ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2024. No 2

VK 616.717/.718-001.5-06-092.9(045)

DOI: http://dx.doi.org/10.15674/0030-59872024281-87

DIGEST AND REVIEWS

A review of animal models for bone fracture nonunion
and their role in studying biological therapy efficacy
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The bone healing impairment, such as non-union fractures af-
ter injuries of long bones, lead to loss of working capacity and
result in significant financial costs, which emphasizes the so-
cio-economic significance of the problem. However, it is not
known which method of modeling the non-union bone fractures
is more optimal for further research into the effectiveness of bio-
logical therapy aimed at treating bone healing impairment. For
a detailed study of methods of non-union fracture treatment of, it
is necessary to determine the developed animal models. The ob-
Jective was to analyze the existing animal models of fracture
nonunion in long bones in vivo and to consider the possibility of
their further use to evaluate the effectiveness of the use of mod-
ern biotechnologies for the in the management of fracture non-
union. It was found that the majority of developed animal models
of atrophic long bone non-union were created using small ani-
mals, namely rats, mice, and rabbits. A more common method
of modeling bone non-union is performing an osteotomy with
the formation of a defect of different widths between the bone
fragments and subsequent removal of the periosteum proximal
and distal to the osteotomy site; damage to the endosteum or re-
moval of bone marrow. Also, in such animal models, researchers
use a silicone spacer, a polysulfone plate, or a latex-silicone foil
to physically prevent fracture union. In these animal models,
studies using mesenchymal stromal cells, platelet-rich plasma or
bone morphogenetic protein-2 (BMP-2) have already been con-
ducted for the management of non-union bone fractures. At the
same time, the clinical results of the application of various bio-
logical therapies are ambiguous, which determines the conduct
of further experimental studies, in particular, in vivo. However,
there are disagreements about which in vivo modeling methods
give a reproducible result and prevent bone union, which deter-
mines the need for further analysis of existing modeling tools for
conducting research in this direction.

Ilopywenns pecenepayii kKicmxu, maxi K He3poujenHs nepe-
JIOMIG nicis mpagm 0082UX Kicmok, npu3eoosams 00 empamu
npayezoamuocmi i 00yMO8II0I0Mb 3Ha4HI PiHancosi gumpamu,
Wo nioKpecnioe coyianbHO-eKOHOMIUHY 3HAUYWicms npodaemil.
Ilpome HegiooMO, AKULL CNOCIO MOOENI0BAHHA HE3POUeHHA Nepe-
JIOMY KICIKU € ONMUMATLHIUUM 0151 ROOANBULOZ0 OOCTIOHCEHHS
epexmusrocmi 0ion02iuHOL mepanii? cnpAMO8aHoi Ha NIKY8aH-
HS NOpYUieHb penapamuenoco ocmeozenesy. s demaibnoeo
BUGUEHHS CNOCOOI8 NIKYBAHHS HEe3POUujeHb Nepeiomie nompio-
HO BUSHAYEHHA PO3POONEHUX eKCNePUMEHMATbHUX MoOenell Ha
meapunax. Memoio 6yn0 nposecmu ananis iCHyIOUUX eKChepu-
MEHMANbHUX MOoOenell He3POujeHHs NepeoMie 0082uUx Kicmok
in Vivo ma po3enanymu MONCIUBICIMb IXHbO2O NOOANbULO2O BU-
KOPUCMAHHA 018 OYIHIOBAHHA eeKmUSHOCMI 3aCMOCYEaH s
cyuacHux diomexnonoeii Ons J1iKY8auHs NOpyulens pecenepayii
xicmku. Buseneno, wo nepesasicna KinbKicms po3spoodnenux mo-
oenell ampoghiunoeo He3poujeHns nepeiomie Kicmok cmeopena
3 BUKOPUCMAHHAM HeBeIUKUX MEAPUH, a came wypis, muwel
ma xponie. Howupenivium cnocob6om mMooeno8ants He3poujeH-
H5 € GUKOHAHH OCMeOmoMii 3 OpMYSAHHAM PI3HOT WUPUHU
oeghexmy midc gpacmenmamu Kicmku ma noOarLUUM BUOA-
JIEHHAM Nepiocmy NpOKCUMAIbHIWE Ma OUCmanbHiule OLISAHKU
0CMeomoMmii; YUKOONCEHHAM eHOOCmYy abo 6UOAIeHHAM KiChi-
k06020 MO3KY. Taxodic y makux Mooensx 00CIOHUKIU 3ACMOCO-
8YI0Mb CUNIKOHOBULL cneticep, NOAICYIbHOHO8Y NAACMUHY ab0
JIaMeKCHO-CUNIKOHO8Y (hoabey 01 (Pi3UUH020 NePeKOOHCaAHHS
3powents nepenomy. Y HageoeHux Mooenax yice npoeedeti 0oc-
NIOJICEHNSA 3 BUKOPUCMAHHAM Me3eHXIMANbHUX CIMPOMANTbHUX
Kaimun, 36azavenux mpomboyumamu nia3mu ma mopghozene-
muuHoeo Kicmkosoeo 6inka-2 (BMP-2) oas nikyeanus He3po-
wenns kicmku. Boonouac kainiuni pezyremamu 3acmocy8anus
Ppi3HOT bionoeiunol mepanii € HeOOHOZHAUHUMU, WO 0OYMOBIIOE
npogedeHnss NOOANbUWUX eKCHePUMEHMANTbHUX O00CTI0NCEeHD,
30Kpema, Mooentoganus in vivo. Ilpome icuyromov po30isjchocmi
w000 Mo2o, AKi CROCOOU MOOENIO8AHHSL 0aMb BIOMEOPHEAHULL
pe3yibmam i nepewKkoo0NHcaoms 3pOujeHnIo Kicmku, wo i eu-
3HAuae HeoOXIOHICMb NOOANbUIO20 AHANIZY ICHYIOUUX 3AC00i6
MOO0ent08anHs O NPo6edenHs 00CAI0NHCEHb Y YbOMY HANPAMI.
Kniouosi cnoea. Llyp, xponb, muwia, ocmeomomis, cmezHosa
KicmKa, 6e1UKO20MINIKO68A KICMKA, nepiocm, pecenepayis KiCmKu.
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Introduction

Complications that occur after traumatic frac-
tures of long bones (non-union, delayed union, and
false joint) due to impaired reparative osteogenesis
are an urgent medical and social problem. Despite
the ability of the bone to heal with the restoration
of the original structure, in certain cases, in particu-
lar, and after massive injuries due to gunshot wounds,
fusion does not develop resulting in permanent func-
tional disorders, which require long-term treatment
and significant financial costs. According to Kharkiv
traumatological MSEC, the incidence of non-unions
after treatment of diaphyseal fractures of the limbs
ranges from 3 to 28.6 %, depending on the location,
the osteosynthesis used, and the complexity of the in-
jury [1]. In Great Britain, according to approximate
estimates, the annual cost of treating non-union
reaches 320 million pounds for a total population
of 67 million [2]. Researchers from the USA report
4.9 % of non-unions per year after fractures of long
bones of various locations (most often after fractures
of both bones of the tibia or femur). The complexity
of combat trauma increases the risk of non-unions up
to 31 % of cases [3]. Risk factors include the num-
ber of simultaneous fractures, the use of nonsteroi-
dal anti-inflammatory drugs together with opioids,
and surgical treatment [4]. In the national database
of Scotland, the frequency of non-unions after bone
fractures is about 1.9-9 %, with the highest number
at the level of the tibia and more often in people aged
35—44 years than in patients of older age groups [5],
which emphasizes the urgency of the problem.

An important task for doctors in case of failed
fracture healing is to correct the mechanical condi-
tions and biological factors triggering this. The first
is solved with the help of osteosynthesis. To improve
the classical surgical methods of treatment of non-
union fractures, it is proposed to use bioengineering
approaches, among which only autologous trans-
plants have become widespread in clinical practice
in the case of atrophic non-unions [2, 6]. However,
their known disadvantages (non-sufficient amount
of material, rapid resorption, the need for additional
surgical intervention, and pain during removal from
the patient) led the scientific community search for
other biological materials that could potentially pro-
mote osteogenesis. In particular, it has been proposed
to use autologous fibrin [7], allo-implants [§], mesen-
chymal stromal cells (MSCs) [9], platelet-rich plasma,
growth factors [10], etc.

However, in order to improve the methods
of treatment of non-unions using bioengineering

technologies, it is first of all necessary to choose
an experimental model that will allow to reproduce
the mechanisms of reparative osteogenesis disorders
that occur after long bone fractures. For this, experi-
mental in vivo modeling is carried out using small
laboratory animals.

Purpose: to conduct an analysis of existing experi-
mental models of non-union of long bone fractures in
vivo and to consider the possibility of their further
use to evaluate the effectiveness of biotechnologies in
the treatment of bone regeneration disorders.

Material and methods

The literature analysis was performed in
the PubMed database using Mesh keywords for
the following search query: “Fractures, Ununited”
AND “Fracture Healing” AND (“Ankle Fractures”
OR “Femoral Fractures” OR “Tibial Fractures” OR
“Humeral Fractures” OR “Elbow Fractures”) AND
“Disease Models, Animal”. Inclusion criteria were
original experimental studies with available full text
in English. The exclusion criteria were studies of in-
fected fractures and oncological diseases. The search
depth was 10 years.

Results and their discussion

After performing the search, 28 articles were se-
lected, which mainly considered the use of mice, rats
or rabbits to study non-union of long bone fractures.

Prerequisites for the development of experimental
models of fracture non-union in vivo

One of the key stages in the healing process
of a bone fracture is the restoration of the vascular
network — neovascularization. However, recently, as
reported by the authors of a recently published litera-
ture review [11], there is increasing evidence that
bone calluses at the site of non-union can be well vas-
cularized and express such a proangiogenic mediator
as vascular endothelial growth factor factor (VEGF).
And dysregenerative disorders are due to reduced ex-
pression of pro-osteogenic cytokines — bone mor-
phogenetic proteins (BMP). The authors [11] express
an opinion about the need to stimulate osteogenesis
at the stage of bone callus remodeling, rather than
vascularization, with the help of VEGF in the early
stages of fracture healing, because even atrophic non-
unions can be vascular [12].

At the same time, atrophic non-union models are
more promising for preclinical studies because this
type of non-union is more likely to require transplan-
tation or additional biological therapy, while hyper-
trophic non-unions can only be treated with surgery
[12].



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2024. No 2

There is an opinion that during the treatment
of bone non-unions, it is necessary to stimulate not
only osteogenesis, but also chondrogenesis, since
the healing of most fractures proceeds by intramem-
branous and endochondral bone formation [13]. How-
ever, there are difficulties in determining the stage
of regeneration at which stimulation will be effective,
which requires complex studies, including the use
of morphological analysis methods. This determines
the need for experimental research in this direction.

The use of an experimental model of small ani-
mals, in which the fracture is performed by open
osteotomy and fixed intramedullary with a Kirchner
needle, will probably allow to determine the stages
of reparative osteogenesis disorder, at which the use
of biological therapy (growth factors, MSCs, bio-
engineered structures, etc.) will be effective for sti-
mulating chondro- and osteogenesis, in contrast to
the model with a closed fracture, which involves
the reproduction of a critical defect. One of the mo-
dern concepts of treatment of aseptic non-unions that
occur after intramedullary osteosynthesis of a di-
aphyseal fracture is to achieve union in situ without
removing the rod [14, 15]. This is due to avoidance
of repeated traumatization and development of com-
plications. The described experimental model pro-
vides a possibility of checking fracture healing in
such cases without repeated surgical intervention.

Models of non-union of bone fractures in animals

Rats. It is proposed to model non-union of the tibia
in rats by open osteotomy of the middle third of its
diaphysis and subsequent cauterization of the peri-
osteum 2 mm proximal and distal to the fracture site
with intramedullary fixation with a 0.8 mm Kirch-
ner needle [16]. This is due to the proven importance
of a well-vascularized periosteum as a source of os-
teogenic cells for successful fracture healing [11].
The given model on female Sprague-Dawley rats aged
8 weeks allowed to achieve non-union in all animals
at the 8" week of observation, which was confirmed
by radiography and histology [16]. Other researchers
in male Wistar rats after osteotomy of the femoral di-
aphysis removed the periosteum near the fracture site
and performed fixation with a Kirschner pin to obtain
non-union at the 6th week after the intervention [17].

On male Wistar rats aged 4-5 months the tibial
non-union model was recreated by its osteotomy, re-
moval of the periosteum and endosteum, and fixation
with an external fixator. Characteristic signs of atro-
phic non-union were detected using radiography, his-
tology and micro-computed tomography (micro-CT)
after 8 weeks [18]. Another model of femur non-
union in 12-week-old Fischer 344 rats was proposed,

in which, in addition to removing the periosteum
around the fracture site, bone marrow ablation was
performed, and the fracture was fixed with a 0.8 mm
Kirchner needle. The absence of fracture union was
confirmed on the 12" week after the intervention ra-
diologically, histologically with the help of micro-CT
[19]. In a recent study comparing the reproducibility
of rat femoral non-union models in the case of sim-
ple osteotomy combined with periosteum removal
and bone marrow removal, the authors concluded
that the third option, when both periosteum and bone
marrow had been removed, was a more reliable mo-
del [20].

Another approach to inhibiting the influence
of soft tissue on fracture healing was to wrap the fe-
moral diaphysis with latex-silicone foil after the os-
teotomy, creating a 0.38-mm gap and fixing with
a 5-hole plate. In male Sprague-Dawley rats aged
6 months this resulted in non-union of the femur at
week 10 after the intervention [21]. On male Wistar
rats, the researchers created a non-union model us-
ing a spacer that was inserted into a defect of a criti-
cal size of the femur, which made it possible to
achieve non-union 4 weeks after the intervention, and
4 weeks after removing the spacer, this condition was
preserved [22]. Another study on male Sprague-Daw-
ley rats aged 4 months also used a silicone spacer,
which was placed in a 3 mm wide gap after the fe-
moral osteotomy. The fracture was stabilized with
a 4-screw plate and non-union was confirmed at
4 weeks post-intervention using micro-CT scanning
and histological analysis [23]. In 13-week-old female
SASCO Sprague-Dawley rats, researchers obtained
non-union 8 weeks after making a critical size defect
(8 mm) in the mid-diaphysis of the femur and fixation
with a radiolucent polysulfone plate [24].

Mice. Models of bone non-union for mice were
proposed similar to those described for rats [16, 17].
In particular, we tested the reproduction of a vio-
lation of femoral bone consolidation in 9-week-old
CD1 mice using a transverse partial osteotomy (50 %
of the diameter) of the middle third of the diaphysis,
using a 25-gauge needle as an intramedullary fixator
and cauterizing the periosteum 2 mm proximal and
distal to the fracture site. The achievement of non-
union was confirmed histologically on the 9" week
after the intervention [25]. Another femoral fracture
simulation in 10-week-old male DT mice involved
the use of a 4-screw plate to fix a critical diaphyseal
defect, 1.6 mm in length, and achieving non-union
by week 5 post-intervention [26]. To study the effect
of ischemia on the occurrence of non-union, the re-
searchers performed resection of the femoral artery
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in male 129J/B6 mice aged 10—14 weeks before tibial
fracture, which made it possible to obtain non-union
at the 4™ week of observation in the case of unstable
fractures, but not in cases of their fixation [27].

Rabbits. In order to achieve non-union of the rab-
bit tibia, the researchers suggest combining its os-
teotomy with the removal of a 2 mm fragment
of the diaphysis, periosteum and endosteum around
the fracture area and fixation with a plate. This made
it possible to achieve impaired consolidation of bone
fragments at the 8" week after the intervention in fe-
male New Zealand rabbits [28—30].

In addition, in New Zealand rabbits, to achieve
non-union of the tibia, it was proposed to perform
large defects (10 mm long) in the metadiaphyse-
al zone with subsequent removal of the periosteum
5 mm proximal and distal to the injury site and sta-
bilization with 2 Kirchner needles. The authors ve-
rified the model at the 6th and 12" weeks using ra-
diographic and histological analyzes [31]. Creating
a defect of the same size in rabbits and cauterizing
only the periosteum 2 mm either side of the defect
also resulted in non-union of the radial fracture
4 weeks after the intervention. The authors classified
the atrophic type of non-union using radiography and
histology [32].

Therefore, atrophic non-union of a fracture at
the level of the diaphysis of long bones in animals is
modeled, mainly, by performing an open osteotomy,
with the formation of defects of a critical size bet-
ween the fragments; placement of spacers in the gap
after osteotomy; cauterization/removal of periosteum,
endosteum, bone marrow, which are sources of cells
for angiogenesis and osteogenesis. In each of the mo-
dels, either intramedullary Kirchner rods, or plates
with screws, or external devices are used to stabilize
the fracture. The most common way to model non-
union is to perform an osteotomy with the formation
of a different width of the defect between the ends
of the bone and subsequent removal of the periosteum
proximal and distal to the ends of the defect. This
is since periosteum cells are more involved in frac-
ture regeneration (callus formation) than endosteum
cells [33]. In the published works, the use of animals
of both sexes is given without any preference. How-
ever, there is no agreement among researchers as to
which of the models gives a more reproducible result
and reliably creates the conditions for the occurrence
of bone non-union. Because of this, there is a need to
continue the development of experimental models that
will allow studying the mechanisms of bone regene-
ration disorders with further development of dysre-
generation treatment strategies.

Variants of using experimental models in vivo to
study the therapeutic effect of biological therapy in
case of non-union of fractures

The gold standard in the treatment of aseptic non-
union of fractures is the use of bone autografts with
stable fixation of fragments [2, 6]. To date, a diamond
concept of non-union treatment has been developed,
which outlines four treatment conditions — three bi-
ological (MSC, growth factors, and osteoinductive
scaffolds) and one biomechanical (fracture stabiliza-
tion) [34].

The use of cultured MSCs is considered one
of the promising directions of biological treatment
of aseptic fracture non-unions. There is experience
of successfully using MSCs from adipose marrow in
preclinical studies to optimize bone regeneration in
mice [35, 36] and rats [37]. Another variant of cell
therapy is the use of already differentiated cells in the
osteogenic direction. Thus, injection of osteoblasts
with intercellular matrix 6 hours after a fracture, pro-
moted fracture union at the 12" week in the rat femur
non-union model, in which bone marrow ablation and
periosteum removal near the fracture site were per-
formed [19, 20]. The need for further experimental
research in this direction is confirmed by the results
of a recently published systematic review, which re-
vealed only three cases of their use in clinical prac-
tice for the treatment of non-unions, in which young
patients participated after tumor resection [6]. There
is little information on the use of MSCs from adi-
pose marrow in older people for the treatment of non-
unions [6].

Regarding the use of platelet rich plasma (PRP)
in patients with non-union of bones, there are al-
ready more results of successful clinical use. For ex-
ample, stabilization of a fracture (aseptic non-union
with a tibial bone defect, type B according to ASA-
MI) using the Ilizarov device with the simultaneous
injection of PRP made it possible to obtain faster
healing of the fracture and remove the device [10].
In a systematic review that included 13 clinical tri-
als of patients with delayed union or non-union long
bone fractures, intraoperative PRP administration
helped 146 of 155 achieve union after 4.64 months,
and in only injections — in 144 out of 183 after
5.15 months. [38]. However, it remains unclear how
many PRP injections are needed and for how long to
achieve the best therapeutic effect in the case of im-
paired bone fracture healing. In experimental studies
in rabbits (tibia non-union model with a 10-mm long
defect), filling with a gelatin base with hydroxyapa-
tite and VEGF resulted in significantly better frac-
ture union results by histological and radiographic
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parameters compared to rabbits with an unfilled de-
fect 6 weeks after the intervention [31]. In a similar
model of non-union of rabbits, the use of allografts
with the addition of VEGF accelerated the osseointe-
gration of the latter by the 12" week of observation
[39].

Another direction of biological therapy to opti-
mize bone tissue regeneration in the case of fractures
is the use of bone morphogenetic proteins in com-
bination with various matrices, which are the only
approved biological drugs to accelerate fracture heal-
ing in the United States [13]. This, in turn, is due to
the mixed results of clinical trials using various bio-
logical therapies. To stimulate osteogenesis, the use
of BMP-2 in the treatment of non-union fractures
is currently being experimentally investigated. In
the rat femur dysregeneration model, it was proven
that the removal of newly formed tissue from the non-
union area followed by the use of a fibrin matrix
with the simultaneous administration of thBMP-2
contributed to the formation of a significantly lar-
ger volume of bone tissue compared to animals that
did not receive hBMP-2 [23]. But delayed treatment
of a non-union fracture may be less effective. In par-
ticular, in the rat femur non-union model, 8 weeks af-
ter the fracture, the researchers removed tissue from
the critical defect area (8 mm long), wrapped the ends
of the bone with a polycaprolactone nanofibrous mesh
and filled it with alginate with BMP-2. In the com-
parison group, animals were subjected to the same
procedures during the execution of the model. Bone
formation in the critical defect area was worse in rats
with delayed treatment [24]. In rabbits with a 2 mm
long tibial defect, endosteum and periosteum removed
near the defect, and fixed with a 5-hole plate, the use
of rhBMP-2 improved fracture healing, compared to
rabbits without such treatment, 7 weeks after the in-
tervention [30]. However, the clinical use of BMP-2
for the treatment of non-union long bone fractures is
not mandated by protocols due to conflicting results
regarding efficacy. It is currently recommended only
for the treatment of open fractures of the diaphysis.

Thus, the study on animals of the mechanisms
of the development of complications that occur af-
ter traumatic fractures of long bones (non-union,
delayed union, false joints) to determine the effec-
tiveness of the latest treatment strategies is an im-
portant part of preclinical trials. Despite the ability
of the bone to heal with the restoration of the original
structure, in certain cases, in particular, after mas-
sive injuries due to gunshot wounds, fusion does not
occur and permanent functional disorders develop,
requiring long-term treatment and significant finan-

cial costs. According to the results of preclinical tests,
promising areas of biological therapy can be the use
of cultured MSCs induced to differentiate into os-
teoblasts or chondroblasts; PRP, VEGF and BMP-2
on different carriers (e. g., allo-implants, autologous
fibrin, gelatin, hydroxylapatite). However, the clini-
cal use of these biotechnologies for the treatment
of non-union fractures of long bones is not provided
by the protocols due to conflicting results regarding
efficacy and safety, which necessitates conducting
large-scale experimental studies, in particular, in vivo
modeling.

For this purpose, experimental models on small
laboratory animals (rabbits, rats, mice) are described,
tested and used today, which are recognized as useful
due to their ease of use, ease of reproduction, eco-
nomic and ethical justification. The results of pub-
lished studies demonstrate the suitability of such
models for elucidating the biological factors that lead
to the development of dysregenerative processes in
bone and the emergence of fracture healing compli-
cations, for preclinical testing of the effectiveness
of the treatment strategies being created. However,
despite the large number of models of non-union in
small animals, in each of them, researchers and de-
velopers allow a flaw in the form of fracture union,
which necessitates the further search for a better
model of bone non-union in animals.

Conclusions

Various experimental models have been develo-
ped on rats, mice, and rabbits, which have proven
the possibility of fracture non-union.

Most of the proposed models are based on intra-
medullary fixation of the fracture with expansion
of the diastasis between the fragments and disruption
of the endosteum and periosteum.

The given experimental models can be used
for the development of innovative technologies
for the treatment of regeneration disorders in view
of the achievements of regenerative medicine.

Due to the expansion of biotechnological factors
that require experimental research, the development
of experimental animal models should be continued.
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