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COMPARATIVE ANALYSIS OF BONE HEALING UNDER
PHYSIOLOGICAL AND TRACE ELEMENT OVERLOAD
CONDITIONS IN SENILE RATS

Introduction. Age-related impairment of bone healing is a growing
clinical concern. While the role of trace elements in bone metabolism is
well recognized, their effect on cancellous bone regeneration in elderly
organisms remains poorly understood. Our study contributes a valuable
foundation for understanding how excess exposure to specific trace
elements — namely zinc (Zn), manganese (Mn), copper (Cu), lead (Pb),
and chromium (Cr) — affects bone regeneration. Through a comparative
histological and ultrastructural analysis of fracture healing in control and
microelement-overload groups, we aim to elucidate the mechanisms by
which trace elements modulate bone repair, angiogenesis, and
osteogenesis in aged organisms.

Methods. Our study was focused on comparing the course of
cancellous bone healing under physiological conditions and trace
element overconsumption in senile rats using histological and scanning
electron microscopy analysis.

Results. The results showed cancellous bone healing of control group
followed a time-dependent sequence of inflammation, granulation tissue
formation, fibroreticular remodeling, and coarse woven bone deposition.
In contrast, the trace element overconsuption group exhibited delayed
and disorganized reparative osteogenesis, marked by delay tissue
formation, prolonged inflammatory features, and substantial
cartilaginous tissue formation by day 21. Reduced vascular density in
MeG animals suggested impaired angiogenesis, further contributing to
compromised regeneration.

Conclusions. Trace element overconsumption alters the normal
trajectory of cancellous bone healing in senile rats, inducing a shift
toward endochondral ossification and impairing vascularization. These
findings underscore the critical influence of microelement balance on
skeletal repair in aging organisms.
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MOPIBHAJIbHUM AHAJII3 IMPOLECIB 3AO€HHA
KICTKOBOI TKAHUHH 3A ®I3I0JIOTTYHUX YMOB I YMOB
HAJMIPHOI'O HAIXOJIKXEHHS MIKPOEJEMEHTIB VY
CTAPUX IIYPIB

Bcmyn. BikoBe TOpYIIEHHS 3aro€HHS KICTKOBOI TKaHHHU €
3pOCTAIOY0I0 KIIHIYHOIO MpobieMoro. Xoda poiib MIKPOENEMEHTIB y
MeTabosi3Mi KICTKOBOi TKaHMHHM € J00pe BHMBYEHOIO, IXHIil BIUIMB Ha
pereHepaifiro ryovyactoi KICTKM B OpraHi3Max JITHBOTO BIiKY
3aJIMIIAETHCS HEOCTaTHBO 3’ ICOBAHOIO.

Memoou. Y upoMy IOCHIIDKeHHI OyJIO TPOBEICHO MOPIBHAIBHUI
aHali3 JWHAMIKH 3aro€HHS T'y04YacTol KiCTKOBOI TKaHWHH Y CTapuX
IIypiB 3a (i310JIOTIYHUX YMOB Ta 32 YMOB HaUIHIIKOBOTO CITO’KUBAHHS
MIKpPOGJIEMEHTIB 13 BHKOPHUCTAHHSAM TiCTOJIOTIYHOTO Ta CKAaHYHOUYOTO
€JIeKTPOHHOMIKPOCKOIIIYHOTO aHAi3Y.
pereHepariii
penapaTHBHOTO

Ipymi  Mporec
3araJIbHOBU3HAHUM craram

Pesynemamu. 'Y  KOHTpOJbHIN
3TiHO

3amnajeHHs,

BiOyBaBCs
rpaHy IS HHOT
TKaHUHH Ta

(dbopmyBaHH
¢bidpopeTuKyIIpHOT
rpyOOBOJOKHHUCTOT KICTKOBOI TKaHMHH. Ha BinmMiHy B 1poro, y rpymni 3

OCTCOT'CHE3Y ! TKaHUHU,

PO3BUTOK BIJIKJTaJICHHS

HaJIMipHUM MIKpOEJIEMEHTIB CIToCTepiraBcs

YIOBITPHEHUH Ta AE30pTaHi30BaHWN peTapaTHBHUM OCTEOTEHE3, IO

HaJIXOKEHHIM

NPOSIBIISIBCS 3aTPUMKOIO (DOPMYBaHHS TKAHWH, TPHBAIUM 3alaJCHHSIM
Ta 3HAYHOIO KITBKICTIO XPAIIOBOI TKAHUHHU Ha 21-nry 1o0y. 3MeHIICHHS
IITPHOCTI CYAWH Y TBapWH Ii€i TPYIMH CBIMYMIO PO TMOPYIICHHS
aHTiOreHe3y, 110 JOJaTKOBO YCKJIAIHUIIO MPOLEC pereHepartii.
Bucnosxu. HanmipHe CIOXHUBAaHHS MIKPOEJIEMEHTIB  3MIHHJIO
HOpPMaJIbHUH XiJI 3aro€HHsl ry04yactoi KICTKOBOI TKaHMHH Y TBapuH
CTape4oi TpyNH, CHPHUSIOUN TEPeXoay N0 XPsIIOBOTO OCTEOTeHe3y Ta
MOpYIIEHHIO aHrioreHedy. OTpuMaHi pe3yJbTaTd MiJIKPECIIOIOThH
KPUTHYHY Ba)KJIUBICTH MIKPOEIEMEHTHOro OajiaHcy i e(peKTHBHOTO
BiJTHOBJICHHS KICTKOBOT TKAHWHU B YMOBAaX CTapiHHS OPTaHI3MY.
KarouoBi cioBa: penapaTHBHHH OCTEOreHe3, MiKpOEIEeMEHTO3,

ry0dJacTa KicTKOBa TKaHHHA, IIIyPU CTApPeyoro BiKy.

Aemop, eionogidanvnuii 3a aucmyeanua: €ecenia [ycax, Cinesvkuti mexHono2iunull yHisepcumem, XimiuHuu

gaxynomem, I'nisiye, [lonvwa
e-mail: evgenia.husak@gmail.com

ABBREVIATIONS
BMD - bone mineral density,
CG - control group,

INTRODUCTION

H&E — hematoxylin and eosin,
MeG — experimental groups,
SEM - scanning electron microscopy

Previous studies have
between trace

hydroxyapatite crystals [1].

demonstrated correlations element

Bone is a highly mineralized connective tissue
characterized by an intercellular matrix enriched with

inorganic components, primarily in the form of

human
drinking water, and

concentrations  within  the
encompassing dietary

exposome —
intake,
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airborne particulates — and their subsequent accumulation
in bone mineral matrices [2]. Metabolic factors,
environmental exposure, and nutritional status contribute
significantly to the development of bone diseases and
pathologies, including fractures and osteonecrosis.
Variations in specific trace element levels have been
associated with compromised bone integrity and impaired
regenerative capacity [3].

The number of elderly individuals suffering from
bone-related diseases continues to rise due to
demographic shifts and increased life expectancy.
Musculoskeletal ~disorders are among the most
widespread noncommunicable diseases globally, with
osteoporosis and osteoarthritis being the most prevalent
in aging populations [3, 4]. Among the diverse factors
influencing bone metabolism, trace elements have
attracted growing scientific attention due to their dual
role: they may exert osteoprotective effects when present
at optimal levels or induce toxicity when deficient or in
excess. Proper trace element balance is essential for
maintaining bone homeostasis, and both deficiency and
overload may lead to metabolic bone diseases and
delayed fracture healing [5].

Essential elements such as zinc, copper, manganese
contribute to enzymatic functions, collagen synthesis,
osteoblastic  activity,
mechanisms [6, 7]. Conversely, heavy metals such as
lead and cadmium disrupt cellular processes, inhibit
osteogenic differentiation, and induce oxidative stress,
thereby compromising skeletal integrity [7, 8]. Moreover,
a growing body of evidence highlights the pivotal role of

and antioxidative  defense

trace elements in maintaining bone health by modulating
bone mineral density (BMD), lowering fracture risk, and
preventing degenerative skeletal disorders [9, 10]. These
microelements are involved in complex biochemical
pathways that regulate inflammation, vascularization, and
cell signaling essential for bone regeneration. Studies
have shown that trace elements influence the function of
osteoblasts, osteoclasts, chondrocytes, and endothelial
cells—key players in bone remodeling and repair [11].
For instance, Dr. Pasco and Dr. Han explored the impact
of dietary copper intakes on BMD, demonstrating their
relevance in maintaining bone architecture in aging
individuals [9]. Another notable study by Martinez-Nava
and colleagues investigated the role of cadmium that
cadmium exposure may influence negatively the level of
essential elements, such as zinc, iron, manganes [12].
Although these studies highlight diverse molecular
mechanisms through which trace elements influence
skeletal biology, nevertheless, despite growing insights,
regulatory  pathways remain
incompletely  understood, necessitating continued
research to develop targeted therapeutic strategies [9],
[13].

many  underlying

One of the least explored areas pertains to the
dynamics of cancellous (spongy) bone healing under
varying conditions of trace element exposure. The
literature currently lacks robust experimental data on how
different microelements influence the regenerative
processes following trabecular bone fractures, particularly
in elderly organisms [14]. This knowledge gap is critical
given the increasing incidence of such fractures and the
complex interplay of aging-related physiological decline
and bone metabolism.

Moreover, most existing experimental models fail to
adequately replicate the aged bone environment or
account for trace element imbalances. To address this
gap, the present study employs an in vivo model [15]
designed to investigate cancellous bone healing in senile
rats under both physiological and microelement-overload
conditions. This approach, developed by our colleagues,
incorporates a combination of several trace elements and
evaluates their long-term effects. The complex interplay
among these elements may result in synergistic or
antagonistic By replicating the
pathophysiological context of age-related
microelementosis, the study aims to provide clinically
relevant insights into reparative osteogenesis in the
elderly.

This research is particularly timely given the limited
number of comprehensive animal studies in this domain
and the technical challenges involved in reproducing
cancellous bone fractures experimentally. Our study
contributes a valuable foundation for understanding how

outcomes.

excess exposure to specific trace elements — namely zinc
(Zn), manganese (Mn), copper (Cu), lead (Pb), and
chromium (Cr) — affects bone regeneration. Through a
comparative histological and ultrastructural analysis of
fracture healing in control and microelement-overload
groups, we aim to elucidate the mechanisms by which
trace elements modulate bone repair, angiogenesis, and
osteogenesis in aged organisms [16].

MATERIALS AND METHODS

Design of animal experiments and surgical
procedures

All animal procedures were approved by the Ethical
Committee of Sumy State University (Protocol 12/07
from 14.07.2022) and conducted in accordance with the
international principles outlined the European
Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes
(Strasbourg, 1986), as well as the national legislation of
Ukraine, On the Protection of Animals from Cruel
Treatment.

All animals included in the study were senile rats

in

(aged 18-20 months), which represented the single age
group. A total of 36 alder male rats were used to evaluate
a calcaneal fracture model (Figure 1). The model was

725



Eastern Ukrainian Medical Journal. 2025;13(3): 723-733

established by creating a transverse osteotomy in the
calcaneal bone. Surgical procedures were carried out
under general anesthesia induced by intraperitoneal
injection of ketamine (50 mg/kg) and xylazine
hydrochloride (10 mg/kg). To ensure aseptic conditions,
the surgical site was sterilized with povidone-iodine. A
standard lateral approach was employed to access the
calcaneus, followed by bone stabilization. A critical-size
segmental defect (1 mm) was created using a dental
turbine/micromotor bur (@ 1 mm) under continuous
saline irrigation to prevent thermal damage. The animals
were randomly assigned to control (CG) and
experimental (MeG) groups and were sacrificed at three
time points: days 7, 14, and 21 (n = 6 per group per time
point). Euthanasia was performed under deep anesthesia

using an overdose of ketamine/xylazine to ensure that
potential pain or distress was minimized. The last period
of justification corresponds to the late phase of reparative
osteogenesis in rats, during which both bone tissue
formation and early signs of delayed healing or
remodeling disturbances can be evaluated [17, 18]. One
month prior to the surgical procedure and throughout the
experimental period, the experimental group received an
aqueous mixture of heavy metal salts at the following
concentrations: Zn** — 5 mg/L, Mn?" — 0.1 mg/L, Cu*' — 1
mg/L, Pb** — 0.1 mg/L, and Cr** — 0.1 mg/L. At the end
of each time point on 7%, 14% and 21* day, animals were
euthanized via CO: asphyxiation, and the calcaneal
samples were subjected to histological and scanning
electron microscopy (SEM) analyses.

i i \

WD=10.0mm 30.00kV x1.00k _ 50pm

e . e ’v" ‘“5 -
N 'r‘A " WD=10.6mm
N

4%, WD=102mm 30.00kV__ x100

Figure 1. Histological (A, B) and scanning electron microscopy (SEM) (C) images illustrating the regenerative
process of calcaneal bone defects in the control group of senile rats on 7-21 post-injury.

(A) Hematoxylin and eosin (H&E) staining at x40 magnification and (B) H&E staining at 200 magnification
reveal the morphological features of the regenerate, including granulation and woven tissues, as well as the interface
with native bone. (C) SEM image at x1.00k — x100 magnification provides ultrastructural visualization of the defect
zone, highlighting the organization of newly formed bone and associated cellular and extracellular components.

Key structures identified: 1 — Capillaries, 2 — Lymphocytic cells, 3 — Fibroblast cells, 4 — Mature bone tissue, 5 —
Coarse woven bone tissue, 6 — Fibroreticular tissue, 7 — Granulation tissue, 8 — Adipocytes, 9 — Bone marrow cavities,

10 — Macrophages cells, 11 — Osteocytic lacunae
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Histological analysis

Calcaneal bones were fixed in 10% neutral buffered
formalin for 24 hours. After fixation, the samples were
decalcified in a formic acid solution under constant
agitation for one week. The decalcified tissues were
then dehydrated through a graded ethanol series and
embedded in paraffin. Serial sections, 5—7 pm thick,
were prepared using a microtome and stained with
hematoxylin and eosin (H&E) to evaluate general tissue
morphology. To quantify the formation of histological
structures, three representative sections from each
sample were analyzed using Image] software. The
results were normalized to a standard area of one square
millimeter. Additionally, the sizes of the formed
structures determined by measuring their
diameters in each histological section.

were

Scanning Electron Microscope (SEM) imaging

Calcaneal bones were fixed in 5% glutaraldehyde for
24 hours, followed by dehydration in a graded ethanol
series (50%, 70%, 80%, 90%, and 100%). The samples
were then sectioned at the regeneration site and
mounted on graphite tape. Surface coating with silver
was performed using the VUP-5 sputter coater. The
morphology of the regenerative process was examined
using a RYeMMA-102 scanning electron microscope
(SELMI OJSC, Sumy, Ukraine). SEM observations
were interpreted in the context of adjacent histological
sections stained with H&E.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism version 9. Results are presented as mean +
standard deviation (SD),
graphically.

RESULTS

On the seventh day of reparative osteogenesis,
histological analysis of the control group revealed that
the regeneration zone was largely occupied by a dense
inflammatory infiltrate, indicating the early phase of the

both numerically and

bone healing process (Figure 1). Numerous hemorrhagic
foci and necrotic areas were present, particularly
surrounding the fractured trabeculae, which appeared
thinned, detached, and structurally compromised. The
trabecular disintegration was likely due to both
mechanical injury and osteoclastic resorption.

The cellular infiltrate was predominantly composed
of lymphocytic cells, indicating acute inflammation.
Granulation tissue had already begun to form,
occupying 75.23 + 2.8% of the regeneration zone, while
a morphometric analysis of the defect area showed
granulation tissue filled 70.65 = 1.61% of the bone
defect (Table 1). The granulation tissue consisted of
loose connective stroma with immature fibroblasts and
newly forming capillaries. In addition, adipocytic
infiltration within the bone marrow cavities was noted,
contributing to the thinning of trabeculae. This
adipogenic replacement of hematopoietic elements is a
known aging-related change that negatively affects
osteogenesis [19]. Differentiation of mesenchymal stem
cells into adipocytes leads to reduced osteoblastogenesis
All these
processes result in decreased formation of new bone
tissue and predominance of resorption, which clearly
explains the phenomenon of trabecular thinning in aging

and stimulation of osteoclastogenesis.

organisms [20, 21].

SEM provided further detail. The
regenerating tissue at the interface between bone
trabeculac and granulation tissue exhibited residual
hemorrhagic traces, indicative of incomplete resorption
of the post-traumatic hematoma. The regenerate
appeared relatively homogeneous but immature, lacking

structural

definitive into ossified

components. These findings suggest that the healing

organization woven or

process in aged animals proceeds at a slower pace, with

delayed transition from inflammation to tissue

remodeling.

Table 1. The morphometric parameters of bone defect in different time-points of regenerative process

Granulation, | Fibroreticular, Coarse |Lamellar bone, A.verage Average Average cavity
Group | Days o o A o diameter | vascular area, 2
% % fiber, % % 2 area, pm
vessels, pm pm
7 70.65+1.61 _ _ _ 2.97+0.42 3.66+0.62 167.70£55.19
CG 14 34.8+2.21 62.98+1.27 _ _ 3.82+0.6 42.82426.62 | 149.27+24.82
21 15.10+1.13 22.17+1.16 62.97+1.93 _ 4.240.82 10.8+3.07 179.61+28.09
Granulation, | Fibroreticular, Coarse Cartilaginous Atverage Average Average cavity
Group | Days o o o . o diameter | vascular area, 2
%o % fiber, % tissue, % 2 area, um
vessels, pm pm
7 B B B B B B 303.95+95.76
MeG 14 19.32+0.42 _ _ _ 2.20+0.24 23.4+4.79 125.83447.56
21 _ 45.76+0.47 13.6+0.31 32.37+£0.74 2.38+0.28 11.52+1.065 187.7+35.36
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By day 14 post-injury, the inflammatory infiltrate had
fully subsided, as evidenced by the absence of
inflammatory cells within the defect area. The central
region of the regenerate was now dominated by
granulation tissue (34.8 £ 2.21%), characterized by

randomly  oriented collagen fibers, immature
mesenchymal cells, and angiogenic capillaries.
Meanwhile, the peripheral zone transitioned into

fibroreticular tissue, constituting 62.98 + 1.27% of the
regenerate. This tissue was denser and more organized,
forming a meshwork that supported early osteoid
deposition. Pronounced angiogenesis was observed
within the regenerate’s central portion, marked by dilated
capillaries and developing sinusoids. In the periphery,
there was evidence of active remodeling of maternal bone
tissue, with osteocyte-populated trabeculac and adjacent
proliferating osteoblasts contributing to new bone matrix
formation. The cellular composition of the regenerate at
this  stage highly  polymorphic, including
macrophages, reticulocytes, and fibroblasts, supporting
ongoing tissue remodeling. Histological staining revealed

was

homogeneous and intense osteoid deposition in the newly
formed trabeculae, sharply contrasting with the older
surrounding bone. However, some peripheral trabeculae
showed empty osteocytic lacunae, a feature potentially
indicating prior osteocyte apoptosis. Adipocytes were still
abundant in the bone marrow cavities, reflecting ongoing
senescence-associated changes.

By day 21, the regenerate exhibited advanced
structural maturation. The central part of the defect was
occupied by residual granulation tissue (15.10 £ 1.12%)
and fibroreticular tissue (22.17 = 1.16%), both of which
had decreased compared to earlier stages. The granulation
tissue still retained randomly oriented fibers and
angiogenic profiles, suggesting that vascular remodeling
persisted.

The most prominent feature at this stage was the
development of coarse woven bone, which had become
the predominant component (62.97 + 1.93%) of the
regenerate. This bone was organized into a fine-looped
trabecular network and was structurally integrated with
the maternal bone at the fracture margins. The woven
bone tissue appeared intensely eosinophilic and
homogeneous, consistent with woven bone formation.
The cellular landscape was dominated by fibroblasts,
macrophages, and lymphocytes, which are characteristic
of the late remodeling phase. Residual tissue-filled
cavities and persistent adipocytic infiltration were still
observed, particularly in the bone marrow regions,
indicating incomplete hematopoietic restoration. The
newly formed trabeculae varied in density and osteoblast
coverage, suggesting heterogeneous maturation of the

ossified regenerate. SEM imaging confirmed these
findings, revealing a progressively organized regenerative
architecture with visible trabecular scaffolds, reduced
hemorrhagic debris, and improved bone-regenerate
integration.

On the seventh day of reparative osteogenesis in the
MeG group, the regenerative response was markedly
delayed compared to the control (Figure 2). Histological
analysis revealed well-demarcated fracture boundaries
with limited signs of organized The
interfragmentary space was filled with a persistent blood
clot, inter woven with fibrin strands and edematous
cavities, indicating stalled hematoma resorption and
inefficient transition to granulation tissue.

The surrounding trabecular bone was extensively
damaged, showing signs of fissures, cracks,
delamination. Numerous trabeculae appeared thin and
fragmented, and vast osteocyte-depleted areas were
observed, reflecting widespread bone necrosis. Bone
marrow cavities were dominated by adipocytes, a
common hallmark of aging and disrupted hematopoiesis.

repair.

and

SEM analysis confirmed these observations, revealing a
structurally disorganized and heterogeneous regenerate
surface, with accumulated hematoma, lymphocytic
infiltration, and a lack of organized matrix deposition.
The suggested minimal
osteogenic activity, signifying that trace element overload
impairs early-stage bone healing by delaying both
inflammation resolution and regenerative signaling
cascades.

By day 14, although reparative activity had initiated,

overall microarchitecture

the process remained markedly inferior to that in the
control group. Notably, in the experimental animals the
regenerate appeared even less organized than at day 7,
reflecting a regression of healing dynamics under trace
element overload. Granulation tissue was still the
predominant component, accounting for 19.32 + 1.16%
of the regenerate (Table 1), and was largely restricted to
the lower regions of the defect. The granulation matrix
contained fibroblasts at different maturation stages and
poorly differentiated stromal cells, indicating ongoing but
incomplete cellular organization.

Persistent lymphocytic infiltration and residual blood
clots highlighted a prolonged inflammatory phase.
Engorged sinusoids and capillaries were present but
appeared unevenly distributed, especially within the
deeper suggesting impaired or
inefficient angiogenesis. Small foci of bone marrow
regeneration were noted in the intertrabecular spaces,
though their appearance was sporadic and lacked
structural integration.

granulation zones,
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WD=15.6mm

20.00kV  x250  200pm
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Figure 2. Histological (4) and scanning electron microscopy (SEM) (B) images of calcaneal bone defect
regeneration in the experimental group (MeG) of senile rats under trace element overconsumption conditions.

(A) Hematoxylin and eosin (H&E) staining at x40 magnification and (B) H&E staining at X200 magnification
highlight delayed tissue regeneration characterized by the presence of residual hematoma, lymphocytic infiltration, and

incomplete granulation and fibroreticular matrix formation. Adipocyte accumulation and cartilaginous areas indicate
impaired osteogenesis and a shift toward endochondral ossification. (C) SEM image at x40, x250 and x400

magnification shows an irregular regenerate surface with immature trabeculae, fragmented collagen fibers, and limited

integration with the host bone.

Labeled structures: 1 — Regenerate zone, 2 — Bone tissue, 3 — Adipocytes, 4 — Lymphocytic cells, 5 — Capillaries, 6
— Lymphocytic infiltration, 7 — Residual hematoma, 8 — Granulation tissue, 9 — Fibroreticular tissue, 10 — Coarse
woven bone tissue, 11 — Cartilage tissue, 12 — Collagen fibers

The peripheral bone tissue adjacent to the defect
continued to exhibit significant structural compromise,
with no clear signs of remodeling or new matrix
deposition. Only sparse, flattened osteoblast-like cells
were observed along limited trabecular surfaces,
indicating minimal osteogenic activity and insufficient
cellular support for robust osteoid synthesis. SEM
imaging echoed these findings, visualizing a mosaic and
poorly organized regenerate surface, dotted with
engorged blood vessels, uneven collagen deposition,
and limited evidence of osteoid formation.

On the twenty-first day, some degree of regenerative
remodeling became apparent; however, the pattern
differed fundamentally from the control (Figure 2,
Figure 3 (B-D)). The regenerate now consisted of
fibroreticular tissue (45.76 + 2.4%), woven bone (13.6 +

1.175%), and cartilaginous tissue (32.37 + 2.59%). This
tissue composition clearly diverged from the control
group, which lacked cartilaginous elements and
demonstrated predominantly woven bone formation. In
the MeG group, coarse woven bone and cartilage were
distributed in a mosaic-like arrangement, especially in
the deeper regions of the defect. This configuration
suggests a partial shift toward endochondral
ossification, likely as a compensatory mechanism
triggered by impaired osteogenesis due to microelement
imbalance. The fibroreticular component remained
dense and randomly woven, with abundant fibroblasts
but limited vascular structures. Tissue-filled cavities
were still present, indicating delayed matrix
consolidation.
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Figure 3. Histological microscopy images of calcaneal bone defect regeneration in senile rats, stained with
hematoxylin and eosin (H&E), illustrating distinct histological structures: (A) control group on day 21, %200
magnification; (B—D) experimental group (MeG) under trace element overconsumption: (B) x400 magnification, (C)

x 100 magnification, (D) x100 magnification.

Labeled structures: 1 — fibrous bone tissue, 2 — bone marrow cavities, 3 — fibroreticular bone, 4 — osteoblast cells

line, 5 —bone tissue, 6 — adipocytes, 7 — capillaries, 8 — cartilage tissue, 9 — collagen fibers, 10 — osteocytic lacunae

At the interface with the host bone, osteoblast layers
were sparse and poorly defined. Resorptive lacunae and
thinned trabeculac were common, and adipocyte-rich
marrow remained dominant. The newly formed
trabeculae in the center of the defect exhibited a fine-
looped pattern, but with low osteoblast density and
variable morphology — some elongated, others flattened
or irregular — indicative of impaired osteoblast function.
SEM imaging on day 21 confirmed these histological
features. Although coarse woven bone was now
discernible, it was poorly mineralized and structurally
discontinuous. The regenerate lacked cohesive integration
with the host bone, further underscoring the suboptimal
quality of healing under trace element overload.

DISCUSSION

This study highlights significant differences in the
dynamics of cancellous bone healing between
physiological conditions and conditions of trace element
overconsumption in senile rats. In the control group, the
regenerative process followed a classic and orderly
sequence of stages — beginning with inflammation,
followed by granulation tissue formation, fibroreticular
matrix development, and culminating in coarse woven
bone deposition by day 21 (Figure 3 (A)). This timeline
aligns with established descriptions of fracture healing,
in which inflammation and neovascularization are

prerequisites for subsequent bone matrix deposition and
mineralization [11, 12].

In contrast, the experimental group, exposed to
elevated levels of Zn, Mn, Cu, Pb, and Cr, demonstrated
delayed, disorganized, and qualitatively inferior
osteogenesis. Although physiological zinc supports
osteogenesis, multiple studies show a bi-phasic
response: excess Zn*" inhibits osteogenic activity,
reduces MSC viability, and perturbs remodeling
signaling, potentially compromising bone regeneration
[22, 1, 23, 24]. Manganese, like zinc, is essential for
bone formation—with a demonstrated ability to promote
osteoblast activity and inhibit osteoclastogenesis [25].
However, unlike zinc, there is little evidence that
manganese overconsumption directly impairs bone
regeneration, although observational data link elevated
Mn levels to reduced bone mineral density [26]. While
physiological levels support osteogenesis, excessive
Cu** has been shown to exert cytotoxic effects on
osteoblasts, reduce alkaline phosphatase activity, and
impair collagen synthesis, thereby delaying bone matrix
formation and mineralization [27]. Lead is a well-
documented bone toxicant that substitutes for calcium in
hydroxyapatite, altering crystal structure and reducing
mineralization quality [28]. Chronic Pb exposure
decreases osteoblast number and function, stimulates
osteoclast activity, and suppresses osteocalcin
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expression [29]. In contrast to hexavalent chromium,
which is acknowledged as toxic and capable of
disrupting bone modeling processes [30], there is
currently no experimental
overconsumption of trivalent chromium (Cr**) impairs
reparative osteogenesis.

The combined overconsumption of these elements
resulted in a regenerate on day 21 that comprised not
only fibroreticular and coarse woven bone tissue but
also a substantial portion (32.37 + 2.59%) of
cartilaginous tissue. Cartilage formation was only
observed at day 21. This presence of cartilage suggests a
shift toward endochondral ossification—a deviation
from the intramembranous ossification typically
observed in metaphyseal bone repair [13]. This
observation can be explicity as an abnormal or
compensatory  mechanism.  This  compensatory
ossification route is likely triggered by impaired
osteoblastic function and disrupted bone matrix
formation [31].

The adverse influence of trace element overload on

evidence that

the cellular microenvironment is supported by previous
research demonstrating that excessive copper, lead, or
zinc can impair osteoblast activity, collagen synthesis,
and matrix mineralization [14, 15]. The observed
increase in bone marrow adiposity and reduction in
osteocyte density further indicate compromised bone
viability, consistent with reports of metal-induced
oxidative stress and cellular toxicity [32].

Importantly, vascularization — an essential element of
bone regeneration — was also detrimentally affected. In
the MeG group, both the vascular area and vessel
diameter were significantly reduced compared to
controls, particularly on day 14, when angiogenesis
should peak. Poor neovascularization impairs nutrient
delivery, cell migration, and waste clearance, thus stalling
progression to mineralized bone formation. Similar
findings have been reported in studies exploring the
impact of heavy metals on angiogenesis, which show
both direct inhibition of endothelial proliferation and
indirect suppression via inflammatory pathways [16, 17].

Finally, the findings demonstrate that trace element
imbalance can profoundly alter the trajectory of bone
healing in aged organisms, reinforcing the need to
consider environmental and nutritional factors in
managing osteoporotic fractures. These data support the

PROSPECTS FOR FUTURE RESEARCH

hypothesis that excessive microelement intake — notably
in elderly populations — may contribute to poor fracture
outcomes by promoting delayed ossification, impaired
angiogenesis, and disrupted cellular signaling.
CONCLUSIONS
This study
overconsumption of trace elements, including zinc,
copper, manganese, lead, and chromium, profoundly
disrupts the normal trajectory of cancellous bone
healing in senile rats. In contrast to the orderly and
time-dependent sequence of inflammation, granulation,
fibroreticular transformation, and woven bone formation
observed under physiological conditions, the
experimental group exhibited delayed, disorganized,
and morphologically inferior regenerative outcomes. In
the control group, healing at 7 day progressed with
granulation tissue and early vascular formation, though
slowed by age-related changes. In contrast, the
microelement-overload group showed delayed repair,
persistent hematoma, necrosis, and minimal osteogenic
activity, reflecting stalled transition from inflammation

demonstrates that chronic

to regeneration. Notably, by day 14 the regenerate in
microelement-overload animals appeared even less
organized than at day 7, reflecting a regression in
healing dynamics. Moreover, a significant reduction in
angiogenic activity was observed, with vessel diameter
decreasing from 3.82 = 0.6 um in controls to 2.20 +
0.24 pm in experimental animals at day 14, further
hindering osteogenesis. On day 21, instead of mature
woven bone as in controls (62.97 + 1.93%), the
regenerate in the experimental group consisted of 45.76
+ 0.47% fibroreticular tissue, only 13.6 + 0.31% woven
bone, and as much as 32.37 £ 0.74% cartilaginous
tissue, indicating a compensatory
endochondral ossification. Therefore, the overloaded
group exhibited disorganized remodeling, with
fibroreticular limited woven bone, and
substantial cartilage, indicating a pathological shift
toward endochondral ossification and impaired
angiogenesis. Collectively, the findings underscore the
critical importance of trace element homeostasis for

reliance on

tissue,

successful skeletal repair in aging organisms. This work
contributes valuable insights into the pathophysiology
of age-related bone regeneration and highlights the
potential risks associated with microelemental
imbalance in elderly populations.

The present study provides foundational insights into the detrimental effects of trace element overload on cancellous
bone regeneration in senile organisms. However, several questions remain open and warrant further investigation.
Detailed profiling of signaling pathways affected by trace elements—particularly those involved in osteogenic
differentiation, matrix mineralization, oxidative stress response, and angiogenesis—is essential to elucidate the cellular

basis of impaired bone healing.
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