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Abstract Bone fracture healing is a tightly regulated process
involving many cell types, mediators, and signaling pathways
and is still not well understood. During decades, bone healing
was mainly studied in large animals, including dogs, rabbits,
or sheep. In recent years, mice have become increasingly pop-
ular as a model organism for fracture healing research. The
benefits of mice are the possibility of genetic modification, the
availability of clinically relevant disease models, low costs,
easy handling, short breeding cycles and fast regeneration.
Furthermore, various fracture healing models have been de-
veloped, which are adapted to the small skeleton and allow
standardized investigations. However, attention has to be paid
to species differences between mice and humans and the in-
fluence of the background strain, age and gender of the mice.
This review focuses on the main advantages and disadvan-
taged of mice as a model organism for bone fracture healing
research and critically discusses the translational aspect.
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Introduction

Fractures are the most common disorders of the musculoskel-
etal system [lee, 2]. Although orthopedic treatment has im-
proved considerably in recent decades, 5—10 % of all fractures
still display delayed or non-healing [3, 4]. Insufficient bone
repair leads to increasing numbers of revision surgeries, great-
ly decreased quality of life in affected patients and an enor-
mous socioeconomic burden due to longer hospitalization and
rehabilitation periods [Se¢]. Reasons for delayed bone regen-
eration are manifold, including inappropriate mechanical sta-
bilization, comorbid diseases, age, pathological hormone and
nutrition status, additional pharmacological therapy and ge-
netic variations [3]. However, the interplay of all these factors
and the underlying cellular and molecular mechanisms are still
not well understood. Therefore, there remains the need to un-
ravel the complex biological processes involved during frac-
ture healing to develop new strategies for ensuring uneventful
bone repair. Due to the complexity of fracture healing, in vitro
and in silico models are helpful but not sufficient, and there-
fore, in vivo animal models are required. During earlier de-
cades, fracture healing was mainly studied in large animals,
including dogs, rabbits and sheep [6—10]. The benefits of
these species are the large skeletal size and a similar bone
structure to humans with the presence of a Haversian remod-
eling system. However, excessive husbandry costs, difficult
handling of large animals and the lack of established transgen-
ic animals and evaluation methods promoted rats as a new
model organism for fracture repair research in the 1990s.
The major advantages of rats are low costs, easy handling,
short breeding cycles and faster regeneration. However,
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genetic modification of rats is rather limited. Therefore, in
recent years, mice have become increasingly popular.

This review will focus on the advantages and disadvan-
tages of mice as a model organism for bone healing research,
as well as on established murine bone healing models.
Additionally, the translational aspect of mouse models in
fracture healing research will be analyzed critically.

The Mouse Models in Biomedical Research

Over recent decades, the mouse became the most frequently
used animal model in biomedical research due to easy han-
dling and low husbandry costs compared to larger animals
[11]. Furthermore, the reproductive cycle is short and mice
produce a large number of progeny. In addition, the sequenc-
ing of the mouse genome in 2002 revealed a very high number
of orthologs and homologs to human genes, making the
mouse a valuable model organism for many human genetic
conditions. Most strains used in biomedical research are in-
bred strains, which are highly genetically standardized due to
sibling mating for a minimum of 20 generations. Further ad-
vantages of mice are the availability of specific analytic tools,
including monoclonal antibodies against a broad variety of
antigens to target individual molecules in vivo and the avail-
ability of sophisticated in vivo imaging systems.

At present, a large number of mouse strains with different
genetic alterations are available, including “mutant mice” that
are the product of spontaneous single-gene mutations.
Additionally, in previous decades, many targeted genetically
modified mouse strains were developed. In principle, there are
two approaches to generate genetically modified mice. The
first method was introduced in the 1980s by Gordon and col-
leagues and involves the microinjection of DNA constructs
into the pronuclei of fertilized mouse oocytes [12]. By this
method, transgenic mice with random genomic insertion of
the injected DNA are produced. Therefore, the expression of
the transgenes is highly influenced by endogenous enhancers
and silencers. This method is commonly applied to insert new
genetic information into the mouse genome or to produce
overexpression of endogenous genes. The second more
targeted method is based on the manipulation of embryonic
stem (ES) cells with DNA constructs homologous to the gene
of interest. ES cells, in which the inserted DNA construct is
recombined with the genomic DNA, are selected and trans-
ferred into mouse blastocysts. Regarding the type of modifi-
cation one wishes to generate, the DNA construct can carry
null alleles to generate constitutive knockout mice or modified
alleles of the gene of interest to produce knockin mice.
Furthermore, it is possible to replace the endogenous mouse
gene, for example, with the human homolog. In addition to
constitutive knockouts and knockins, the generation of induc-
ible models is feasible. The oldest system for inducible gene
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targeting is the Cre-lox system. This system is based on the
transgenic expression of the Cre recombinase of bacteriophage
P1 and the presence of its recognition sites, the loxP (locus of
cross-over of P1) sites [13]. The loxP sites consist of two 13-bp
inverted repeats, flanking an 8-bp non-palindromic region that
gives the loxP site directionality [13]. Alleles that are flanked
by a loxP site are termed “floxed.” The mating of mice with
floxed alleles to mice transgenic for Cre recombinase results in
the generation of knockouts. Additionally, gene expression can
be activated when the floxed sequence is a transcription inhib-
itor. The Cre-lox system also allows the production of cell- or
lineage-specific gene deletion/activation by breeding floxed
mice to mice in which a specific promoter controls the expres-
sion of the Cre recombinase. Furthermore, there are Cre
recombinases, whose cleaving activity is inducible by applica-
tion of estrogen analogs, including tamoxifen. This is a valu-
able tool to produce a postnatal knockout that would be lethal
during embryogenesis. In addition to the Cre-lox system that
results in a permanent genetic alteration, there are systems
allowing genetic switching, including the tetracycline-based
Tet-on/off system [14]. It is also possible to create mice with
targeted depletion of specific cell populations. Here, cell abla-
tion is based on the cell-specific expression of toxins, including
the diphtheria toxin, inhibition of DNA elongation or induction
of apoptosis [15].

When choosing a strain for bone research, the genetic back-
ground must be considered, because this influences the bone
phenotype and the manifestation of genetic manipulation.
Akhter and colleagues compared the material properties of
bone of several inbred mouse strains and found differences
in bone mineral density (BMD), elasticity, hardness and bio-
mechanical properties [16, 17]. Bone regeneration processes
also depend on the genetic background. The analysis of the
bone regeneration capacity of 12 inbred strains displayed con-
siderable differences among the strains [18]. Furthermore,
Manigrasso and O’Connor demonstrated a more rapid bone
healing in C57BL/6 compared to DBA/2 and C3H mice [19].
Unpublished results from our group corroborate these find-
ings, because we detected considerable differences in fracture
healing between the C57BL/6J, C57BL/6N, Balb/cBylJ, and
129Sv/Tac strains (Fig. 1). In addition to strain and genetic
manipulations, age and gender also strongly influence bone
biology (Fig. 1) and should be considered when planning an
experiment.

Murine Bone Healing Models

Although the bone structure of mice and humans differs con-
siderably, the process of fracture healing is very similar, mak-
ing the mouse a good model for fracture-healing research [21,
22]. In both species, initial tissue damage and rupture of blood
vessels lead to activation of inflammatory cells. This first
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Fig. 1 Progress of fracture healing after 21 days varied in different
mouse strains, ages and gender. Mice of different genetic backgrounds,
different ages at the day of the surgery and different gender were
subjected to a standardized femur osteotomy stabilized by a semi-rigid
external fixator as described previously [20]. All mice were sacrificed at
day 21 after surgery and the bending stiffness of the fractured femur was

inflammatory phase of fracture healing is crucial for initiation
of the repair phase, which aims to restore the physiological
biomechanical competence of the fractured bone. In both mice
and humans, the course of fracture healing with
intramembranous or endochondral ossification is highly
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evaluated by 3-point bending test (Fig. 1a, ¢, e), and the bone volume of
the fracture callus was evaluated by pCT analysis (Fig. 1b, d, f). a, b
Comparison of 12-week-old female mice of the C57BL/6J and C57BL/
6N strains. ¢, d Comparison of 26-week-old female mice of the 129Sv/
Tac and C57BL/6N strains. e, f Comparison of 12-week-old male mice of
the C57BL/6J and Balbc/cByJ strains. n =5-12, *p <0.05, Student’s # test

influenced by the type of fracture, concomitant soft tissue
trauma and the biomechanical stabilization of the fracture.
Therefore, several rodent bone-healing models with different
experimental setups were developed in recent years to mimic
the clinical situation.
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In 1984, Bonnares and Einhorn developed a technique to
create standardized, closed fractures in rats, which was later
adapted to the mouse. This model is based on the insertion of
an intramedullary pin and subsequent fracturing of the bone
by means of a blunt guillotine driven by a dropped weight
[23]. This so-called Einhorn model models impact fractures,
thus having high clinical relevance. However, fracture locali-
zation and geometry are difficult to standardize. Moreover, in
many publications, comminuted fractures were depicted when
the guillotine was used for fracturing. Open experimental ap-
proaches allow the production of standardized osteotomies
(e.g., by using Gigli wire or oscillating saws). This more stan-
dardized “fracture” geometry and location is advantageous,
decreasing deviations and, thus, providing better evidence
on molecular mechanisms behind bone regeneration.
Osteotomies can also be applied to the metaphyseal region
of the femur [24] or for the generation of critically sized de-
fects in the diaphysis [25]. The model chosen for the bone
injury implicitly influences the healing process. Klein and
colleagues compared the healing outcome of equally fixed
closed fractures and open osteotomies and found delayed
healing of the osteotomies [26]. This may be due to the dif-
ferent grades of soft tissue injury.

In addition to the different methods to produce fractures,
fracture fixation is of particular importance. Similar to clinics,
stabilization techniques in mice include intramedullary
nailing, external fixators, and plate osteosyntheses. The sim-
plest way to stabilize fractures is the insertion of an
intramedullary pin through the intracondylar notch. In most
cases, an injection needle or a wire is used. These simple
implants do not provide rotational or axial stability; thus, cal-
lus size may vary considerably within an experiment. During
recent years, biomechanically standardized implants for frac-
ture stabilization methods have been developed. Improved
intramedullary implants are compression screws and locking
nails. The first provides axial and rotational stability by means
of interfragmentary compression and can be used for reduc-
tion and fixation of closed fractures [27]. The locking nail is a
more elegant fixation device. Its use is combined with the
creation of an osteotomy rather than a fracture. The locking
nail provides rotational and axial stiffness due to bi-cortical
locking pins proximal and distal of an osteotomy. Therefore,
different gap sizes can be adjusted [28]. The major disadvan-
tage of intramedullary implants is the disruption of the integ-
rity of the endosteum and the bone marrow that both contrib-
ute to the healing process; thus, the healing zone itself might
be influenced by the implant. Furthermore, implant removal,
for example, for mechanical testing of the healed bone and for
histologic processing, may lead to the disruption of the regen-
erated tissue. To overcome the drawbacks of intramedullary
implants, external fixators were developed [29]. As for the
locking nail, different osteotomy sizes can be created to study
bone regeneration or even to produce fracture non-unions.
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The fixation stiffness can be adjusted by altering the fixator-
body stiffness or the length of the mounting pins. The selected
stiffness of the external fixator dictates the healing process.
Rigid fixation in combination with small osteotomy gaps
leads to primary fracture healing via intramembranous bone
healing, while more flexible fixator configurations foster sec-
ondary fracture healing via the formation of a cartilaginous
callus and endochondral ossification [29]. The major advan-
tage of the external fixator is that it is fixed to the bone at some
distance from the osteotomy and thus does not directly inter-
fere with the healing process. Furthermore, the external fixator
is easily removed post mortem. Although one might think that
the external fixator bears the risk for pin-associated infections,
in numerous mice of different genotypes, we never observed
implant-related infections. Analogous to fixation techniques
in humans, plate osteosyntheses for the murine femur were
also designed [30]. As for external fixators, the stiffness of
plate osteosyntheses can be adjusted, so both primary and
secondary bone healing can be achieved. Like the external
fixator, the plate osteosynthesis is often combined with an
osteotomy. However, due to its internal location very close
to the periosteum, there is the risk of hampered callus
formation.

Murine Disease Models Used in Fracture Healing
Research

It is known from clinical practice that not only biomechanical
stabilization but also patient-specific factors and comorbid
conditions can strongly influence bone metabolism and frac-
ture healing. Evidence suggests that sex, age, hormone status,
comorbidities, including diabetes mellitus and rheumatoid ar-
thritis, several drugs, including non-steroidal anti-inflamma-
tory drugs and glucocorticoids, concomitant traumata,
smoking, and alcohol abuse can interfere with fracture healing
[31]. However, less is known about the molecular reasons for
disturbed fracture healing in comorbid patients. Here, another
important advantage of mice used in bone and fracture re-
search is the availability of many clinically relevant disease
models to investigate molecular mechanisms of delayed
healing. Additionally, due to the rapid metabolism of mice,
the effect of substances and treatments on bone can be studied
within a more reasonable time than in larger animals. The
best-established clinically relevant murine disease model is
the induction of postmenopausal osteoporosis by ovariectomy
(OVX) in female mice. Following OVX, the animals first
display a very rapid loss of trabecular bone, resulting in an
osteopenic phenotype. The mechanism behind that is a shift in
bone remodeling toward bone resorption due to the lack of
ovary-derived estrogen, mimicking the human situation of
high bone turnover in the early postmenopause [32]. A limi-
tation of this animal model is that the total BMD loss is less
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than in human patients [33]. However, during bone healing,
ovariectomized mice display delayed fracture bridging [34,
35¢] similar to osteoporotic patients [36]. The model of
OVX-induced postmenopausal osteoporosis and delayed frac-
ture healing in mice is well-established and described in many
research papers applying this experimental setup (see exam-
ples in Table 1). There is good evidence of decreased bone
formation in the fracture callus of OVX mice during the inter-
mediate and late phases of healing. However, there remains a
lack of data analyzing the influence of OVX on the early phase
of fracture healing.

The mouse is also a valuable model for age-related research
focusing on bone. In recent years, age-related osteoporosis has
increasingly become a focus of translational research. Aging
mice, like aging humans, show a progressive decrease in total
bone mass [50-52]. However, experiments using 12-month-
old or even older mice are very time-consuming. Therefore,
other mouse models mimicking aging were used, including
the SAMP6- and the Klotho-deficient mice, which display
accelerated aging associated with a senile low-turnover
osteopenia [53-55]. During fracture healing, both aged mice
and SAMP6-deficient mice were demonstrated to have a re-
duced healing capacity resulting in delayed bone regeneration
and callus maturation [38, 39¢]. However, there remains a lack
of evaluation of the molecular causes for delayed fracture
healing in aged mice.

Another disease with great relevance for bone and fracture
healing is diabetes. Type I diabetic patients frequently display
a lower bone mass, a destroyed bone microarchitecture, and,
therefore, a higher fracture risk [56]. Additional to the higher
number of fractures in diabetic patients, the risk for delayed
healing or non-union formation is substantially higher in both
type I and type II patients [57]. Many different murine models
for either type I or type II diabetes were developed, mimicking
specific bone-related aspects of the human disease, as summa-
rized in two review articles from Fajardo et al. [58¢] and
Forslund et al. [59]. Most of the diabetic mice displayed de-
layed callus maturation and fracture healing.

Despite the inter-species differences between mice and
humans in inflammatory mechanisms, the bone turnover is
regulated by the immune system in a similar manner.
Therefore, different chronic inflammatory comorbid condi-
tions, including rheumatoid arthritis and diabetes, were shown
to induce an osteopenic phenotype in both species [60—65].
The acute inflammation associated with concomitant trauma
also influences fracture healing both in humans and in rodents
[See, 48e, 66, 67]. For example, in both polytrauma patients
and polytraumatized mice, the excessive activation of the sys-
temic inflammatory response leads to delayed healing and
increased risk for non-unions [5ee, 48+, 68, 69]. However,
the animal model of severe trauma should be carefully evalu-
ated for the prediction of fracture-healing outcome because
different concomitant injuries can shift bone regeneration

processes in different directions. Therefore, traumatic brain
injury patients often suffer from ectopic bone formation and
prominent osteogenic differentiation [70], whereas patients
with additional thoracic trauma develop systemic inflamma-
tory response syndrome [71], which increases the risk of de-
layed fracture healing. Additionally, approximately 10 % of
trauma patients develop hemorrhagic shock [72], although its
influence on fracture healing in humans is not completely
understood. Nevertheless, it is speculated that hemorrhage
impairs fracture healing due to decreased soft-tissue perfusion
[47]. The mentioned traumata have also been established in
mouse models (see Table 1) and clearly demonstrated that the
mouse is able to mimic pathological processes in trauma pa-
tients to a very close extend and, therefore, is a valuable tool to
gain a deeper understanding of the healing course under in-
flammatory conditions.

In addition to the aforementioned murine disease models,
models for alcohol abuse, cigarette smoking, and drug intake
were used for fracture-healing studies [43e, 44, 73, 74].

Suitability and Translational Impact of Mouse
Models in the Area of Bone Metabolism and Fracture
Healing

The development of many existent bone-targeting therapeutic
agents was based on murine experiments, indicating that the
fundamental mechanisms of bone biology are similar between
human and mouse, although their bone structures differ. One
of the first identified signaling pathways was the receptor
activator of NF-«kB ligand (RANKL)/osteoprotegerin (OPG)
system. OPG is a secreted protein that was shown to inhibit
osteoclastogenesis in mice [75]. Transgenic mice overexpress-
ing OPG displayed an osteopetrotic phenotype, thus
confirming the osteoanabolic function of this protein [75].
Lacey et al. [76] identified a polypeptide ligand for OPG,
which activates mature osteoclasts and increases osteoclast
formation. In the same year, Yasuda et al. [77] discovered that
this OPG ligand was identical to the RANKL protein. In 2000,
the same group demonstrated that both OPG and RANKL are
produced by osteoblastic cells, whereas the receptor for
RANKL is expressed on preosteoclastic cells and mature os-
teoclasts [78]. Therefore, the interaction of these proteins is
important for the regulation of osteoclast formation by osteo-
blasts. In recent years, a therapeutic antibody against RANKL,
densoumab, was developed. After treatment of human
RANKL knockin mice with denosumab, these mice displayed
decreased osteoclast surface, increased bone mass [79], and
significantly accelerated bone formation in the fracture callus
[80]. Clinical studies of denosumab demonstrated a signifi-
cantly increased BMD in postmenopausal women [81-84].
Additionally, denosumab was shown to decrease the fracture
risk [85, 86]. The next step would be to test whether the
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antibody can also accelerate bone regeneration in humans. In
summary, the discovery of the RANK/RANKL/OPG inter-
play in mice and the development of the anti-RANKL anti-
body for use in humans is a good example to demonstrate the
translational impact of bone research using transgenic mouse
models. Another therapeutic antibody developed in mice is
romosozumab, a monoclonal antibody against sclerostin.
Although the first indications that the sclerostin gene may be
involved in bone homeostasis came from a naturally occurring
mutation in humans suffering from van Buchem disease [87],
the understanding of the molecular mechanisms of sclerostin
action were gained in mice. Sclerostin-overexpressing mice
exhibit low bone mass and decreased bone strength due to a
significantly reduced osteoblast activity [88]. Further studies
demonstrated that sclerostin is a negative regulator of
osteoanabolic Wnt/beta-catenin signaling [89]. Preclinical
studies demonstrated that antagonizing sclerostin using a
monoclonal antibody increased bone formation, bone
strength, and fracture healing in rodents [64, 90-92].
Currently, romosozumab is under investigation in a clinical
phase II trial, showing promising initial results in postmeno-
pausal women with low BMD [93¢]. Inhibition of cathepsin K
(CatK) is another promising approach to osteoporosis treat-
ment. CatK is a cysteine protease responsible for the degrada-
tion of type I collagen and is abundantly expressed in osteo-
clasts [94]. In actively resorbing osteoclasts, CatK accumu-
lates in lysosomes close to the ruffled membrane and is secret-
ed into the extracellular space [95]. CatK deficiency in differ-
ent knockout mice led to high bone mass [96, 97], whereas
overexpression of CatK resulted in accelerated bone turnover
and reduced trabecular bone volume [98]. These findings led
to the development of several CatK inhibitors for clinical ap-
plications, including odanacatib. Odanacatib is a nitrile-based
molecule displaying high potency for CatK inhibition and
lower affinity for other cathepsins [95]. A long-term phase II
trial on odanacatib showed increased BMD and reduction of
bone resorption markers in osteoporotic women [95]. The
phase III Long-Term Odanacatib Fracture Trial (LOFT) dem-
onstrated an approximately 50 % decreased risk of both pri-
mary and secondary osteoporotic fractures in postmenopausal
women [99].

The bone morphogenetic protein (BMP) signaling cascade
is one of the most important molecular pathways during bone
development and healing. BMPs are secreted proteins of the
transforming growth factor beta superfamily, which are crucial-
ly involved in embryonic development of many organs.
Consequently, the majority of BMP knockout mice are lethal
at an early embryonic stage [100, 101]. However, the condi-
tional mesenchymal BMP knockout mouse revealed the crucial
role of BMP2 in fracture healing [102]. Both in mice and larger
animals, recombinant BMP2 (thBMP2) was successfully tested
as an osteoinductive therapy to enhance fracture healing [103,
104]. Meanwhile, thBMP2 is now established in clinical

practice to treat patients with orthopedic complications, includ-
ing delayed healing and non-union formation [105, 106].

Research in mice also led to the development of anti-
inflammatory drugs, which reduce inflammation and bone de-
struction in joints of rheumatoid arthritis patients [107]. One
example is tozilizumab, a humanized mouse anti-interleukin-6
receptor antibody, that blocks IL-6-mediated inflammatory sig-
naling, thus reducing the number of neutrophils in synovia and
joint swelling and attenuating structural joint damage [108].

Despite many promising results gained in the mouse, the
transfer of such findings to the clinic is often difficult and
requires careful additional evaluation. In particular, in mouse
models of inflammatory conditions, the inter-species differ-
ences in the cross talk between bone and the immune system
should be taken into account, because the murine immune
system is quite different from the human in many aspects. In
humans, 50-70 % of leukocytes are polymorphonuclear neu-
trophils, whereas mouse blood is lymphocyte-rich with only
10-25 % of neutrophils [109]. Even more prominent differ-
ences can be detected on the molecular level. For example,
mouse-immune cells do not express ICAM3, caspase 10, or
several classes of Fc receptors, including FcoxRI and FcyRITA
and C [109]. Therefore, the mouse can only model human
bone-affecting inflammatory conditions to a limited extent.
For example, despite many available models for rheumatoid
arthritis, it is not possible to mimic in mouse the whole course
of'the human disease, including all molecular and pathological
events. Therefore, Seok et al. recently questioned the applica-
bility of mouse trauma models, indicating that in recent years,
approximately 150 clinical trials intended to block inflamma-
tory response in critically ill patients failed [110¢]. The authors
explored the correlation of expression profiles of genes in-
volved in inflammatory responses in both mice and humans.
The authors compared trauma patients with different murine
trauma models and found very poor correlation in inflamma-
tory processes between the two species. However, the study
was strongly criticized due to several limitations, including
failed age and analysis timepoints matching, different concen-
trations of applied LPS, and the comparison of large patients
cohort with a single inbred strain [111ee, 112]. Moreover,
these data were contradicted by a de novo analysis of the same
datasets performed by Takao et al. [113], with special focus
not on the whole genome but on genes whose expression
levels were significantly changed. This analysis showed good
correlation of inflammatory processes both between different
trauma models and between human and murine trauma. These
results indicate that the understanding of limitations of the
applied models is crucially important for the appropriate eval-
uation of data [111ee, 113].

One possibility to overcome the problem of biological dif-
ferences between mice and humans at least in part is the use of
xenograft and humanized mouse models. Xenograft models
are based on immune-deficient mice, which allow the
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transplantation of human cells and tissues into the murine
organism without rejection [114]. This approach is commonly
used to perform basic studies on human tissues, cancer devel-
opment and stem cell function in a complex, living organism,
but outside the human body [115, 116]. Xenograft mouse
models can similarly be used to study human bone biology:
Recent studies demonstrated the successful generation of a
bioengineered human organ bone in immune-deficient mice
[117, 118]. In these studies, degradable synthetic scaffolds
were seeded using human osteogenic progenitor cells prior
to subcutaneous implantation to generate vascularized and
viable human bone. The authors used this novel xenograft
model to investigate the metastasis of human cancer cells to
the human organ bone [117, 118].

Beyond the transplantation of human tissues, immune-
deficient mice can be used for engraftment of a human immune
system by the injection of human hematopoietic stem cells.
These chimeric mice are termed “humanized mice” [115] and
are generally useful to study human immune cell biology in the
murine organism. Such humanized mice are used to investigate
human anti-tumor immune response, infectious diseases, graft-
versus-host disease, autoimmunity and many other research
questions [114, 119]. A completely new approach is the com-
bination of the humanized mouse model with tissue-engineered
bone constructs. In this setup, the interaction of human hema-
topoietic stem cells and their physiological niches in the bone
marrow has recently been investigated [119].

Although xenograft and humanized mouse models have
intrinsic limitations due to their great complexity, they could
potentially be used to investigate human bone disorders, re-
generation and trauma response.

Conclusion

In conclusion, inter-species differences should be taken into
account in translational studies, because there are important
biological differences between the mouse and human, partic-
ularly when considering the inflammatory response or the
bone remodeling system. However, many osteoanabolic drugs
have already been developed using mice and have shown
considerable therapeutic success in human osteoporotic pa-
tients. Because the fracture healing process is similar in mice
and humans and many highly standardized murine fracture
models are available, we conclude that research using mouse
models will have a significant translational impact on clinical
fracture treatment in the future.
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