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Effect of toxic metals on the bone regeneration
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Abstract

Background: At present, the healing of broken bones can very often occur in conditions of excessive intake of
lead and cadmium, as these elements are among the ten most common environmental pollutants according. At
the same time, there are no works in the scientific literature devoted to the combined subchronic effect of exces-
sive amounts of Pb and Cd on the structure of the direct performers of reparative osteogenesis — bone regenerate
cells. Aim: To establish the subchronic effect of excessive amounts of lead and cadmium on the micro-and ultra-
structure of bone regenerate cells. Material and methods: The experiment was conducted on 24 white Wistar rats,
which were divided into 2 groups. Group | animals consumed drinking water of standard quality, and group Il ani-
mals received water with a mixture of lead nitrate and cadmium chloride dissolved in it at a dose of 87.74 mg/kg and
2.14 mg/kg through a gastric tube for 3 months. For all the animals 24 and 3 days before the end of the 3-month
experiment in the middle of the tibial diaphysis there was reproduced a hole defect with a diameter of 1.5 mm to
the bone marrow canal. The study of micro- and ultrastructure of bone regenerate cells was performed using
scanning and transmission electron microscopy. Results: It was found that under the conditions of subchronic
intake of excessive amounts of lead and cadmium in the regenerate lymphocytes, large perinuclear spaces and
cytoplasm enlightenment were observed, osteocytes of the regenerate bone tissue had mainly short processes,
and in osteoblasts there were electron-transparent cisterns of the granular endoplasmic reticulum, nuclear mem-
brane invagination, an area of electronic transparency of the matrix and lysis of mitochondria cristae. Conclusion:
Subchronic receipt of excessive amounts of lead and cadmium in the body leads to dystrophic and destructive
changes in the cellular elements of bone regenerate and slowing their maturation.
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Abstrakt

Uvod: V soudasné dobé miize velmi Gasto dochazet k hojeni zlomenin kosti v podminkach nadmérného pFjmu
olova a kadmia, protoZe tyto prvky patfi mezi deset nej¢astéjsich znecistujicich latek v Zivotnim prostredi. Zaro-
ven v odborné literatufe chybi prace vénované kombinovanému subchronickému ucinku nadmeérného mnozstvi
olova a kadmia na strukturu pfimych ¢initell reparaéni osteogeneze — bunék regenerujicich kost. Cil: Zjistit sub-
chronicky uc¢inek nadmérného mnozstvi olova a kadmia na mikro- a ultrastrukturu bunék regenerujicich kost. Mate-
ridl a metody: Pokus byl proveden na 24 bilych potkanech Wistar, ktefi byli rozdéleni do 2 skupin. Jedinci skupiny |
konzumovali pitnou vodu standardni kvality a jedinci skupiny Il dostavali po dobu 3 mésic( Zalude¢ni sondou vodu
se smeési dusi¢nanu olovnatého a chloridu kademnatého v davce 87,74 mg/kg a 2,14 mg/kg. U vSech jedinc byl
24 a 3 dny pred koncem 3mésicéniho experimentu ve stfedni ¢asti diafyzy tibie vytvoren otvor o prdméru 1,5 mm
zasahujici az do dutiny dfenové. Studium mikro- a ultrastruktury bunék kostni regenerace bylo provedeno pomoci
skenovaci a transmisni elektronové mikroskopie. Vysledky: Bylo zjiSténo, ze v podminkach subchronického prijmu
nadmérného mnozstvi olova a kadmia byly v regenerovanych lymfocytech pozorovany velké perinuklearni pro-
story a prosvétleni cytoplazmy, osteocyty regenerované kostni tkané mély prevazné kratké vybézky a v osteoblas-
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tech byly elektronové prdhledné cisterny granuldrniho endoplazmatického retikula, invaginace jaderné membrany,
oblast elektronické prihlednosti matrix a lyza krystaly mitochondrii. Zavér: Subchronicky pfijem nadmérného
mnozstvi olova a kadmia v organizmu vede k dystrofickym a destruktivnim zménam bunécénych element( kost-

niho regenerdatu a zpomaleni jejich zrani.

Kli¢ova slova: kadmium — elektronovy mikroskop — olovo — potkani — reparacni osteogeneze

Introduction

The stability of the elemental composition of the body
is one of the most important and mandatory condi-
tions for normal bone regeneration. This is due to the fact
that micro-and macroelements are components of en-
zymes and proteins that are involved in stopping bleeding
during trauma, proliferation and differentiation of cellular
elements, angiogenesis, oxygenation of regenerate cells,
synthesis of components of the organic matrix of bone
and its mineralization, energy formation and protection of
cells from free radicals [1-3]. However, to perform these
functions, each element has an optimal range of con-
centrations, a decrease or increase in which can lead to
pathological changes [4].

The intensification of technogenesis as a characteris-
tic feature of the 3 Millennium may be one of the rea-
sons for the violation of homeostasis of chemical ele-
ments in the body and, as a result, the regeneration of
bone tissue [5-7]. At the same time, we note that of all
the inorganic compounds that enter the biosphere as
a result of human activity, lead and cadmium are among
the ten most dangerous according to the world health
organization. The latter continue to accumulate in the
environment and enter the human body in excess. For
example, in Ukraine, sanitary and toxicological studies
have found that samples of drinking water from agri-
cultural and processing enterprises of the agro-indus-
trial complex contain Pb (0.1 mg/l) and Cd (0.035 mg/l)
exceeding the maximum permissible concentrations
from 10 to 35 times [8]. The latter indicates that for the
people who live in these territories, healing of broken
bones can very often occur in conditions of consump-
tion drinking water, which does not meet hygienic re-
quirements. Note that the reported concentrations of
lead and cadmium in drinking water are relatively small
compared to their average lethal doses. According to
Lu HK and co-authors, the average lethal dose of lead
and cadmium for rats is 2633 mg/kg and 64 mg/kg,
which is much higher than the content of these heavy
metals in the drinking water of the agro-industrial com-
plex of Ukraine [9]. Therefore, probably the greatest se-
verity of negative effects from such concentrations
of lead and cadmium can be manifested during their
long-term subchronic or chronic intake into the body.
It should also be noted that there is evidence in the lit-
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erature regarding a separate effect of increased con-
centrations of lead and cadmium on bone regenera-
tion [10-13]. The results of these studies show that the
excess of lead delays the healing process of bone frac-
tures, suppresses the mineralization of bone corns, and
cadmium reduces the expression of genes that are in-
volved in the differentiation of osteoblasts, the activity
of the enzyme alkaline phosphatase, the mineralization
of regenerative bone tissue, delays the growth, density
and biomechanical properties of bones [3,14-17]. The
mechanism of this effect is due to the ability of heavy
metals to reduce the antioxidant potential of the body,
generate reactive oxygen species, displace and replace
essential micro — and macronutrients in the molecules
of enzymes and other biologically active substances, as
well as to suppress signaling systems that activate the
process of differentiation of cellular elements of bone
tissue [18—26]. During the review of the literature, we also
found works on the combined effect of excess lead and
cadmium on the microscopic structure of bone tissue
and its physiological regeneration [9,27,28]. However, we
have not found work on the combined effect of exces-
sive amounts of lead and cadmium on the micro-and ul-
tramicroscopic structure of the direct performers of re-
parative osteogenesis — bone regenerate cells.

So, the purpose of our work was to establish the sub-
chronic effect of excessive amounts of lead and cadmium
on the micro-and ultrastructure of bone regenerate cells.

Material and methods

Animals
An experimental morphological study was conducted
on 24 Wistar rats with a weight of about 300 grams.
Animal experiments were approved by the Commission
on biomedical ethics of Sumy state University (Minutes
N2 1/1 of 16.01.2023) and were performed in accor-
dance with the rules of the “European Convention for
the protection of vertebrates used for experimental and
other scientific purposes”. Throughout the experiment,
the animals were properly cared for and kept on a stan-
dard diet and had free access to drinking water.
All the animals were divided into 2 groups
= Group | (12 rats) — control animals that consumed
drinking water of standard quality [29]
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= Group Il (12 rats) — animals that were administered 4 ml|
of water with a mixture of lead nitrate (Pb(NO,),) and
cadmium chloride (CdCl,*2.5H,0) from Sigma-Aldrich
with a dose of 87.74 mg/kg and 2.14 mg/kg through
a gastric tube for three months. The choice of this
dose was based on studies by Lu HK and co-authors,
who studied the experimental acute combined effect
of lead and cadmium on bone damage in rats and estab-
lished their average lethal dose of LD50 (2 633 mg/kg for
lead and 64 mg/kg for cadmium) [9]. In our experi-
ment, the dose of lead and cadmium was 1/30 of the
D50, which, according to Lu HK and co-authors, cor-
responds to a subchronic toxicological effect on the
rat body after three months of use [27].

Surgical intervention

24 and 3 days before the end of the three-month con-
sumption of water with heavy metal salts by animals
in the operating room under intramuscular ketamine
anesthesia (50-75 mg/kg, Calypsol: Gedeon Richter,
Budapest, Hungary), observing aseptic and antiseptic
conditions, surgical intervention was performed. Before
the operation, the rats were fixed on a Board in a po-
sition on their back and the wool was cut off on their
shins. The operating field was treated with 3% alcohol
solution of iodine. Then there was made a longitudinal
incision of the skin and fascia along the line of margo
anterior tibia, took them aside and exposed the tibial
diaphysis. In the middle of the diaphysis, the defect
was applied to the bone-marrow canal using a drill (Ko-
rund-NX, VIOLA, Kiev, Ukraine) with a ball mill with a di-
ameter of 1.5 mm at low rpm and under jet cooling with
saline solution. The place of application of the defect
was chosen taking into account the least traumatiza-
tion of soft tissues. The operating wound was sutured
with a catgut suture.

Animals were removed from the experiment by decap-
itation under deep ketamine anesthesia (100 mg/kg) on
the 3 and 24" day from the moment of injury. Scan-
ning and transmission electron microscopy was used
to study the micro- and ultrastructure of bone regene-
rate cells.

Scanning electron microscopy

To study the cell elements of the regenerate by scan-
ning electron microscopy, fragments of the tibia with
the injury site were fixed in a 2.5% buffer solution of glu-
taraldehyde for 24 hours. Then they were washed with
a buffer solution and placed for final fixationina 1 %
buffer solution of osmium tetrachloride for 1 hour. De-
hydration was performed in alcohols of increasing con-
centration and acetone. Bone samples were glued to
metal tables with conductive glue, filed with carbon in
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a standard vacuum unit of the VUP-5 type (Selmi, JSC,
Sumy, Ukraine) and examined with a scanning electron
microscope “REM 106-1" (Selmi, JSC, Sumy, Ukraine).

Transmission electron microscopy

To study the cell elements of the regenerate by trans-
mission electron microscopy, a part of the bone marrow
was cut out and fixed in a 2.5 % buffer solution of glutar-
aldehyde for 24 hours. Decalcification was performed
in a solution of Trilon B at a temperature of 4 °C. After
decalcification, the tissue pieces were washed with
a buffer solution and placed for final fixation in a 1%
buffer solution of osmium tetroxide for 1 hour. Dehy-
dration was performed in alcohols of increasing con-
centration and acetone. Then the pieces of tissue were
soaked in a mixture of epoxy resins (EPON-Araldite). Po-
lymerization of the blocks was carried out in a thermo-
stat at a temperature of 60 °C for 2 days. Ultrathin sec-
tions were made on ultramicrotom UMTP-6M (Selmi,
JSC, Sumy, Ukraine), mounted on electrolytic grids,
which after contrasting with lead citrate were studied
under an electron microscope EMV-100BR (Selmi, JSC,
Sumy, Ukraine).

Results

On the 3 day after the injury in animals of both groups,
granulation tissue and a conglomerate of cells that had
morphological features of neutrophils, platelets, red
blood cells, osteogenic cells, macrophages and lym-
phocytes were found in the area of the bone defect
when viewed on a raster electron microscope. However,
in ultrathin sections of regenerate in the animals of both
groups, lymphocytes were mainly detected. In animals
of the first group, the nuclei of lymphocytes occupied
a significant part of the cytoplasm, the nuclear mem-
brane was smooth, and the perinuclear spaces were
not expanded. On the periphery of the core matrix in the
form of large osmiophilic depressions there were local-
ized granules of condensed chromatin, and in the Cen-
tral region of the core of karyoplasm had a low electronic
density and contained a small number of granules of de-
condensed chromatin. The well-developed granular en-
doplasmic reticulum, whose cisterns were significantly
expanded, and numerous ribosomes were detected on
the membranes, also attracted attention. At the same
time, in animals of the second group, the nuclei of lym-
phocytes were also large, containing mainly condensed
chromatin, and the granules of decondensed chroma-
tin were located in the Central region of the nucleus.
The core matrix had a low electron density, and the
perinuclear spaces, unlike the animals of the first group,
were greatly expanded. Lymphocytes of animals of the
second group were also characterized by the presence
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of an enlightened cytoplasm, which contained separate
cisterns of the granular endoplasmic reticulum (fig. 1).

On the 24 day of the experiment, the site of the bone
defect was filled with regenerate bone tissue, which
included primary and secondary osteoblasts in both
groups of animals. Primary osteoblasts were located
on the surface of the trabeculae of the regenerate bone
tissue, and secondary osteoblasts created bone plates
and turned into secondary osteocytes. At the same
time, the difference in the structure of the external sur-
face of osteocytes between the animals of the experi-
mental groups attracted attention. The latter consisted
in the fact that in the first group of animals the bone
tissue of the regenerate was dominated by osteocytes
with long processes, and in the second group of ani-
mals — with short ones (fig. 2).

In ultrathin sections of regenerate of the animals of
both experimental groups, osteoblasts were mainly
found, the cytoplasmic membrane of which formed
short processes, and clusters of collagen fibers were
detected in the adjacent intercellular substance. In os-

teoblasts of animals of the first group, the perinuclear
spaces were not expanded, granules of condensed
chromatin were concentrated along the periphery of the
nucleus, and the matrix retained an average electron
density. Mitochondria with a large number of cristae
and a fine-grained matrix of medium electron density
were detected in the cytoplasm. In osteoblasts, hyper-
plasia of the granular endoplasmic reticulum was also
detected, and its cisterns were flattened and filled with
a non-fibrous substance of medium electron density.
Numerous ribosomes were located on the membranes
of the endoplasmic reticulum and in the cytoplasm. Gol-
gi's lamellar cytoplasmic complex had a typical struc-
ture and localization in the cytoplasm, and its smooth
membranes were stacked. But in animals of the second
group, the nuclei of osteoblasts had deep intaginations,
chromatin, which was localized along the nuclear mem-
brane in the form of an osmiophilic ring. The perinuclear
spaces were not expanded. The mitochondria of osteo-
blasts had a rounded shape, the matrix — a coarse-fiber
structure with areas of electronic transparency, partially

Fig. 1 | Components of the tibial regenerate on the 3™ day after the injury. Vessels (1) of regenerate granulation
tissue (2) in animals of the first group. Electronic scan. X 1500. Macrophages (3), lymphocytes (4), red blood
cells (5) surrounded by a network of fibrous structures (6) in animals of the second group. Electronic scan.
4000X. Condensed chromatin (7), expanded cisterns of the granular endoplasmic reticulum (8), nucleolus
(9) of the limphocyte in animals of the first group. The TEM image. 35000X. Expanded perinuclear spaces
(10), areas of illumination of the nucleus matrix (11) and cytoplasm (12) of the lymphocyte in animals of the

second group. TEM image. 35000X.

m | WD=123mm
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destroyed by cristae. A small number of free-lying ribo-
somes and ribosomes, which were associated with en-
doplasmic reticulum membranes, were also observed
in the cytoplasm. In this case, the granular endoplasmic
reticulum represented a system of electron-transparent
vacuoles of various shapes and sizes (fig. 2).

Discussion

The study using scanning electron microscopy found
that in the area of the bone defect on the 3 day after
its application, the rats of both groups showed signs
of traumatic inflammation. The latter consisted in the
presence of polymorphism of blood cells and connec-
tive tissue cell elements that provided the formation of
granulation tissue. At the same time, we note that no
differences between the 2 groups of animals during
this period of the experiment were found using scan-
ning electron microscopy. However, using transmis-
sion electron microscopy, it was found that the intake
of excessive amounts of lead and cadmium in the body
led to a decrease in the biosynthetic activity of lympho-

cytes, as well as the appearance of dystrophic and de-
structive changes in them. The latter was evidenced by
the presence in the regenerate lymphocytes of a small
number of cisterns of granular endoplasmic reticulum,
a strongly expanded perinuclear space and an enlight-
ened cytoplasm.

On the 24" day after the injury, using scanning elec-
tron microscopy, it was found that osteoblasts and os-
teocytes appeared on the surface of trabeculae and in
the lacunae of bone tissue of regenerate of the animals
of both experimental groups. Osteocytes in animals
of the 1%t group had mainly long, and in animals of the
second group short processes. It should be noted that
the size of the processes of osteocytes is one of the im-
portant morphological signs of their maturity. Thus, it
is known that mature (secondary) osteocytes have long
processes and are located in lacunae of lamellar bone
tissue, while immature (primary) osteocytes of coarse-fi-
brous bone tissue are characterized by short processes
[2]. Thus, in the last period of the experiment, primary or
immature osteocytes prevailed in the bone tissue of re-

Fig. 2 | Tibial regenerate cells on the 24" day after the injury. Osteocyte with long processes (1) in the bone lacuna
in animals of the first group. Electronic scan. 10000X. Osteocyte with short processes (2) in the bone lacuna
in animals of the second group. Electronic scan. 8000X. Condensed chromatin (3), parallel oriented smooth
membranes of the Golgi complex (4), mitochondria (5) of the osteoblast in animals of the first group. TEM
image. 35000X. Expanded electron-transparent cisterns of the granular endoplasmic reticulum (6), matrix
enlightenment and cristae lysis of mitochondria (7), deep invaginations of the nuclear membrane of osteoblast
(8) in animals of the second group. TEM image. 33000X.
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generate of the animals of the 2" group. In turn, Lu H et
al, examining the distal epiphysis of the thighs of rats
with scanning electron microscopy after ingesting ex-
cessive amounts of lead and cadmium, indicated a de-
crease in the size of bone lacunae, but did not report
the cellular elements that are located there [27]. We
also note that there are works in the scientific litera-
ture devoted to the excessive influence of lead and/or
cadmium on the ultrastructure of cellular elements of
bone tissue. However, such studies were conducted in
conditions of physiological regeneration of bone tissue
in the epiphyses, as well as on cultured osteoblasts of
the skull bones. So, for example, Lu H et al using trans-
mission electron microscopy found that when the rats
received an excessive amount of lead and cadmium
combination to the osteoblasts of the femoral epiphy-
sis, there was a decrease in the number of organelles,
focal cytolysis, as well as condensation and marginal-
ization of chromatin in combination with a greater more
floc [27]. According to the data of Zhao H and co-au-
thors, mitochondria were changed in the conditions of
24-hour exposure to an increased concentration of cad-
mium alone in cultured osteoblasts of rat skull bones
[30]. Thus, after Cd treatment at a dose of 1 uM, swollen
mitochondria with featureless crystals were observed
in osteoblasts, and an increase in the Cd dose from 2 to
5 uM led to the disappearance of mitochondrial crys-
tals and the appearance of cytoplasmic vacuolation. In
turn, in the presence of an excess of lead alone, Bonucci
E et al found that the greatest changes in the tibial and
femoral bones of Collie puppies were exposed to 0s-
teoclast nuclei, which were subjected to pyknosis and
contained inclusion bodies with a high content of lead
[31]. At the same time, osteoblasts and osteocytes did
not contain inclusion bodies, since lead does not reach
a high enough concentration in these cells. In our study,
under the conditions of ingestion of excessive amounts
of lead and cadmium into the body of rats, signs of dys-
trophic and destructive changes were observed in os-
teoblasts of regenerate bone tissue. The latter was ev-
idenced by the presence in the nuclei of osteoblasts of
an electron-transparent matrix, numerous intussuscep-
tions of nuclear membrane, partially destroyed cristae,
coarse-fiber structure and areas of electronic trans-
parency of the matrix of mitochondria, as well as elec-
tron-transparent cisterns of the granular endoplasmic
reticulum.

Conclusion

Subchronic receipt of excessive amounts of lead and
cadmium in the body leads to the occurrence of dystro-
phic and destructive changes in the cellular elements of
bone regenerate and slowing their maturation.
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