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Abstract

Insufficient bone regeneration is a common issue for patients with extensive bone damage, therefore the use of allografts is required. With
increasing life expectancy, there is a higher risk of bone repair issues after fractures or orthopedic surgical intervention. We studied incorporation
and remodeling of structural allografts in critical size metaphyseal femur defects in 52 rats aged 3-month-old and 12-month-old who underwent
surgeries creating a bone defect, which was either filled with a structural allograft (3-month-old — 3moAllo; 12-month-old — 12moAllo) or left
empty (3-month-old — 3moE; 12-month-old — 12moE). Histological analyses were performed 14, 28 and 90 days after the surgery. The percentage
of bone and fibrous tissues, and allograft relative to the defect area was evaluated. The transmission electron microscopy was carried out
14 days after allograft implantation. When the defect was empty, slower bone regeneration was observed in 12moE rats versus 3moE, leading
to sufficient irregularities in the anatomic structure of the femur 90 days after the surgery. When a structural allograft was used, the area of the
fibrous tissue was larger in the defects of 12moAllo compared with 3moAllo rats 90 days after surgery. No age-related differences were found
in the allograft remodeling and structures of the osteocytes, osteoblasts, and osteoclasts over the observation period. Evident issues with bone
regeneration were found in critical size defects both of 12moE and 12moAllo rats. However, the allograft use allowed the bone maintaining

anatomic structure 90 days after the surgery.
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=& Introduction

Bone substitutes are used because there is a need to
optimize the reparative osteogenesis in bone defects that
occur because of injuries, gunshot wounds, bone tumor
removals, during revision hip arthroplasty or surgical
intervention on the spine. These defects are large and do
not heal through bone tissue formation on their own. They
are called “critical size defects” [1]. It is known that the
frequency of nonunion or delayed union after bone fractures
is high — from 3% to 28% [2, 3]. This causes disability in
patients, which then requires additional surgical intervention,
and increases the amount of money spent.

According to United Nations (UN) data, the number of
people over 65 is increasing all over the world: from 8.7%
in 2017 to potentially 15.8% in 2050; in Ukraine, 16.5%
and 25.5%, respectively [4]. They are developing issues
with bone turnover, which lead to decreased bone mineral
density and lower bone quality [5], lowered reparative
potential [6, 7]. This also makes bone repair after injuries
and surgeries on the skeleton more difficult.

One way to improve bone regeneration is to use bone
grafting using autologous and allogeneic bone grafts.
Autografts are the “gold standard” in orthopedic surgery.

However, their use is limited by the volume of material
that can be obtained, additional damage in the donor site,
and the impossibility of their extraction in patients with
severe injuries. Therefore, bone allografts that lack living
cells due to sterilization are widely used to accelerate bone
healing [8]. Depending on the situation, bone allografts
of different structures (cortical, cortical-cancellous, and
cancellous) and shapes (structural and fragmented) can be
used [9]. In 2020, the most common surgical interventions
that used bone allografts were, in first place, spine fusion,
in second, dental implant procedures, and, in third, joint
reconstruction [10]. The rapid incorporation of the
replacement materials into the bone, which is based on their
osteoconductive and osteoinductive properties, is crucial
for the recovery of the biomechanics of the segment of the
skeleton that was operated on [11]. Nonetheless, bone quality
at the moment of implantation, which decreases with age, is
also a determining factor of the success of bone grafting [5].

Aim
The objective of the study was to examine age-related

differences in the incorporation and remodeling of structural
allografts in critical size metaphyseal femur defects in rats.
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& Materials and Methods
Animals

Experiments were performed in accordance with the
Ukrainian Law “On the Protection of Animals from Brutal
Treatment” [12], European Convention for the Protection
of Vertebrate Animals used for Experimental and Other
Scientific Purposes (1986, ETS 123) and Directive 2010/
63/EU. The plan for the experimental study was approved
by the Bioethics Committee at the Sytenko Institute of Spine
and Joint Pathology, Kharkiv, Ukraine (Protocol No. 191
from 22.04.2019).

Fifty-two male white laboratory rats from the population
of the Experimental Biological Clinic of the Sytenko Institute
of Spine and Joint Pathology were included in the study.
The rats were of two different ages: 3-month-old, with an
average weight of 263.849.1 g (n=26) and 12-month-old,
with an average weight of 446.3+10.8 g (n=26). Four or
five animals lived in each cage, with a 12-hour light period,
a temperature of 20-24°C, with access to water and standard
diet ad libitum.

Study design

All animals underwent a surgery that created metaphyseal
femur defects. In each age group, the rats were randomly
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Preparation of bone allografts

The allograft donors were 6-month-old rats (n=13),
whose femurs were taken out after they were administered
a lethal dose of anesthetic (Sodium Thiopental, 90 mg/kg
intramuscularly). To remove blood remnants and to keep
it sterile initially, the donor’s allogeneic bone was stored
in a 10% hydrogen peroxide solution for two hours. To
remove fats, the bone was stored in a solution of 96% ethyl
alcohol and 100% diethyl ether (1:1, v/v) for two hours. To
decrease its antigen properties derived from the remaining
non-collagen protein, the bones were stored in a solution
of salts (0.45 M sodium chloride, 0.1 M disodium hydrogen
phosphate) at -40°C overnight. The femurs were then taken
out and dried using a convectional heater for 4-5 days. The
allografts (3 mm diameter, 3 mm height) were made from

Euthanasia

Qonnd |, iy 14, 28, 90 days

after surgery

assigned to one of the groups: empty defect (n=9, 3-month-
old — 3moE; n=9, 12-month-old — 12moE) or defect with
structural allograft (n=17, 3-month-old — 3moAllo; n=17,
12-month-old — 12moAllo) (Figure 1a).

Surgery

The operations were completed under aseptic and
antiseptic conditions under general anesthesia (Ketamine,
50 mg/kg intramuscularly). After the fur was shaved off
on the left knee and femur, the area was treated using a
Betadine solution and, from the anterior—lateral access,
transcortical defects of critical size were created into the
distal metaphysis of the left femur using a dental burr.
Cylindrical allografts of a corresponding size (3 mm diameter,
3 mm height) were placed in the defect (Figure 1, b—e).
The wounds were treated with antibiotic powder, sutured
in layers, and treated with a Betadine solution.

The animals were euthanized by administering a
lethal dose of anesthetic (Sodium Thiopental, 90 mg/kg
intramuscularly): 14 days after the surgery, three rats from
each of the 3moE and 12moE groups, and seven rats from
each of the 3moAllo and 12moAllo groups; 28 and 90 days
after surgery — three rats from each of the 3moE and 12moE
groups, and five rats from each of the 3moAllo and 12moAllo
groups.

Figure 1 — The study design and the process
of the allograft implantation: (a) Three-
month-old rats (n=26) and 12-month-old

rats (n=26) were divided into four groups;

each rat underwent a surgery that created a

metaphyseal defect in the left femur, which

was then filled with an allograft or left empty;

the animals were euthanized 14, 28, and 90
days after the operation, and histological

analysis was performed; (b) Allografts
(3 mm diameter, 3 mm height); (c) The
transcortical defect was created in the
distal left femur metaphysis using a
dental burr and (d and e) the allograft
was placed into the created defect.
Allo: Allograft; E: Empty defect;
mo: Months; n: No. of rats.

distal femoral metaphysis and sterilized using radiation
doses ranging from 15 to 25 kGy by used of LU-10 linear
accelerator (10 MeV; 10 kW) [13]. After sterilization,
four samples from each batch of implants were sterility
testing using fluid thioglycolate medium for bacteria culture
method. Allografts were considered sterile when there were
no growing colonies in a nutrient medium.

Histology

Femurs that were operated on were taken out, cleaned
of soft tissues, and fixed in 10% neutral formaldehyde for
four days. After four days, the bones were taken out, washed
in tap water, and decalcified in 5% trichloroacetic acid
for five days [14]. Then, they were washed in 96% ethyl
alcohol, and the distal metaphysis with a critical defect
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was cut out of each bone. The distal metaphysis of the
femur was dehydrated in isopropyl alcohols of increasing
concentration (80%, 90%, 90%, 100%, 100%, 100%) and
a mixture of paraffin and isopropyl alcohol (1:1, m/v) and
embedded into the paraffin. Histological sections were
stained using two methods: Hematoxylin—Eosin (HE), and
Goldner’s trichrome staining, which made it possible to
differentiate between a mature mineralized bone matrix
and an immature bone matrix [14]. The structure of the
tissue and the allograft were analyzed using the Olympus
BX63 light microscope (Japan). The DP73 digital camera
(Olympus) and the «cellSens Dimension 1.8.1» software
(Olympus, 2013) were used to take pictures.

Histomorphometry

Seven sections were obtained from each femoral distal
metaphysis. For each section, the areas of newly formed
tissues (bone and fibrous) and the allograft were measured
using the «cellSens Dimension 1.8.1» software (Olympus,
2013). After measurement, the percentage of bone tissue
(B%), fibrous tissue (F%) and allograft (A%) relative to
the area of the defect was calculated.

Transmission electron microscopy (TEM)

Materials for the TEM were taken from two rats from
each of the 3moAllo and 12moAllo groups, all of which
were euthanized 14 days after the surgery. The allograft and
the tissue connected to it were extracted from the defect
area, immediately placed in the Karnovsky’s fixative, and
stored there for one day. Then, the materials were decalcified
in the 3.7% ethylenediaminetetraacetic acid (EDTA) for
two weeks at 4°C. After decalcification, the specimens
were cut into fragments, subjected to post-fixation in 1%
osmium tetroxide, dehydrated in first ethanol at increasing
concentrations (50%, 70%, 80%, 90%, 96%, 96%) and then
100% acetone, permeated by a mix of epoxy resin and
acetone (Epon and Araldite), embedded in fresh epoxy resin,
and polymerized at 65°C for 18 hours. The resulting blocks
were sliced into semi-thin and ultra-thin sections using an
ultramicrotome. Grid post-staining was performed using
lead citrate, then aqueous uranyl acetate, and lead citrate
again. The sections were analyzed using the EMV-100BR
transmission electron microscope (Sumy, Ukraine).

Statistical analysis

The results were presented as mean + standard deviation
(SD). The data was analyzed using the IBM Statistical
Package for the Social Sciences (SPSS) Statistics 20
software. The normality of the distribution was checked
using the Kolmogorov—Smirnov method. The influence of
age on bone regeneration was evaluated using an unpaired
t-test. Analysis of variance (ANOVA) with Bonferroni’s
post hoc correction was used to compare the values between
the observation periods (14, 28 and 90 days). The critical
level of significance was accepted to be 0.05.

= Results

Bone repair in the empty defects

Fourteen days after the surgery, the formulation of
granulation and fibrous tissues and woven bone was
discovered in the defects of rats from both age groups

(3moE and 12moE) (Figure 2a). Newly formed bone
trabeculae were located on the perimeter of the defect
bordering the host bone. They contained many brightly
stained osteocytes, with large hypochromic nuclei. Active
osteoblasts were found on the surface of the bone trabeculae.
Granulation and fibrous tissues were located in the central
area of the defect. Osteogenic cells and fibroblasts were
found between the bundles of collagenous fibers in the
fibrous tissue. Neutrophils, macrophages, undifferentiated
cells, fibroblasts, and many blood capillaries were discovered
in the granulation tissue (Figure 3, a and b).

The relative percentage of the tissues formed in the
defect depended on the age of the animal: 12-month-old
rats had a 2.4 times lower B% (p=0.0001) in comparison
to the 3moE group (Figure 4b), but a 2.1 times higher F%
(p=0.005) (Figure 4a). During the histomorphometry, the
area of the fibrous tissue was considered to be the total
area of the granulation and fibrous tissues.

Twenty-eight days after the surgery, F% significantly
decreased in the defects of animals of both ages: by 3.16
times (p<0.05) in 3-month-old rats, and by 20.47 times
(»<0.001) in 12-month-old rats (Figure 4). In rats of the
3moE group, the fibrous tissue was located in the central
region of the defect, but for the 12moE group — mostly in
the defect in the cortex (Figure 2).

The quality of the newly formed bone in the defect
differed between the two groups. Lamellar bone was
discovered in rats of the 3moE group. The bone matrix was
stained evenly, the density of the osteocytes was uniform,
the red bone marrow was located in the intertrabecular
spaces (Figure 2a). In rats of the 12moE group, the newly
formed bone trabeculae had an unevenly stained matrix,
which reflected the imbalance of the mineralization
processes. Destructive fissures and areas without cells were
observed in some bone trabeculae. Yellow and red bone
marrow formed in the intertrabecular spaces (Figure 2a). B%
was not different in rats of different age groups (Figure 3b).

Ninety days after the surgery, B% and F% were not
different in rats of different age groups (Figure 4, a—).
However, in 12-month-old rats, the area of the defect in
the cortex was filled with fibrous tissue (Figure 2a). The
irregularities in the anatomic shape of the distal femoral
metaphysis were noted in animals of both age groups, but
more evident in the 12moE group (Figure 2c¢).

Bone repair in the defects with allograft filling

Fourteen days after the surgery, the allografts were
clearly seen in the defects of animals of both age groups.
The newly formed bone and fibrous tissue were situated
on the perimeter of the allograft and in its «intertrabecular
spaces» (Figure 2b). The new bone formed directly on the
surface of the allograft, but their matrices were of different
colors after Goldner’s trichrome staining and the new
bone contained living cells, as opposed to the allograft
(Figure 5, a and c¢). During TEM analysis, the cell structure
in the new bone did not differ significantly in rats of
different ages. Osteocytes located in the new bone had
large nuclei with pores in the nuclear membrane. Their
cytoplasm contained a rough endoplasmic reticulum (rER)
and few mitochondria (Figure 5d). Functionally active
osteoblasts with eccentric nuclei containing 1-2 nucleoli,
rER, Golgi apparatus and mitochondria in the cytoplasm




352 Nataliya Ashukina et al.

were situated on the surface of new bone trabeculae
(Figure 5, b and d). Osteoclasts had their characteristic
structure and were found in various degrees of functional
activity (Figure 5d). Using TEM, it was shown that the
allograft matrix was structurally different to the matrix of
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the newly formed bone. In 12-month-old rats, areas of
hypermineralization were discovered in the matrix of
the allograft (Figure 5b). These areas were not found in
3-month-old rats (Figure 5d). In both age groups, empty
osteocyte lacunae were identified in the allograft matrix.

Figure 2 — Histological findings (day 14 — Goldner’s trichrome staining; days 28 and 90 — HE staining): (a) The formulation
of bone tissue is shown in unfilled defects created in the distal femoral metaphysis of rats of different ages 14, 28 and
90 days after surgery; (b) Incorporation and remodeling of structural allografts with bone formation is demonstrated;
(¢) The anatomic shape of the distal femoral metaphysis is shown to be disturbed 90 days after the creation of the unfilled
defect; the location of the defect is indicated by arrows. Scale bar: (a) 500 um; (b) 500 um and 1 mm; (c) 2 mm. Allo:
Allograft; B: Newly formed bone; F: Fibrous tissue; G: Granulation tissue; mo: Months.
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Figure 3 — Granulation tissue in the metaphyseal femoral unfilled defects 14 days after surgery in 3-month-old (a) and
12-month-old (b) rats. Neutrophils (n), macrophages (m), fibroblasts (f), and many blood capillaries (bc) distributed between
collagen fibers (green color). Goldner’s trichrome staining. Scale bar: (a and b) 50 um.

A% and F% were not different in rats of different age
groups. B% significantly decreased by 1.4 times (p=0.035)
in the 12moAllo group in comparison to the 3moAllo group.
At the same time, F% in the 12moAllo rats decreased
by 3.2 times (p<0.0001) compared with the 12moE group
(Figure 4, a—c).

Twenty-eight days after the surgery, the allograft
remained in animals of both age groups. The new bone
formed directly on the surface of the allograft. Aside from
the bone trabeculae, fibrous tissue of different degrees
of maturity, blood capillaries, undifferentiated cells and
fibroblasts were discovered in the inner region of the
allograft (Figure 2b). In some places, osteoclasts could be
found on the surface of the allograft. A% did not differ
between groups or from the value 14 days after the surgery.
B% and F% did not differ between groups of different ages
(Figure 4, a—c).

Ninety days after the surgery, A% decreased by 1.5 times
(»=0.007) in the 3moAllo group and by 1.7 times (p=0.038)
in the 12moAllo group compared with the values 14 days
after surgery. In the 3moAllo group, fibrous tissue was
practically nonexistent in the defect, while in the 12moAllo
group F% decreased by 2.2 times (p=0.005) compared with
the value 14 days after the surgery (Figure 4). A thin cortex
formed in rats of the 3moAllo group, while in the 12moAllo
group, fibrous tissue was also found in the defect of the
cortex (Figure 2b).

= Discussions

In the conducted study, the relationship between age
(three and 12 months at the beginning of the experiment)
and the incorporation and remodeling of structural allografts
was analyzed in rats. Critical size defects (3 mm depth, 3 mm
diameter) in the distal femoral metaphysis were chosen as
a model. Long bone metaphyseal defects of similar size
in rats are used to evaluate bone substitute biomaterials
[15-17]. A defect of critical size is defined as the smallest
defect that does not heal by itself during the life of the
animal or the duration of the experiment [18]. For the distal
metaphysis of a rat’s femur, the minimal size of a critical
defect was determined to be 2.5 mm in diameter and depth
[1]. When the diameter was 3.5 mm and the depth was 4 mm,
stabilization using a plate was necessary [19]. We chose a
diameter of 3 mm and a depth of 3 mm, so that we would
not need additional fixation, but the defect would be larger
than the minimum size of a critical defect [1].
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Figure 4 — The relative percentages of newly formed
tissues and allografts in the metaphyseal femoral defects
14, 28 and 90 days after surgery in 3-month-old and
12-month-old rats: (a) Fibrous tissue; (b) Bone tissue;
(c) Allografts. The data is presented as mean = SD.
Unpaired t-tests were used to compare the groups of
different ages (3-month-old and 12-month-old). ANOVA
with post hoc Bonferroni’s correction was used to
compare the values between the observation periods
(14, 28 and 90 days). *p<0.05; **p<0.01; ***p<0.001;
ns: Not significant. 3moE: 3-month-old, empty defect;
12moE: 12-month-old, empty defect; 3moAllo: 3-month-
old, allograft implantation; 12moAllo: 12-month-old,
allograft implantation. ANOVA: Analysis of variance;
SD: Standard deviation.
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Figure 5 — The bone formation, incorporation and remodeling of allografts 14 days after surgery in 3-month-old (3 mo)
and 12-month-old (12 mo) rats: (a) Representative Goldner’s trichrome staining shows that the new bone forms directly
on the surface of the allograft (arrows) in 3 mo and (c) 12 mo rats; numerous osteoblasts (Obl) on the surface of newly
formed bone trabeculae, resorption of the allograft by osteoclasts (Ocl) and osteocytes (Os) in the new bone matrix can
be seen; (b and d) TEM was used to illustrate the features of the allograft matrix and the absence of differences in the
structure of Os, Obl, and Ocl in animals of both age groups; (b) In the two figures on the left, the arrows show the region
of contact between the allograft and the new bone; on the right, the Obl with the nucleoli in its nucleus and the rough
endoplasmic reticulum (rER) in its cytoplasm is shown; (d) In the first figure on the left, the arrows indicate an area with
a probability of increased mineralization near the Os in the new bone; an Ocl with mitochondria (m) in the cytoplasm
and a ruffled border is shown in the center; an Obl is shown to the right. Scale bar: (a and c¢) 50 uym; (b and d) 1 um.
TEM: Transmission electron microscopy.
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The focus of the study was on the formation of fibrous
and bone tissue in the defect. It was determined that, 90
days after the creation of an unfilled defect, lamellar bone
was formed in animals of both age groups, although the
anatomic structure of the distal femoral metaphysis was
disturbed, which was more evident in 12-month-old rats.
It is probable this is connected to their slower rate of bone
tissue formation 14 days after the surgery: B% was 2.4 times
(»=0.0001) smaller in comparison with the 3-month-old
group. F%, on the other hand, was 2.1 times larger (p=0.005).
Twenty-eight days after the surgery, formation of fibrous
tissues in the defect of the cortex was found in 12-month-
old rats. In those conditions, putting load on the extremity
can lead to instability and further deformation of the injured
region [20], which was evident 90 days after the surgery.
In clinical practice, this may not only limit the load bearing
of the extremity, but also delay the beginning of rehabilitation
for the patients.

When the defect is filled with a structural allograft, the
anatomic structure of the distal femoral metaphysis was
maintained 90 days after the surgery in rats of both age
groups, despite the significant difference in B% between
the groups [1.4 times (p=0.035) smaller in the 12-month-
old rats]. This could be explained by the fact that the
allograft provided mechanical integrity in the early stages
(14 days) after the surgery [21].

The speed of the allograft remodeling did not depend
on the age of the recipient: the size of the allograft decreased
significantly in the period from 14 to 90 days by 1.7 times
(»=0.038) in 3-month-old rats and by 1.5 times (p=0.007)
in 12-month-old rats. About 10% of the allograft’s original
size was evident in the defect at the end of the experiment
(90 days). The analysis of the allograft remodeling in patients
was based mostly on radiographic methods, and does not
paint the full picture, as fibrous tissue is not radiopaque
[22]. According to histological studies of patient tissue,
incorporation of structural allografts results in their
incomplete remodeling and fibrous tissue formation [22—
24]. Some authors believe that the formation of fibrous
tissue on the surface of the allograft prevents it from
remodeling fully [8]. However, others presume that the
ingrowing of the fibrous tissue into the allograft allows for
increased mechanical integrity. In an experimental study,
an increase in the integrity of a cancellous allograft due
to the ingrowth of fibrous tissue was found four weeks after
filling a 2.7 mm defect in the tibial metaphysis of rats [25].
We used the same type of allograft and also observed
fibrous tissue ingrowth over 14 and 28 days. The decrease
in bone volume and number of trabeculae in older rats [26]
could have led to the formation of a larger area of fibrous
tissue in 12-month-old rats 90 days after the surgery because
it was necessary to reinforce the allograft. In rats who
were subjected to ovariectomy to model osteoporosis,
the formation of fibrous tissue in the defect filled with an
allograft was detected after 21 days [17], although the
authors did not conduct the experiment further.

Another potential reason for the formation of fibrous
tissue in 12-month-old rats is that the number of osteo-
progenitor cells decreases with age [27]. According to a
histological analysis of the biopsy from the iliac crests,
the number of osteoprogenitor cells is lower in patients
over 65 years of age than in patients 25-39 years of age.
This is caused by the fibrosis of the osteogenic layer of
the periosteum and the prevalence of adipocytes in the

intertrabecular spaces [28]. Based on these findings, the
increased amount of fibrous tissue in 12-month-old rats
90 days after surgery could be linked with the loss of
osteoinductive properties by the allografts used in the study,
because of their preliminary treatment [8, 29].

It was histologically determined that the most active
incorporation and remodeling of the structural cancellous
allograft in the acetabulum occurs in the first week after
the allograft is implanted. After that, the unremodeled part
of the allograft remains for over 10 years. This postmortem
study was conducted using the bones of patients more than
65 years of age, who previously underwent a revision
total hip arthroplasty [30]. Incorporation and remodeling
of an implant in younger patients is less studied. In our
study, remnants of the allograft (10%) were also found
90 days after surgery in rats of both age groups.

The results of the TEM regarding the remodeling of
the allograft in 12-month-old rats with the formation of
hypermineralized areas match with the current knowledge
about the predisposition of older bone to micropetrosis
[30]. Cells of the newly formed bone in rats of both age
groups had a normal structure 14 days after the surgery.
The smaller area of bone tissue found in 12-month-old rats
in comparison with 3-month-old rats can be explained by
the decrease in the functional activity of osteoblasts in
cancellous bone due to age [6].

A limit of our study was that it involved rats of only
two ages — three and 12 months. It is possible that the
inclusion of older animals (e.g., 18 months old) would
demonstrate more differences in the incorporation and
remodeling of the allograft and the formation of new bone.

& Conclusions

It was determined that the delayed bone regeneration,
which occurred at early stages in unfilled critical size
defects created in the rats’ distal femoral metaphysis, caused
irregularities in its anatomic structure 90 days after surgery.
These irregularities were more evident in 12-month-old
rats. Using allografts to fill critical size metaphyseal
defects facilitates the formation of bone tissue and the
maintenance of the normal anatomic structure of the distal
femoral metaphysis. No age-related differences were found
in the time required for the allograft to remodel and the
structure of the newly formed bone.
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