Cr, Mo,
Mn. Ni is the conditionally essential element (3). The
following microelements, Cd and Pb, can cause in-
toxication, since they have a tendency to accumulate
in osseous tissue and belong to the toxic elements (4).

Bone repairing processes require many micro-
elements to be active, such as Cu, Mn, Pb, Co, etc. Mi-
croelements have an important role in oxidation-re-
duction processes, where they speed up the catalysis
reactions. Besides, these microelements promote and
control abiotic polymerization. During the muco-
polysaccharide synthesis a great amount of microele-
ments such as Mn, Pb, Cu are concentrated in a frac-
ture site. Cu, Mn, Co and some others are involved
in enzyme catalysis reactions and their absence in-
terrupts osteoblastic differentiation (5). A lack or an
imbalance of some microelements (Mn, Pb, Cu) can
cause osseous tissue spontaneous decalcifation rick-
ets, hypothyroidism, osteoporosis and other pathol-
ogies (6). The osseous tissue contains a variety of mi-
croelements and their number and functions are not
properly studied. They are Cr, Cd, Te, In, Sm, Ru, Sc,
Zr, Hf, etc.

The osseous tissue, compared to blood, is a
more stable system and ion concentration in bone
can display the chronic disorders of its metabolism
and its distribution around the body. Ion disbalance
can affect bone cells and change the structure and
function of the skeleton. On the other hand, the ac-
cumulation of microelements may be asymptomat-
ic for a long time, and detecting the increased con-
tent of trace elements can be used to assess environ-
mental pollution. It should be noted that irregular el-
ement distribution in the skeleton depends on the
type of bone.

Unfortunately, there are no data in the litera-
ture about the distribution of trace elements around
the different types of the bones and their interaction.
Nevertheless, it is well known that microelements
have a wide variety of synergetic and antagonistic in-
teractions. Additionally, 15 vital elements have 105
bilateral and 455 trilateral interactions (7, 8, 9). Given
the wide range of interactions between ions, it is im-
portant to consider not only their absolute content in
bone, since increase in value in one of the elements
can lead to a significant reduction in the other. Thus
the imbalance of one micronutrient elements can
lead to a violation of a number of metabolic systems.

These factors determine the purpose of our re-
search, which deals with the microelemental compo-
sition of tibia, femoral bone and 2" lumbar vertebra.
We aim to perform a correlation analysis between
identified elemental levels to understand ion interac-
tion in different bone types.

MATERIALS AND METHODS

The paper deals with analysis of osseous tissue
samples from 20 5-month-old white rats (that corre-
sponds to adult age). During the research the femo-
ral bone, tibia and 2" lumbar vertebra were inves-
tigated for microelement composition. The animals
were decapitated under ketamine anesthesia to col-
lect organ recovery sampling. This process was car-
ried according to the statements of the “European
Convention on Vertebrate Animal Protection, which
are used for Experiments and Other Scientific Aims”
(Strasbourg, 1986), “General Ethnic Principals about
Experiments on Animals”, which were accepted by
the First National Congress on Bioethics (Kyiv, 2001).

The bone samples were cleared from muscu-
lar tissue and bone marrow, degreased with etha-
nol, washed with distilled water and their weight was
measured with an accuracy of 0.001 g. After that the
bones were burned in a sound suppression muffle at
450 C° to eliminate the organic matrix. When the ash
was taken out, it was dissolved in a mixture of 0.1 M
hydrochloric (2 ml) and 0.1 M nitric (1 ml) acid and 7
ml of distillated water.

The samples were analyzed using an atomic ab-
sorption spectrophotometer C 115-01 with flame at-
omizer (“Selmi”, Ukraine) and a double-beam atom-
ic absorption spectrophotometer KAS 120.1 (“Sel-
mi”, Ukraine) with a deuterium corrector of non-
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atomic absorption. Hollow cathode lamps were
used as the source of radiation. A standard pyrolytic
graphite furnace, 28 mm long, inner diameter 6 mm,
was used as atomizer. The acquisition and analysis of
the atomic absorption signal were performed using
an IBM PC (AAS-SPECTR program) (10). 10 ul of
samples were dosed immediately onto the inner sur-
face of the furnace. Aqueous calibration solutions of
corresponding metals were used for the quantitative
analysis. The standard solutions were prepared from
pure substances of the corresponding metal salts.

The measurements of Pb absorption were per-
formed at 283.3 nm resonance line with a spectral
bandpass of 0.4 nm; Fe — at 248.3 nm resonance line
with a spectral bandpass of 0.4 nm; Mg — at 285.2 nm
resonance line with a spectral bandpass of 0.4 nm;
Zn - at 213.9 nm resonance line with a spectral band-
pass of 0.4 nm; Cu - 324.7 nm resonance line with
a spectral bandpass of 0.1 nm; Co - 240.7 nm reso-
nance line with a spectral bandpass of 0.4 nm; Mn -
271.4 nm resonance line with a spectral bandpass of
0.1 nm; Ni - 232.0 nm resonance line with a spectral
bandpass of 0.1 nm; Cd - 228.8 nm resonance line
with a spectral bandpass of 0.4 nm (11, 12, 13). Ma-
trix and surface modifiers were not used.

When the identification procedure of the ele-
ments in the solution was performed, the sample was
inserted and the element concentration in 1g of the
studied tissue was determined. The measurements
and calculations were done using the AAS-SPECTR
program in the Atomic-Absorption Analysis Labo-

ratory of Anatomic Research Center of Sumy State
University.

Statistical analysis

The results were analyzed statistically using the
following method of correlation analysis with the
help of MS Excel. The type and features of biologi-
cal metal interaction was found out by means of a
straight-line paired regression equation. Correlation
coefficient (r) was used to estimate the degree of lin-
ear interactions among variables. The educts were
analyzed according to common quality regression
level, the coefficient of multiple determination R* was
determined too. This coefficient determines the per-
centage of the obtained regression function and how
the latter shows the correlation between data values.

RESULTS AND DISCUSSIONS

The osseous tissue chemical compound analy-
sis proved the presence of elements such as Fe, Mg,
Zn, Mn, Cu, Co, Cd, Ni, Pb. Element concentrations
correspond to literature data (14, 15). The contrastive
analysis among microelements concentration mea-
sures gave an opportunity to identify the next ten-
dency Zn>Mg>Fe>Ni>Cu>Mn>Co>Pb>Cd (Table
1). These trends confirm the essentiality of some mi-
croelements for the osseous tissue.

Zn is one of the most spread elements in the
human body (16). It plays an important role in the
mechanical properties and osseous tissue formation
processes. Zn inhibits the influence of parathormone
and stimulates bone synthesis processes (17). Even in

Table 1. Average Microelement Amount in Rats’ Osseous Tissue

Microelement Femur
Fe pug/g 64,60+3,65
Mg uglg 1,94+0,25
Zn uglg 3,32+0,24
Cu ug/g 2,36+0,31
Co ug/g 1,41+0,09
Mn ug/g 1,93+0,26
Ni ug/g 2,38+0,56
Pb pg/g 0,86+0,04
Cd pg/g 0,024+0,001

Tibia Lumbal vertebra
55,00+5,87 127,47+12,06
2,52+0,35 3,07+0,18
5,31+0,62 3,71+£0,14
2,53+0,26 4,23+0,47
1,52+0,22 2,44+0,29
2,4440,18 2,66£0,43
4,00+0,87 4,95+0,96
0,66£0,09 0,51+0,06

0,025+0,002 0
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case of low concentration of this element, it still slows
the bone-resorbing cell activity. It doesn’t have tox-
icity features, unlike microelements such as Pb and
Cd. Besides, it has a positive influence on increasing
intracellular calcium content and redirects the calci-
um level in the cytosol (18). It also serves as an inhibi-
tor for iron-bearing cytochrome oxidase and catalase
ferments, which play the key role in increasing the
number of bone-forming cells for the biosynthesis
of collagen. It acts on the alkaline phosphatase and
controls the calcitonin secretion. We established in
the analyzed bones a Zn content of 3.32 £0.24 ug/g
in femur and 3.71+0.41 pg/g in vertebra and up to
5.31+0.62 pg/g in tibia. In view of its physiological
position, the derived difference can point to an exis-
tence of more active remodeling processes in the tib-
ia. The Zn level in tibia is significantly higher com-
pared to femur and vertebrae.

Mg is the second wide-spread cation of the hu-
man body after Ca. The skeletal system and soft tis-
sues have approximately the same amount of Mg.
One-third of skeletal Mg is spread on bone surfac-
es and functions as a repository (19). Abrupt chang-
es of Mg concentration have a stimulatory effect on
parathyroid hormone secretion. Lack of Mg causes
hypocalcemia. It reduces osseous tissue extension
and appropriate resorption processes, bone volume
and expands brittleness of skeleton. Mg is a cofac-
tor of many enzymes, such as the alkaline and py-
rophosphatase, which have a direct effect on osseous
tissue formation (20). There is a competition between
Ca and Mg due to the very close ionic radiuses. Ex-
tremely high concentrations of Mg have an inhibito-
ry effect on the hydroxylapatite crystallization pro-
cess (21). Pathogenic biominerals contain it, where
Mg exchanges Ca on the hydroxylapatite grid. The
presence of Mg in the hydroxylapatite lattice reduces
Ca solubility. Besides, increase in Mg concentration
in the synthetic hydroxylapatite grid reduces its pha-
sic disintegration temperature, while B-tricalcium
magnesium phosphate is formed (CaMg),(PO,),and
the phasic formed number of f-TCMP is proportion-
al to the Mg level of apatite. The highest Mg concen-
tration in our research was found in the tibia and
vertebrae — 2.52+0.35 ug/g and 3.07+0.18 ug/g, re-
spectively, the lowest level were in the femoral bone
(1.94£0.25 ug/g). So, we observed a significant differ-

ence only between the level of Mg in vertebrae and
femur.

Cu acts as a cofactor of many essential enzyme
systems in osteogenic cells and at the same time con-
trols the differentiation level (22). Probably Cu has a
function of energy transport mechanisms between
apatite and collagen. The highest content of this ele-
ment was found in new osteons. Cuprum takes place
in collagen and elastin fusion processes and prevents
from osseous tissue demineralization (23). The long
bones revealed the same cuprum level - 2.36+0.31
ug/g for the femoral bone, and 2.35+0.26 ug/g for
the tibia. At the same time the lumbar vertebra con-
tained 4.23+0.47 pg/g of cuprum which is signifi-
cantly higher compared to other bones. These re-
sults confirmed the notion that irregular bones have
a better accumulation function for cuprum-depen-
dent enzymes and cuprum itself.

Manganese is mostly related to the osseous tis-
sue inorganic structure of bones and is directly in-
volved in the ossification process — it promotes the
hydroxylapatite crystals growing process (24). Mn
also contributes to the mineralization of collagen fi-
brilla, normalizes the glycosaminoglycan fusion,
which is involved in the osseous and cartilage tissue
formation. Manganese content did not have sharp di-
versities depending on tissue type and it varied from
1.93+0.26 pg/g to 2.66+0.43 ug/g in wet bone.

Co stimulates hemopoiesis and thus it has a sec-
ondary influence on bone metabolism intensity (25).
Cobalt-containing compounds enforce the alkaline
phosphatase potency, which plays an important role
in the osseous tissue mineralization process (26). The
long bones contained the same content of Co - from
1,44+0,09 pg/g to 1,52+0,22 pg/g. Despite this, the
lumbar vertebra had a significantly higher level of Co
- 2,44+0,29 pg/g.

Iron is not a structural element of the osseous
tissue, however it plays a key role in the osteogenesis
process (27). It affects the hydroxyapaptite stabiliza-
tion of the osteoid substance due to its storage in en-
chondral and periosteous bone formation areas. Fe is
the cofactor of prolyl- and lysylhydroxylases, which
are involved in the collagen biosynthesis in the osse-
ous tissue (28). The lack of iron can cause osteopo-
rosis, In the present study we pointed out that iron
levels were significantly related to bone type. Ac-
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cordingly, in the lumbar vertebra the Fe concentra-
tion was nearly two times higher than in tibia and fe-
mur. This indicates that there is better blood supply
in sponge bones and also a higher metabolism level.
Cd s involved in the ossification process. When
its level is high, it results in osteoporosis and osteo-
malacia (29). Due to increased calcium excretion by
urine, there is a decreased calcium absorption by the
intestinal tract. Cd ions can be absorbed by hydroxyl-
apatite crystals and input on the crystalline grid and
thus make the derived substance slightly soluble (30).
A negative effect of Cd on osseous tissue mineraliza-
tion process was observed and it increased due to its
synergetic interaction with iron ions, since iron ci-
trate inhibits biological calcification. The osseous tis-
sue contained trace amounts of cadmium in the fe-
mur and tibia in concentrations of 0.025+0.001 ug/g
and 0.025+0.002 ug/g, respectively. Cd absence in
lumbar vertebrae results in decreased mineralization
and bone strength of this type of bones. Pb and Ni,
which are toxic elements, were mainly found in the
tubular bones, which have less remodeling intensity.
Analyzing the elementary composition of dif-
ferent bone types we have figured out some diversi-
ty in microelement concentrations. The lumbar ver-

tebrae revealed higher concentrations of certain ele-
ments, but at the same time the femur and tibia had
nearly the same element contents. These results indi-
cate that the lumbar vertebrae have better blood sup-
ply than the femur and tibia bone. Besides, femur and
tibia contain Cd and this explains their absorption
ability.

The total result of bioelement quantity con-
tent shows that the bones have the highest concen-
tration of Zn and Mg. Beside their biochemical role
they have a mechanical function as well and the osse-
ous tissue works as a storage place for these elements.
Consequently, bones contain the smallest amounts of
Pb and Cd which can be explained by their biochem-
ical function only in small concentrations.

It is highly important to identify the interac-
tions between these elements.

The study of biochemical microelement inter-
action, when the osseous tissue is taken as an exam-
ple, is really significant since these microelements are
parts of enzyme systems. The derived correlation co-
efficients were negative as well as positive with differ-
ent interaction measures (figure 1). A negative cor-
relation coefficient, which has the highest reliability
rank, was found between Fe and Zn. This antagonis-
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Fig. 1. The interaction correlation coefficients of osseous tissue trace elements
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tic interaction can be clarified by the inhibitory effect
of zinc on iron-containing cytochrome oxidase and
catalase. Positive element interaction with high reli-
ability rank was observed between Fe and Cu, Fe and
Co, Mn and Ni. By means of coefficients of multiple
correlation it was evaluated that Fe, Cu, Zn and Mn
were most active in correlation with other elements.

CONCLUSIONS

The elemental analysis of different bone types
shows diversities between tubular and irregular
bones microelement composition. The lumbar ver-
tebrae contain a great amount of essential elements,
which is related to their remodeling activity and
availability of enzymes. Mostly the long bones store
toxic elements, such as Ni and Pb.

This indicates a lower speed of the remodeling
speed process of compact substance. Thus, elementa-
ry bone compounds directly depend on osseous tis-
sue structure.

Correlation analysis of data showed that osse-
ous tissue had weak positive microelement correla-
tion interactions, while negative interactions were
partly identified. The low correlation coefficient val-
ues are justified by the fact that normal osseous tis-
sue is a sufficiently stable system. That’s why these
values can be used as standard measurements for
further microelement interaction researches of var-
ious osseous tissue pathologies.
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