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Delayed bone healing and non-union occur in approximately 10% of long bone fractures. Despite intense investigations and progress in
understanding the processes governing bone healing, the specific pathophysiological characteristics of the local microenvironment leading to
non-union remain obscure. The clinical findings and radiographic features remain the two important landmarks of diagnosing non-unions and
even when the diagnosis is established there is debate on the ideal timing and mode of intervention. In an attempt to understand better the
pathophysiological processes involved in the development of fracture non-union, a number of studies have endeavoured to investigate the
biological profile of tissue obtained from the non-union site and analyse any differences or similarities of tissue obtained from different types of
non-unions. In the herein study, we present the existing evidence of the biological and molecular profile of fracture non-union tissue.
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Introduction

Bone healing is a complex but well-orchestrated physiological
process which recapitulates aspects of the embryonic skeletal
development in combination with the normal response to acute tissue
injury [1, 2]. It encompasses multiple biological phenomena and is
margined by the combination of osteoconduction (scaffold forma-
tion), osteoinduction (timed cellular recruitment controlled by
multiple signalling molecules) and osteogenesis (new bone forma-
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tion) [2-5]. In contrast to the scar formation, which occurs in the
majority of other tissue types in adults, bone has the innate capability
to repair and regenerate, regaining its former biomechanical and
biochemical properties [6-8].

During the bone healing process, a well-regulated series of over-
lapping processes take place in the cortical bone, the periosteum, the
bone marrow and the undifferentiated fascial tissue surrounding the
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fracture [10, 12, 13]. According to the histological appearance, two
basic types of bone healing have been identified [6, 7, 11]. The pri-
mary (direct) healing pattern occurs when anatomical reduction is
achieved, along with almost absolute stability [3, 15]. The disrupted
continuity of the bone in this type of healing is re-established with
regeneration of the Harvesian system and the lamellar bone, with
therefore no need of any remodelling [12, 15]. On the contrary, the
secondary (indirect) healing pattern that occurs in the vast majority
of clinical cases depends to the formation of fibrocartilaginous
callus [3, 6]. This process can be broadly divided into five stages:
that of inflammation, granulation tissue formation, soft callus
formation (hyaline cartilage), hard callus formation (woven bone) and
remodelling [6, 9, 11, 14].

In more detail, following an injury the bone architecture is dis-
rupted, as is the surrounding soft tissue continuity. Consequently, the
local blood vessels are torn, a haematoma is formed and the coagula-
tion cascade is activated [16]. This fracture haematoma contains cells
that originate from the peripheral and intramedullary blood, as well as
from the bone marrow [15]. They include inflammatory immune cells,
neutrophils, monocytes and macrophages that are activated by the
coagulation process; fibroblasts; and mesenchymal stem cells
(MSCs) [6, 16]. Prostaglandins, cytokines and other proteins are
abundant in this environment and contribute to the formation of a
complex microenvironment which has different effect on each cell
population [6]. These mediators are known to increase cellular migra-
tion, proliferation, enhance osteogenesis, collagen synthesis and
angiogenesis [6].

Subsequently, the necrotic or damaged pieces of bone are removed
and the fracture haematoma is gradually replaced by granulation tissue
[17]. The osteoprogenitor cells then proliferate and differentiate, leading
to deposition of collagen and formation of soft callus. An increased vas-
cularity and intense cell proliferation in the cambium layer of the perios-
teum is evident in this stage [13, 17]. Bone formation then occurs by
endochondral or intramembranous ossification. Initially, immature
woven bone characterized by coarse collagen fibres arranged in a hap-
hazard fashion is formed, but is then transformed to mature lamellar
bone (remodelling) in a slow process [13, 17]. During remodelling that
could last several months to years after fracture, both osteoblast and
osteoclast activity is intense, with bone resorption followed by apposi-
tional production of new bone by osteoblasts [17].

In vitro investigations to evaluate osteogenic activity include
measurements of a number of secreted substances (proteins)
including: alkaline phosphatase (ALP), osteonectin, osteopontin,
osteocalcin and bone sialoprotein. Alkaline phosphatase is a key
protein secreted by osteoblasts in response to osteogenic activity
and represents a marker of the earlier stage of osteoblast differenti-
ation [18]. Osteonectin, osteopontin and osteocalcin are non-collag-
enous bone matrix proteins, abundant in bone tissue [19]. They are
thought to be of great importance in bone development, growth,
turnover and fracture repair; along with osterix, as essential factor
for osteoblast differentiation and bone formation, they represent
markers of the later stage of differentiation [18-20]. Bone Sialopro-
tein, an extracellular matrix protein secreted by osteoblastic cells,
has also been reported to modulate osteoblast differentiation and
mineralization [21].
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As already mentioned, the physiological sequence of fracture
healing depends on numerous endogenous and exogenous factors
[22, 23]. If this sensitive balance is altered in any way, complica-
tions may arise, such as delayed union or non-union. The criteria
for defining a non-union are not yet standardized [24]. FDA (Food
and Drug Administration) defines a non-union as the incomplete
fracture healing within 9 months following injury, along with
absence of progressive signs of healing on serial radiographs over
the course of three consecutive months [25]. In the United States
alone, it is estimated that 5-10% of all fractures are complicated
by non-union or delayed union [26], posing an enormous economic
burden to the healthcare system [27]. The tibia and the femur are
the most common long bones associated with the development of
non-union [28, 29].

According to the radiological and histological appearance, non-
unions are characterized as: hypertrophic, usually resulting from
insufficient fracture stabilization (extensive callus formation) [30];
and atrophic, where the fracture stabilization is adequate but there is
localized dysfunction in biological activity (little callus formation and
presence of a fibrous tissue-filled fracture gap) [30, 31]. Synovial
pseudarthrosis is considered as a different pathological entity, caused
by inadequate immobilization with or without the presence of infec-
tion [32]. Moreover, non-unions can be characterized according to
the presence of bacteria at the fracture site, as septic or aseptic non-
unions [33].

It is generally accepted that the progression to a non-union in
most cases represents a multifactorial process. Various risk factors
have been implicated with compromized fracture healing, including:
patient dependent factors such as age, gender, medical comorbidities
(i.e. anaemia, diabetes and hormone disorders), smoking and admin-
istration of pharmacological agents (i.e. steroids, non-steroidal anti-
inflammatories, efc.); and patient independent factors such as the
‘personality’ of the fracture, presence of infection and adequacy of
surgical technique [22, 25, 34].

The exact biological process leading to a non-union remains
obscure and it is well accepted that any planned interventions to
reverse this process should be well-timed and well-aimed to restore
both biological and mechanical deficiencies [3, 14, 31, 35]. It can be
postulated that by gaining a better understanding of the underlying
mechanisms leading to a non-union, both clinicians and scientists
would be allowed to target specific pathways independently, tailoring
treatment to each patient’s individual requirements [11]. Therefore,
the purpose of this review is to investigate the biological profile of tis-
sue obtained from the non-union site and to analyse any differences
or similarities of tissue obtained from different types of non-unions.
Moreover, it aims to evaluate whether any interventions on the tissue
obtained would influence in a positive aspect its biological character-
istics and bone repair responses.

Materials and methods

This review was conducted in accordance to the PRISMA guidelines
[36]. Data were documented according to a standardized protocol,
where objectives and inclusion criteria were specified in detail.

© 2015 The Authors.
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Eligibility criteria

Studies selected were original articles fulfilling the following inclusion cri-
teria: (/) the tissue was obtained from a non-union site and examined or
processed for defining its characteristics and properties; (ii) only tissue
acquired from human subjects was included; (/i) articles were published
in English language and (iv) the full text of each article was available. All
studies that did not fulfil all eligibility criteria were excluded from further
analysis, whereas no publication date restrictions were imposed.

Information sources

Studies were identified by searching the following resources/databases:
PubMed Medline; Ovid Medline; Embase; Scopus; Google Scholar; and
the Cochrane Library, to retrieve all available relevant articles. The terms
used for the search included: non-union(s), nonunion(s), human, tissue,
bone morphogenic protein(s) (BMP’s) and MSCs. The identified articles
and their bibliographies including any relevant reviews were manually
searched for additional potential eligible studies.

Study selection

Two of the authors (M.P., I.P.) performed the eligibility assessment, in
an independent, unblinded and standardized manner. Most citations
were excluded on the basis of information provided by their respective
title or abstract. In any other case, the complete manuscript was
obtained, scrutinized by the two reviewers and included if fulfilling the
eligibility criteria. Any disagreement between reviewers was resolved by
coNsensus.

Extraction of data

Relevant information on author’s name, publication year, patient demo-
graphics, site and duration of non-union, type of the non-union, charac-
teristics and evaluation of tissue samples, culture properties, gene
expression, protein expression and effect of additional interventions was
carefully extracted.

Data analysis

All outcomes of interest were inserted in an electronic database and
outcome of different studies were documented. The characteristics of
tissue samples were then compared across different studies and the
effect of any intervention was evaluated.

Results

Literature search

The electronic search of the literature retrieved 1532 citations,
but only 21 of them met the selection criteria [14, 18, 19, 22, 30, 35,

© 2015 The Authors.
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37-51]. Another three eligible papers [32, 52, 53] were obtained from
the hand search of the references of the eligible studies and relevant
review articles, yielding 24 eligible studies for the final analysis
(Fig. 1) [14, 18,19, 22, 30, 32, 35, 37-53].

All studies were published from 1954 to 2013 and included 467
cases (Table 1) [14, 18, 19, 22, 30, 32, 35, 37-53]. Some of the
authors used the same tissue bank for their analysis, but as different
investigations were performed in each study, they were included as
different studies [14, 19, 35, 39, 47].

Studies characteristics

The studies characteristics are outlined in Table 2 [14, 18, 19, 22, 30,
32, 35, 37-53]. The definition of non-union varied between studies,
but it was generally based on the radiographic appearance and clinical
examination. Most of the samples were obtained during revision
operations for the treatment of the non-unions.

Macroscopic structure of non-union tissue

Urist et al. was the first to hypothesize the mechanism of non-
union based on its macroscopic and microscopic characteristics
[53]. He reported that white soft tissue was interposed between the
bone segments, a finding later supported by other authors [51],
and explained this as fibrinoid degeneration of the connective tissue
in the interior of the callus [53]. With regards to synovial pseu-
darthrosis, a yellow frond-like material was found interposed
between the bone fragments, with clear serous fluid filling this
space in aseptic cases, whereas in septic cases murky fluid was
present [32].

Microscopic structure of non-union tissue

Histology

The histological findings of non-union tissue are summarized in
Table 3 [18, 19, 30, 32, 35, 40, 43-48, 50, 51, 53]. Where relevant
information was available, a direct comparison of histological findings
between atrophic and hypertrophic non-unions was attempted
(Table 4) [30, 40, 43, 44, 46, 50].

Immunohistochemistry

The immunohistochemical findings of non-union tissue are summa-
rized in Table 5 [14, 19, 35, 39, 44, 45, 47, 48, 52]. Interestingly,
BMP’s were present in the non-union tissue, although their expres-
sion was reduced [35, 39, 45]. Moreover, matrix metalloproteinases
(MMP’s) were also reported to be present in the non-union tissue,
not localized in a particular cell type or cellular component [14, 48].

Neuroimmunohistochemistry

Only one study performed neuroimmunohistochemical analysis
revealing paucity or total lack of peripheral innervation in the non-
union tissue [48].
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Analysis of vessel density

Blood vessels were present in cases of hypertrophic non-unions, with
a varying density (Table 6) [44, 48, 50]. When comparing however
atrophic and hypertrophic non-union tissue, an interesting finding
was that the number of fields containing no blood vessels, some
blood vessels and hot-spots, was very similar [44]. This was also
confirmed with immunohistochemistry studies, where no significant
difference was evident in the median vessel count between atrophic/
hypertrophic non-unions and normal unions [44]. Finally, histological
findings confirmed the presence of vascular tissue in both types of
non-unions (Table 3) [19, 40, 44, 46].

Electron microscopy

Two studies performed ultrastructural examination of the non-union
tissue by the means of electron microscopy (Table 6) [32, 50]. In a
study by Quacci et al., it was found that the non-union tissue con-
tained normal fibroblasts and chondrocytes [50]. In addition, Heppen-
stall et al. who examined synovial pseudarthrosis reported large
amounts of surface fibrin and densely packed collagen [32].

Bacteriology of the non-union

Palmer et al. analysed 34 samples obtained from patients with non-
unions [37]. Although eight samples had a positive conventional culture,
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only four of 34 cases were negative following analysis of bacterial DNA
using a combination of Ibis molecular diagnostics and fluorescence in
situ hybridization techniques. Similarly, Gille et al. examined culture
negative samples of 23 patients and reported the presence of bacterial
RNA following analysis with PCR in two patients (8.7%) [38].

Evaluation of tissue sample

Cell surface protein expression

Three studies performed flow cytometry to determine the presence of
specific proteins on the cell surface (Table 7) [18, 30, 40]. The non-
union tissue was found to be positive for MSC’s related markers
CD13 [30], CD29 [18, 30], CD44 [18, 30], CD90 [30], CD105 [18, 30,
40] and CD166 [18, 30], but negative for haematopoietic markers
CD14 [18, 30], CD34 [18], CD45 [18, 30, 40] and CD143 [18, 30].

Cell senescence

Bajada et al. was the only author to report on the cell senescence of
non-union stromal cells [40]. According to his findings, from passage
| onwards, many of the cells developed an appearance that was less
bipolar and more spread along with the development of prominent
stress fibres. Further passages lead to prolonged culture doubling
times (phenotypic changes are consistent with the onset of cell
senescence). When examining the proportion of SA-B gal positive
cells, that was significantly greater in the non-union stromal cells

© 2015 The Authors.
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included the whole

5 mm biopsy cannula
fracture site

Amount of tissue
Sample tissue

Patients’ age (mean + SD)

18 and 23 years
Not mentioned

Extra-articular: tibia: 13; femur:
10; other: 18. Intra-articular:
femur: 44; patella: 4; other: 6

Site
Tibia

Extra-articular: 41;
intra-articular: 54

Number of specimens
2 (male)

Time frame
Not mentioned
Not mentioned

Year
1991
1991

Table 1. Continued

Author
Quacci [50]
Milgram [51]

© 2015 The Authors.

(intact piece)

39 + 3 years Not mentioned

Humerus: 29; femur: 23; tibia:
18; clavicle: 3; metatarsal:
1; ulna: 1; radius: 1

Tibia

76 (39 males)

1970-1983

1987

Heppenstall [32]

Not mentioned

Not mentioned

85 (19 biopsies between
2 and 7.5 years)

1948-1953

1954

Urist [53]

*Both studies used the same samples for their analysis.

TAll three studies used the same samples for their analysis.

J. Cell. Mol. Med. Vol 19, No 4, 2015

when compared to the bone marrow stromal cells, but that did not
correlate with the patient’s age, number of previous operative proce-
dures or time between original fracture and operative management.

Cultures characteristics

Properties
Cell morphology, viability and proliferation are outlined in Table 8
[18, 30, 40-42, 46, 49].

Alkaline phosphatase activity assay — messenger RNA
evaluation

Alkaline phosphatase activity and messenger RNA (mRNA) evaluation
is outlined in Table 9 [18, 19, 30, 40-42, 46, 49, 50].

Osterix

Koga et al. has studied the effect of low-intensity pulsed ultrasound
on non-union cells cultured with the presence of BMP-7 and reported
no significant difference in the expression of osterix [18].

Osteocalcin
Osteocalcin expression is outlined in Table 10 [18, 19, 30, 40-42, 46].

Osteonectin

Osteonectin expression was investigated by Lawton ef al. [19].
Osteonectin was found to be strongly positive in non-cuboidal and
induced osteoblasts of early woven bone, as well as cuboidal osteo-
blasts of later woven bone. Included osteoblasts and flattened lining
cells on lamellar bone were only weakly positive, whereas endothelial
cells were consistently negative.

Osteopontin

Lawton et al. investigated osteopontin expression during the different
stages of repair [19]. Osteopontin was found to be weakly positive in
non-cuboidal osteoblasts on early woven bone, and moderately posi-
tive in cuboidal osteoblasts on the surface of woven bone later in
repair. Multinucleate resorptive cells were associated with a strong
signal, in comparison with most flattened cells on the surface of
lamellar bone and endothelial cells that were negative.

Bone Sialoprotein

Iwakura et al. studied the expression of Bone Sialoprotein under oste-
ogenic conditions and found it to be higher in the non-union cells than
under undifferentiated conditions in the human dermal fibroblasts
(controls) [30].

Mineralization assay
Mineralization assay outcomes are outlined in Table 10 [18, 19, 30,
40-42, 46].

Dickkopf-1 expression
The expression of Dickkopf-1 (Dkk-1) was studied by Bajada et al.
[40]. According to his findings, both non-union and bone marrow
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Areas of old bone, new bone formation, non-union gap (either fibrous, cartilaginous or both), and an interface between the

gap and bony material
The morphology of the samples was not dependent on the duration of delayed union/non-union. All samples contained

Histology

Not mentioned (presence of
callus)

8 cases delayed union; 2

Classification

Table 3. Continued

Author
Lawton [47]

Santavirta [48]

© 2015 The Authors.

connective tissue of varying density, in which tissue fibroblast-like mononuclear cells seemed to predominate. The

cases established
non-unions

cellularity varied inside each sample from poorly cellular, tight connective tissue areas to highly cellular strangs with

occasional cartilage or bony islets

Light microscopy: non-union tissue was composed of connective tissue, cartilage (had a hypertrophic aspect and frequently

presented degenerative aspects) and fragmented osteoid-like trabeculae

Hypertrophic

Quacci [50]

Extra-articular locations: presence of non-mineralized fibrous or fibrocartilaginous tissue between the ends of the bone at the

old fracture site. Also demonstrated a spectrum of clefts at the site of non-union ranging from tiny microscopic spaces

Not mentioned

Milgram [51]

within the soft tissue of the non-union to dominant clefts that completely separated the ends of the fracture (i.e. frank

pseudarthrosis). Intra-articular locations: demonstrated the same sequence of changes occurring in 24 of the cases.

However, 30 of them demonstrated no tissues of a fibrous non-union

Light microscopy (62 patients): hyaline cartilage, synovial-like lining cells, or synovium and fibrous tissue was present

Synovial pseudarthrosis

Heppenstall [32]
Urist [53]

When healing does not occur <18 months, the interior of the callus is more likely to show: inflammatory and fibrous

connective tissue; failure of fibrous tissue to regress; fibrinoid and hyaline degeneration

Not mentioned

J. Cell. Mol. Med. Vol 19, No 4, 2015

stromal cells secreted Dkk-1 into conditioned medium at comparable
levels under control (i.e. non stimulated) conditions. However, Dkk-1
levels detected in stimulated non-union stromal cells conditioned
medium were markedly and significantly greater than those found in
stimulated bone marrow stromal cells cultures.

Gene expression

Several authors have examined the expression of different genes in
the non-union tissue. A summary of their results is outlined in
Table 11 [14, 22, 30, 42, 52] and Table 12 [47, 49].

Western blot assay

Western blot assay was used to detect the presence of specific pro-
teins in the tissue under examination. Fajardo et al. investigated the
presence of MMP’s and reported that MMP-7 and MMP-12 were
present in both non-union and mineralized callus tissue; however, the
signal intensity of both enzymes was stronger in the non-union
tissue [14]. In another study, he and his team examined the pres-
ence of BMP’s [39]. His finding included: BMP-2 was present in
both non-union and mineralized callus tissue; BMP-4 was detected in
non-union samples but decreased in healing bone samples; BMP-7
was detected in the healing bone but was absent in the non-union
samples.

Comparison between atrophic and hypertrophic non-union
tissue

Table 4 [30, 40, 43, 44, 46, 50] and Table 13 [30, 40, 42, 44, 46]
compare the characteristics of tissue obtained from atrophic and
hypertrophic non-unions.

Effect of interventions to the non-union tissue
Table 14 [18, 41, 46, 49] outlines the effects of either pulsed electro-
magnetic field stimulation or BMP’s on the non-union tissue.

Genetic predisposition to fracture non-union

Several authors have investigated the theory of genetic predisposition
to fracture non-union by analysing samples from peripheral venous
blood [33, 54] or bone callus [55], and comparing them with unevent-
ful healing fractures. Numerous polymorphisms such as those of two
specific SNPs (rs1372857, genotype GG and rs2053423, genotype
TT) were identified to be associated with an increased risk of develop-
ing non-union [33, 55, 56].

Discussion

Non-unions represent a significant public health problem and have
been associated with devastating consequences for the patients,
their family and the society as a whole [57]. The mechanism
behind the progression of a fracture to a non-union state is multi-
factorial and as a consequence the treatment can be very chal-
lenging. The treatment of non-unions has evolved over the years
from prolonged immobilization [53] to the use of biological
stimulation and polytherapy. Such a strategy attempts to address
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Table 4 Comparison of histological findings between atrophic — hypertrophic non-unions

Type of tissue Atrophic Hypertrophic
Fibrocartilaginous tissue [40, 44] [43, 44]
Fibrous tissue [44, 46] [30, 44]
Cartilaginous tissue = [44, 46, 50]
Collagenous extracellular [40, 46] [40, 46, 50]

matrix/connective tissue

Bone tissue

Necrotic bone

Bone production

Cells

Vascularization

No ossicles [46];
occasional bony
islands [40, 44]

More prevalent [44]

Predominantly via the
endochondral route [44]

Generally oligocellular [46];
some areas acellular [40]

Fibroblastic: majority of cells [40]

Osteoclasts: occasionally [40]

Bipolar cells: majority of cells [40]

Cells with a stellate (possessed
multiple cytoplasmic processes)
or dendritic appearance [40]

Well vascularized [40, 44];

No ossicles [30, 46]; bony
islands [43, 44, 50]

Bone formation by both endochondral
and intramembranous ossification [44]
More cellular [46]

Fibroblast-like [30]

Well vascularized [44]

few vessels [46]

all the elements of a compromized fracture healing response
[3, 31].

With regard to the macroscopic appearance of non-unions, a
common finding is the interposition of soft tissue between the bone
fragments [51, 53]. In aseptic non-unions, this tissue is whiter in col-
our, occasionally surrounded by clear fluid, compared to infected
non-unions where this tissue becomes more yellowish and frequently
surrounded by murky fluid [32]. The experience of the authors con-
firms the above findings and in fact the macroscopic appearance of
the non-union tissue is used as an additional marker for confirming/
suspecting an underlying septic process.

Regarding the culture characteristics of the non-union tissue,
there was an inconsistency in the reported findings. This may be
because of the different types of non-union tissue examined (i.e. atro-
phic and hypertrophic), as well as because of the different topography
of the non-unions from where samples were obtained. Finally, the
expression of several genes was reported to be different in non-union
tissue and controls [14, 22, 30, 39, 42, 52], a finding suggesting that
such differences may contribute to the pathogenesis of non-unions.

Several similarities were reported in the histological analysis of
atrophic and hypertrophic non-unions. The main types of tissues
involved include fibrous, cartilaginous and connective tissue in vary-
ing degree [30, 40, 43, 44, 46, 50]. In atrophic non-unions, bony
islands were not always present [30, 40, 43, 44, 46, 50], whereas
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necrotic bone was more prevalent [44]. Generally, the cellular density
of atrophic non-unions was lower compared to hypertrophic non-
unions, while some areas were completely acellular [40, 46]. This
suggests a different cellular background, which may correspond to
the higher failure rate following revision surgery of atrophic non-
unions [31].

More importantly, lwakura et al. showed that tissue derived from
hypertrophic non-unions contains MSC’s [30], a finding later con-
firmed by Koga et al. [18]. Similarly, Bajada et al. reported the pres-
ence of biologically active cells in atrophic non-union tissue, largely
CD34/CD45-negative, CD105-positive, with the potential to differenti-
ate to osteoblastic, adipogenic and chondrocytic lineages [40].

In contrast to the common preconception that atrophic non-
unions are relatively avascular and inert [44, 58], several authors
have confirmed the vascularity of the atrophic non-union tissue [19,
32, 40, 44, 46, 48, 50]. In addition, Reed et al. reported no significant
difference in the vessel density between atrophic non-unions, hyper-
trophic non-unions and healing fractures [44]. This biological finding
may be of importance, as it suggests that treatments targeting to the
enrichment and restoration of local angiogenesis could be applied as
an effective treatment modality in the clinical setting.

Low-grade infection represents a challenge for the treating sur-
geon, as laboratory markers (such as C-Reactive Protein, erythrocyte
sedimentation rate, white blood count) and conventional cultures of

© 2015 The Authors.
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Table 5 Immunohistochemistry findings
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Author

Classification

Immunohistochemistry

Fajardo [14]

Kwong [35]

Fajardo [39]

Kilian [52]

Reed [44]

Reed [44]

Kloen [45]

Lawton [19]

Lawton [47]

Santavirta [48]

Hypertrophic

Aseptic non-unions,
only fractures with
areas of cartilage
were chosen

Hypertrophic

Atrophic

Hypertrophic

Atrophic

Not mentioned

Not mentioned (had callus)

Not mentioned (had callus)

Eight cases delayed union;
two cases established

non-unions

MMP-7 and MMP-12 were found to be stained within the substance of the non-union
tissue and not localized within a particular cell type or cellular component. Both enzymes
were likewise not visualized in the bone callus specimens

There was a significant reduction in BMP-2 and BMP-14 expression in cartilaginous areas
of non-healing fractures compared to healing fractures, but no statistical differences in the
endogenous expression of noggin and chordin (BMP inhibitors)

BMP-7: absent in the non-union specimens but present in the fracture callus specimens.
BMP-2: positive immunostaining was restricted consistently to the fibrous tissue of the
non-union tissue

Immunostaining appeared in close vicinity to immature osteoid trabeculae. EDB+ fibronectin
immunostaining was negative for scFvL19 antibody

No statistically significant difference in median vessel counts between atrophic,
hypertrophic and normal unions

No statistically significant difference in median vessel counts between atrophic,
hypertrophic and normal unions

The most consistent expression was that of BMP-2, BMP-4, and BMP-7 in the osteoblasts
lining the newly formed osteoid. The staining was cytoplasmic and, in certain specimens,
was specifically located in the Golgi apparatus, illustrating local production of BMP. No
correlation between the location of the delayed union or non-union and staining. In the
areas of dense fibrous tissue the presence of staining for all BMP isoforms tested was the
same as or less than that in the areas close to bone at all time-points after the fracture.
Expression of Type IA, Type IB, and Type || BMP Receptors: positive staining was
observed in the osteoblasts lining the ossified tissue, in the areas near the ossification
sites, and in the fibrous tissue. As observed for the BMP antibodies, there was a trend
towards decreased staining in areas remote from bone formation. There was no clear
trend between a decreased percentage of positive staining and an increased duration of
the non-union. Expression of pSmad1: in the osteoblasts lining the areas of reactive bone
formation as well as in osteoclasts, fibroblast-like cells and chondroblast-type cells

In normally healing fractures, mature osteoblasts on woven bone were negative for MGP
mRNA, but positive for osteonectin, osteopontin and osteocalcin mRNA molecules. In
non-unions, osteoblasts displayed a novel phenotype: they were positive for MGP mRNA,
in addition to osteonectin, osteopontin and osteocalcin mRNA molecules

In areas of new bone covered by plump osteoblasts, the matrix was either stained
uniformly or in a superficial zone, indicating the presence of collagen type Ill. Fibrous
tissue in the fracture gap was also immunostained positively

Most inflammatory cells were CD4 T lymphocytes and their number was always twice that
of the CD8 positive cells. Staining for CD11b positive monocyte/macrophages showed in
all samples positive cells scattered in the connective tissue stroma with perivascular
enrichments. Mast cells were absent or very rare. Almost all resident cells seem to be
involved in tissue remodelling as suggested by their content of fibroblast-type MMP-1 and
its proteolytic activator MMP-3 or stromelysin, whereas MMP-8 was rare or absent

intra-operative samples can be negative [37, 38]. A possible explana-  have reported the benefit of utilizing molecular based techniques to
tion for this phenomenon could be the presence of biofilms (bacteria  identify these infections [37, 38]. This can be very important, as dis-
adhere on implants and tissues around the fracture site, forming  tinguishing between septic and aseptic non-union is essential for
matrix-enclosed communities), which are resistant to “normal” con-  determining the course of treatment. However, limitations of their use
centrations of systemic antibiotics [37]. Palmer et al. and Gille ef al. in clinical practice include: the fact that single-primer PCR can only

© 2015 The Authors.
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Table 6 Tissue examination

Author Analysis of vessel density

Electron microscopy (Ultrastructural Examination)

Reed [44] The number of fields containing no blood
vessels, some blood vessels and hot-
spots was very similar in the atrophic and

hypertrophic non-union groups

Santavirta [48] Samples mostly consisted of vascularized

connective tissue of varying density

Quacci [50] A lot of blood vessels were present in the
tissue, often appearing free of blood and
occluded by thrombi at different

organization stages

Heppenstall [32] Not applicable

Not applicable

Not applicable

Fibroblasts and chondrocytes found in the non-union tissue seemed
normal, with a good secretion apparatus. The cell membranes were
able to produce matrix vesicles. Hydroxyapatite crystals could be
observed in the cell matrix or inside matrix vesicles

(5 patients) Large amounts of surface fibrin. Some cells had profuse
rough endoplasmic reticulum and resembled fibrocytes or Type B
synovial lining cells. Some of these cells contained prominent lipid
droplets and intermediate filaments. There were also phagocytic
cells with vacuoles containing granular and cellular debris,
resembling to Type A lining cells or monocyte-macrophages.
Surrounding the cells were some necrotic cells, clusters of apatite
crystals and occasional clumps of collagen fibres infiltrated with
more fibrin-like material. Deeper was more densely packed
collagen

Table 7 Cell surface protein expression

Author

Cell surface protein expression (flow Cytometry)

Koga [18]

Strongly positive for the MSC’s related markers CD29, CD44, CD105 and CD166 but negative for

the hematopoietic markers CD14, CD34, CD45 and CD133

Iwakura [30]

Positive for MSC’s related markers CD13, CD29, CD44, CD90, CD105 and CD166, but negative

for hematopoietic markers CD14, CD34, CD45 and CD133

Bajada [40]

Less than 1% of NUSC and BMSC were immunopositive for CD34 and CD45, while

78% =+ 14% (mean + SD) of NUSC and 92% + 7% (mean & SD) of BMSC were immunopositive for CD105

MSC: mesenchymal stem cells; NUSC: non-union stromal cells; BMSC: bone marrow stromal cells.

detect one target organism [37]; concerns for oversensitivity with
regard to clinical relevance [37, 59] and associated cost implications.

Cell senescence is known to play an important role in healing and
tissue regeneration [60]. In essence, the senescence of adult stem
cells or more differentiated cells present in the non-union tissue may
represent one of the main mechanisms of the loss of the regenerative
potential, leading to healing impairment [60]. As already mentioned,
Bajada et al. reported that an increased proportion of non-union stro-
mal cells were senescent when compared to bone marrow stromal
cells, which did not correlate with the patient’s age [40]. However, the
pathways leading to this genomic damage and the contribution of
several factors (such as repeated cellular replication and the conse-
quent cell stress [40]) are yet to be determined.

Bone morphogenic proteins are some of the major signalling mol-
ecules, promoting the differentiation of MSC’s into chondrocytes or
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osteoblasts [12, 13]. Kloen et al. reported evidence of ongoing BMP
signalling in the non-union tissue, where endogenous BMP’s, their
receptors and molecules involved in their signal transduction were
present in the tissue [45]. Moreover, others have suggested that
imbalance in the expression of BMP’s and their inhibitors Drm (grem-
lin), follistatin, noggin and chordin, might account for the impaired
bone forming ability [35, 39]. When the non-union tissue was cul-
tured in the presence of exogenous BMP, the MSC’s differentiated
into functional osteoblasts, with an increased bone nodule formation
[41, 49]. Treatments regulating concentrations of BMP’s have already
been used in clinical practice with encouraging results (such as BMP-
2 and BMP-7 [31]). Future research is needed to investigate the
effects of similar agonist molecules or their inhibitors.

Matrix metalloproteinases are proteases that play an important
role in bone remodelling and bone repair. When the MMP’s or their

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



J. Cell. Mol. Med. Vol 19, No 4, 2015

Ryoedes

aAljesajold Jejiwis pey
suoiun-uou proydeas ay}
10 suoifbas aaiy} ay) pue
winijl 8yl WoJj paisaniey
au0q Woij paje|os|
suoijeindod |89 911SB|q081SQ

(uonenuaiapip
oluabolpuoya) uabe)joa ||
adA 1o} anmsodounwiw
SBM pUB an|q aulpIn|o}
yum Ajjearzewolyoeisw
paurels 1eyl aunyna ja|jad
Ul X1Jew Je|nj|adesixa
ue Buiysodap pue
(uonenuaiagip ankaodipe)
S||89 anisod Q pas
110 ‘(uonenualayip
911SB|q08}1S0 '97) S||89
anilsod-asereydsoyd
auljey|e
BuiwJoy ‘abeaul)
[ewAyouasaw yoea
fuore parenuaiapip
S99 [BWOIIS
MOJIBW 8uoq
pue uojun-uou yiog

S||89
BWOJRWARY 8INjIRl}
10 JeY} 0] JOLIBJUI
Ajpueaijlubis sem
S||89 uolun-uou Jo
Ayoedes uonelapoid

/ pue G ‘g shep uo
sdnoif omy sy} ussmiaq

a|qealjdde 10N

a|qealjdde 10N

a|qealjdde 10N

9|qealdde 10

9|qealdde 10|

9|qealjdde 10N

¢-dINgy

a|qealdde 10

a|qealdde 10N

punog eJyn pasind
AIsuauI-mo|

pauonuaW O [1¥] no

olydouny [ov] epeleg

olydospadAy [og] einyem|

sjuaied any

UOI1BIIUBIUO0D YNQ 8y} Ul +/-dINg :g dnoiy :9|qeIA-UOU
90UdIaYIp JueaNIUBIS ON a|qealjdde 10N 9|qealjdde 10N ‘auole /-dINg v dnoiy ‘sjuaiied om} :a|qeip [g1] eboy
uopesajjoid [189 (1sa1-LLIN) Aynigern (183 Abojoydiow |33 uoljuaniajul uoleayisse| loyiny

SOI1S11810IRYD 8INYNJ |39 § 3jqeL

701

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



"ugjold ouaboydiow suoq :dINg

(uomaqyur pjopno} ‘diNg
Jw/Bw | 18 eayiubis) S|
abe|iHedolqy pue uomgiyul

pIo}-2°€ (dINg |w/Bw g

1e JuedlIubIs) jesisouiad

ul uopetapold (189 ul
uoIqIyul Ue Ul paynsal
dINg yiim uoneqnoul

paulwexa sawi} ay} Jo
Aue 1e ‘sainyna uoiun-uou
olydoJie pue aiydoipadAy
10 uoneJajoid ayl uo
109449 JuealjubIS ou

pey uone|nwis piay

S[|99 pajehaibbe Jo 1904 10UNSIP OU YHM
‘@Y1 1SB|q04qI} 810w pue paebuols

a|qealjdde jop aWBIaq S||89 Juswiieall JiNg buimojod

011SB|q04ql} pue parebuola paurewsl
pale|NWINS 10U 8J9M Jey} S||89 "S||89 Juddelpe
ynm Buioauu0d SUOISUBIXa JB[N||8d pey pue
[eplognd Ajisow ‘paladel-ljnw aJam suoiun-uou
olydoJpadAy a8yl wouy |89 Seasaym ‘|eplogno
10 ‘paiebuols ‘|lews alam suojun-uou
a1ydoJie ay} wouy S99 ‘shep 1o}
uonenWs pialy daubewo0lida)e pasind yum
paleal] 9Jam S99 8yl Jayy “Jakejynw e Ul
suoIsuaIxa Jejn(|ad Huirey ‘jepiogna aiow
9J9M $||199 8y} Inq ‘s||a9 pajebuols Jo
pa1sISu09 0Se :suolun-uou aiydosuadAy
"SUOISUBIXd J|N||9d M3} pey 1Byl S||89
pajebuos Jo Jakejouow wioyun e

(6op 10 auinoq) JINg pauoiuaw 10\ [6%] uehog

uone|NWIS platy ¢ :oiydoyadAy

2118ubeW0J199]9 pas|nd a|qealjdde 10N pawJoy SJ|8d :suoiun-uou aydory 211ubeW0J199]9 pas|nd ‘¥ :o1ydosy [9¢] noxieny
dnoif siyy ul
Jaybiy sem sj199 (3|qeIn)
aAI19®. Aj[ealjogelsW Jo
Jaquinu 8y} ey Buirealpul
sdnoJb ayy ‘(s15B|q0831S0 Uoiun-uou
U3sM]aq Siaquunu |89 Ul uewny 03 paledwod) dnoif s]043u09 8y}l Ul SaINpou
| $84N1INJ 1SL|q091S0 UeWNY au0q aiow Apueayiubis
OU Sem aJay} pue ur Jaybry Ajpuearyiubis 919M 918y} ‘suolun-uou pue
‘s1aejouow juanjyuo? Sem AJAIOe aWAzug $]0J1U0D U9BMIA] JaLIP Jou
a1am sdnoib yioq ui aseuaboipAyapjAuioons pIp S||89 1U8N}UOI JO
$81nyN9 [|e ‘Syeam f 1y |elpuoya0IW 8yl ¢ Aep 1y ABojoydiow ay1 ybnoyyy 9|qealjdde 10N olydoipadAy [z¢] uuewjoH
uopesapjold 189 (1sa1-L1N) Apngern (189 ABojoydiow |39 uojuaniajuj uojjeayjisse|9 loyny

panunuo) °g ajger

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

702



J. Cell. Mol. Med. Vol 19, No 4, 2015

a|qealjdde 10N

a|qealjdde 10N

a|qealjdde 10N

9|qeoldde 10|

Ajanjoadsal | pue
0l SAep uo dnoib auoe-/-dINg
8} Yum paledwod %ye| pue
%6Y Aq J8ybly Apueayiubls
sem g dnoig ul yNYW

Zxuny 1o [aA9] uoissaldxa ayl

9|qealdde 10|

9|qealjdde 10p

9|qealdde 10|\

dnoub [03u09 8y}
Ul SUOIIIPUOD paleuaJaIpun
lapun uey Jaybiy

Japun 47y o :o_w.moaxm ayl

Kjanjoadsal

1 pue ‘o} ‘L ‘¢ skep

uo dnoub auofe-/-dIAg 8yl
Uyum pasedwod %6y PUe %0G
‘%¥¢ ‘%SG Aq parenbal-dn
Apueoyiubis sem yNYW 41V J0
|9A8] uoIssaidxa ay} ‘g dnoiy uj

$]0JJU09 0] pasedwod
S30UAIALIP JURDLIUBIS MOYS
10U pip / Aep 18 UOIENUBIBHIP
1SB|Q08]S0 10} JayJew Ajiea ue
se d7v-n49 10 uosuedwod ay|

(PlOJ-G'|. “0eI|l ‘p|Oy-6°| :[BISID
*PI0J-1"Z :[elIuad pjoj-/°|
‘lewixoud) sdno.b e ul AuAioe
dv Ul asealoul jueaiiubis e
Ul paynsas uawieal} g-dNgus
"21n3n9 Jo sAep | Jaye wn
3y} pue suolun-uou pioydeds
ay1 Jo suoibial ||e Wouy pale|os!
suoieindod |89 Huowe Jejwis
Sem ANAIIOR dV 8uljaseg

$8.N3|N9 S|[89 [BLIOJIS MOLIBL
au0q 10} eyl UBY} JaMO|
Ajpaysew pateadde sainynd
S||99 [eWO0J}S UOIUN-UOU

8y} Jo Auaioe 4y 8yl

SUOIIPU0I pajenualayip
Japun $||99 ewojewaey
a.njoel} JO eyl ueyl
J1ayBiy Ajpuearjiubis sem sjjeo
uolun-uou Jo AuAloe 4y pue
‘I Aep uo SuORIPUOI |0J3U0I
Japun ueyy Jaybiy Apueaniubis
SBM SUOMIPUOD 91UaH08ISO
13pun ANAioe 4 4O [9n8] 8y L

Ajan3oadsal 7| pue /

sAep uo dnotb y dnoJy ul eyl

uey %gg pue %/G Aq 1aybiy

Apueanubis sem g dnoty u

S||89 PaALIaP-aNSsI] Lojun-uou
au} Jo AuAioe 4y 8yl

a|qeoldde 10| olydospadAy

¢-dINgul pauoluaw JoN

a|qealjdde 10N alydoay
9|qeoyjdde jop olydospadAy
punog eiin
pas|nd Ajsuajui-mo| sjuaijed

+/-dINg :g dnoiy
‘auole /-dINg 1y dnoly

9Al} :9|qeIA-UOU
‘sjuanjed omj :a|qeip

[¢p] uuewyoy

[1] no

(o] epeleg

[o€] eansyem|

[g1] eboy

VNHw

VNHW 41V

Resse Ayanae 41y

uonuaNIa)u| uoneayisse|)

loyiny

UOIJBUIWEXD YNYW PUB AIANOE 4T 6 3jgel

703

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



IEIREIET)
193U :S8INIRL) BWIOU
Ul s1sejqosisQ 'YNHW 49N
10} anisod :Sainjoely [ewlou
Ul sa1ho01puoyd abie| pue
|lewS "8AleHau :suojun-uou U
sa)A001puoyd able| pue |lews
*(S1SB|q091S0 pauleluod Ajaiel
:8u0z deb ‘annebau shempe
1SOW|e :8u0z auoq p|o :duoz
90BJIBIUI BY} Ul PUB UOIBWIO}
au0Q MaU JO 8U0z 8y} ul)
[eubis YNYW dDIN 40} anmsod
:SuoluN-uou Ul S1se|qoaisQ

a|qealdde 10N

(snjea
10 99uasald)
9|qeaijdde jop 9|qeoldde 10| 9|qeoljdde 10\ pauonuaw 10\ [61] uommeT

paAIasSqo a1am suojun-uou
olydoiuadAy Jo alydose wouy
S8INYNI UM SBIUBIBLIP
ou ‘uonippe u| “ajqesedwod
919M $||99 pale|os! ay}
Ul saseaJaul Juapuadap-auun
ay] -Ajpannoadsal 9,06 pue
%66 Aq $84n}Nd |0JjU0D pue
pajeal} p|aly oneubew o399
pas|nd Ul paseaoul
pey Jake| 1199 8y} ul Ayanoe
o1)199ds awAzua ‘v Aeq 1y
'S|[99 Pale|os] 40 SJake| [199 8y}
Jayye ul Ayanoe awAzus syl
U0 1994} OU pey UoIeINWIiS
pial} anaubewol1o9la
pas|nd 01 sa.nyno ay}
10 84nsodx3 "8auaN|Ju0I Jaye
SABp § 1 S||199 pale|os| Ul pue
S19/e| (199 8yl ul wuealubis
SBM Jey} SaInyna e ul AyAizoe
211198dS 7y Ul 8sealaul uolnenWiis plal ¢ :olydoJuadAy
9|qeaijdde jop Juapuadap-awi} B Sem aJay| 9119ubewo1309|a pasind ‘v :oydony [9¥7] noxiany

YNHw

YNHW d7y Resse Ayanoe 41y uoluaniaju| uoneaiyisse|) loyny

panunuo) 6 alqel

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

704



J. Cell. Mol. Med. Vol 19, No 4, 2015

‘syun Burwo) Auojod :n49 YNY Jebuassaw yNYW ‘asereydsoyd auleyie :d7y :uielold olusboydiow auoq dNg

a|qealjdde 10N

(1] pue | adAy uabejjo9

‘dTv) pasaip YNYW Jo adAy
4oBa 10 SjUNOWe 3AIBJal 8yl

auBIqIAW B|IISBA
a1 01 pajdauuod AjoLs
pue apisino juasald sem
AAjoe onewAzus urew ayl ing
‘Wwiayy apisul Aaioe asedy
9|qealjdde 10N pajuasald S99ISaA XI1eW 8WoS

anss|} uojun-uou
UBWINY WOJ} PaIBAIISP S||80
abe|iues0.4qly 01 9)qeedwod
Sem S||99 [ealsonad uewny

10 SNy N9 Ul ANARIR 47V
auljaseg "dINg 01 ainsodxa

9y} Ja}e 10 810J8q ‘SauRIQLUAL
9]91SaA X1I1eW 8y} 40 1eyl

LOJJ J3JIP 10U PIP SUBIQIAL
ewise|d ay} ul Ayanoe 4y
‘S99 8NSSI} SAII0BULUOD UM SY
"(dng |w/Bw | 18 10U) dNG
|w/Bw g yum pajegnoul s|[s9
[eaisonad pue abe|iieaoiqly
UBWINY WOJ} SauRIquISW

d1V Jo uonduasuesy
Ul 8Se8.oul Juspuadap-asop
ur payinsai diNg yim uoieqnoul

ewse|d pue $9|91SeA XleW
ul Aunnoe aijads 4y Ul
u0i9INpaJ ealublS sem alay| (bop 40 auinoq) dINg

VNqw

VNHW 41V

Resse Ayanae 41y uoluaMau|

panunuoy 6 alqelL

705

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



(8sBBIOUI P|0J-0°¢ :[BJIUBD ‘BSBaIOU
Pl0J-€°Z :|elSIp pue [ewixoid ‘aseasoul
Ploj-6"¢ -Wnijl) g-dINgul Yum juswiiesiy
01 asuodsal ul sdnoif e ul paaIasqo
9J9M U0ISS8IdXd UID[RI08]SO Ul SaSBalou|
weayubig “Bulurels ulvjeInalso Ul
Ayjiqerren 1sa1ealb sy} pey uoiun-uou sy}
40 Jed snouabe|i1es0.qly [e43U89 8y} Lo}
Buneuibuo suonendod |89 "uolUN-uoU 8y}
JO UOIjBINp 8Y} pue SISB|q081so Jo Jaquinu

(Ploj-p°€ 08|l ‘p|Oj-6'} :[eIsSIp

‘PI0J-G'0| :[BJ1UBI P|0J-G'E :[ewixold)
sdnoJb ||e 1o} SaiNpou 8uoq Jo Jaquinu
3y} Ul 9seaoul Jueaiubls e ul paynsal
0s[e dINgu! yum juswiess] skep gz

10} 81NnNJ Ul paulejulew Usym UOIeULIO}
a|npou auoq aj3y| A1aA pamoys jeyr
XUJew Je[n||aoes1xa Ue pawio} suojun-uou
pioydeas wolj paauap suolendod |189

S|[89 [BWOJ}S MOLIBW
auoqQ 0} patedwod abeaul| 211Se|q0a1SO
ue Buoje a1enuaIaIp 03 Aloeded
J18Y} Ul UoiRaNPaJ JuedlIUBIS pue paylew e
SeMm 818y} ‘IInwins 91uaboaiso 0} asuodsal
Ul SJ9xJew asay} Jo uoissaldxa Jiayl
Pa1eAd[a S|[89 [BLOJ]S Uolun-uou ybnoyyy

uoleInp awes 8y} Jaye suoiIpuod

Pa1BIIUAIBHIPUN JBPUN XIIIBW Pazi[eJaulw

40 89Uasqe ue yum Buiseliuod

‘(S99 eWOIRWSRY 8JNjIRI} JO 1RYL

ueyl Jaybiy Apueaiyubis uoljezijesauiw)

XUUJeW pazi[eauiwl & pawiio)

S||89 UOIUN-UOU PaINPUl ‘SUOIHPUOD
91uab08}S0 Iapun uonreqnoul Aep-1z e Jayy

¢ fep je yy dnouy ul ueyl %0¢
Aq J8ybiy Apueaubis sem g dnolg ayp
ul Buiurels S pay uuezlly Jo Ansusiul ay]

3y} U9aM}aq UOI3e|a1I09 Aue 813y} Sem
10U ‘SUOI}IPUOI pJepuels Japun umolh
(|99 Buowre wnijl 8y} pue pioydeas
ay1 Jo suoibas 981y} 8y} JO Aue usamiaq
SISB|Q08]S0 JO JaquINU 8y} Ul 89UdIaYIp
[BO11SI1B1S OU SBM 8J3y] “WnIpaw
pJepuels Jo 89uasald ayy ur umoih
uaym (%6—2) 1139 8AIIS0d-UI9[e2081S0
40 siaquinu moj pey suoireindod |y

9|qeoldde 10|\

dnoJb |043u09

U} Ul SUOIIPUOD PalBiUAIBKIPUN JapUN

uey} Jaybiy sem suonipuod 91uahosso
Japun ulo|ea091so J0 uoissaldxa ayl

S30UIBYIP JUBDIIUBIS O

¢-diNgul pauonuaw 1o\

a|qeaijdde jop olydony

a|qealjdde 10N olydoapadAy
punos eiin
pas|nd Ausuajui-mo| sjualjed

+/-dINg :g dnoiy
‘auole /-dINg 1y dnoly

9/l :9|qBIA-UOU
‘sjuaned omy :8|qeip

(1] no

[oy] epefeg

[0g] eansemy

[g1] eboy

Resse uonezijeiauipy

uI9]ea0a}sQ

uonuanIaju| uoieayisse|)

doyiny

Resse uoIjeZIeIaUIL PUB UOISSAIdXa UID|R20a]lS 0L 3[qeL

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

706



conditions and was significantly less than

non-union osteoblast cultures that were
cultured under the same culture
that in human osteoblast cultures

The mineralization of extracellular matrix
(CFU-M) was very low in human

Mineralization assay

Not applicable
Not applicable

affect production of osteocalcin by non-

Weakly positive in flattened lining cells on
lamellar bone. Positive in multinucleate
resorptive cells. Consistently negative in
endothelial cells.

electromagnetic field stimulation did not
union cells.

Osteocalcin was expressed at very low
levels by the cultures, indicating the
fourth passage cultures contained few, if
any, committed osteoblasts. Pulsed

Osteocalcin
Not applicable

Intervention

Not applicable

Pulsed electromagnetic
field stimulation

Not applicable

Classification

Hypertrophic

Atrophic: 4;
hypertrophic: 3

Not mentioned
(presence of
callus)

Table 10. Continued

Author
Hofmann [42]

Guerkov [46]
Lawton [19]

© 2015 The Authors.
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inhibitors are disrupted, disorders of fracture healing may occur
[14]. In a study by Fajardo et al., MMP-7 and MMP-12 genes were
reported to be significantly up-regulated within the tissue of hyper-
trophic non-unions [14]. When the hypertrophic non-union tissue
was examined in vitro, it was found that the same proteins directly
bounded to and degraded BMP-2, a highly osteoinductive agent
[14]. This action of the MMP’s may be responsible for the impaired
fracture healing in the case of hypertrophic non-unions, even
though the same finding may not correlate to atrophic fracture
non-unions.

Several reports suggest that low-intensity pulsed ultrasound treat-
ment stimulates bone healing, although the mechanism behind this
remains obscure [61, 62]. When applying low-intensity pulsed ultra-
sound in non-union cells cultures, it was found that there was a sig-
nificant effect on the osteogenic differentiation rather than
proliferation of non-union tissue cells [18]. In addition, growth factor
synthesis and release was stimulated [46]. The use of low-intensity
pulsed ultrasound can therefore improve union rates and accelerate
the healing process.

Dickkopf-1 is a secreted protein acting as an antagonist of the
Wnt signalling pathway, suppressing fracture repair by inhibiting
osteogenic differentiation [40, 63]. Bajada et al. has compared the
levels of Dkk-1 in atrophic non-union stromal cells and bone marrow
stromal cells, reporting an increased secretion by the non-union cells,
associated with reduced osteoblastic differentiation [40]. When they
treated the bone marrow stromal cells with recombinant human Dkk-
1 or conditioned medium from the non-union cells, the effect on oste-
ogenic differentiation remained inhibitory [40]. This finding suggests
that Dkk-1 may play an important role in the development of non-
unions, however further research is needed to shed more light on the
underlying mechanism of an increased Dkk-1 production by non-
union cells.

Another important element of progression to non-union that
needs to be discussed is genetic predisposition. Several authors have
investigated this theory by analysing samples from peripheral venous
blood [33, 54], and bone callus [55] and comparing them with
uneventful healing fractures. Numerous polymorphisms such as
those of two specific SNPs (rs1372857, genotype GG and rs2053423,
genotype TT) were identified to be associated with an increased risk
of developing non-union [33, 55, 56].

The herein study has some limitations. First, it excludes studies
involving experimental animal models. However, the outcome of
such studies should be treated with caution, as they cannot be
translated directly to the clinical scenarios. Second, there is an
inherent inconsistency in defining non-union, and as such the tim-
ing of tissue harvesting would be slightly different, which might be
responsible for some of the differences reported among similar
studies. Moreover, as the term MSC’s is fairly recent, studies per-
formed in earlier years used a different terminology for the same
cells, such as osteoprogenitors, skeletal stem cells, efc. As a result,
their findings could not be compared to those of more recent
studies.

Strengths of the study include the systematic approach of analy-
sing the results and the detailed careful analysis of the data obtained.
Collectively, this manuscript presents our current understanding of
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Table 11 Gene expression

Author General gene expression

Real-time PCR

Zimmermann [22] Genes expressed more than two times than in
normal tissue: CDO1; PDE4DIP; COMP;
FMOD; CLU; FN1; ACTA2; TSC22D1

Fajardo [14] MMP-7 and MMP-12 mRNAs were significantly
elevated in the non-union tissue when
compared with local mineralized callus from

the same site

Iwakura [30] Not applicable

Fajardo [39] BMP gene expression in healing bone
displayed several up-regulated genes between

the two tissues

Hofmann [42] Gene terms significantly overrepresented in
human non-union osteoblast cultures: skeletal
development; response to wounding; organ
morphogenesis; vasculature development;
proteinaceous extracellular matrix;
extracellular space; cytokine activity;
glycosaminoglycan binding; growth factor
activity; insulin-like growth factor binding.
Genes significantly down-regulated in human
non-union osteoblast cultures: IGF-2, FGF-1,
FGF-receptor 2 (FGF-R2), BMP-4, TGF-B2,
PDGF, Wnt-induced proteins (WISP2 and 3),
f3-catenin and prostaglandin E2 receptor EP4

Kilian [52] Not applicable

Not applicable

MMP-7 and MMP-12 were the only enzymes (of 53 examined)
significantly elevated in non-union tissue when compared with
local mineralized callus from the same site

It showed the expression of mRNA of Col II, Col X, SOX9 and
aggrecan chondrogenic conditions after a 21-day induction.
Under adipogenic conditions after a 21-day culture period, it
showed the expression of LPL and PPAR-g2 (higher than under
undifferentiated conditions in the control group)

BMP antagonist genes (DRM, follistatin, noggin): increased in
non-union tissue when compared to fracture callus tissue. BMP
receptors (R1A, R1B, R2): expressed but did not demonstrate
any significant differences. BMP-4: up-regulated in non-union
tissue when compared to the fracture callus tissue. RNA levels
of the BMP antagonists Drm/Gremlin, follistatin and Noggin:
up-regulated in the non-union tissues. BMP-7: increased in the
fracture callus tissue

Confirmed the results of the microarray, especially regarding the
down-regulation of some genes involved in osteoblast
differentiation and bone metabolism

In qualitative and quantitative RT-PCR, EDA+ fibronectin mRNA
was detectable at low levels. in none of the seven non-union
samples, EDB+ fibronectin mRNA transcription was detected by
qualitative and quantitative PCR

the molecular and cellular pathways that can be involved in the
development of non-union. Direct recommendations to be applied in
the clinical setting cannot be safely made with the available evidence.
We deem essential that a widely accepted definition of the timeframe
for non-unions should be set allowing an earlier intervention in such
cases. The conceptual frame of the “diamond concept” for a success-
ful fracture healing response should be considered in cases where
bone repair is desirable [5]. Cellular therapies and inductive mole-
cules with scaffolds have a role to play in future treatment strategies,
as would do tissue engineering approaches [64]. Although still under
intense investigation genetic therapy could be another treatment
option in the foreseeable future.
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Conclusion

In conclusion, failure of fracture healing and progression to non-
union represents a not uncommon clinical complication carrying
devastating consequences. The histopathological appearance of non-
union tissue between atrophic and hypertrophic non-union indicates
that both types of non-unions are not avascular and contain a
potentially active population of MSC’s. Pathways believed to be
involved in their pathogenesis include an imbalance in the expression
of BMP’s and their inhibitors, and an up-regulated expression of sev-
eral substances such as that of the MMP’s and Dkk-1which can block

© 2015 The Authors.
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Table 12 Collagen gene expression

J. Cell. Mol. Med. Vol 19, No 4, 2015

Author Intervention

Type |

Type Il

Lawton [47] Not applicable

Boyan [49] BMP (bovine or dog)

Signal for procollagen type |
mRNA over fibroblasts and
over osteoblasts on woven
bone was uniformly strong
in most non-unions and
normal fractures

Non-unions: in the zone of new
bone formation and the interface
zone, a population of surface and
included osteoblasts was strongly
positive for the procollagen type
III' mRNA signal; osteoblasts in the

old zone were usually negative,
while the gap zone contained
osteoblasts only rarely; fibroblasts
were frequently positive in the gap
zone and interface. Normal
fractures: procollagen type Ill
mRNA was seen in the very early
granulation tissue, where most of
the positive cells were
mesenchymal spindle cells (a cell
population that includes osteoblast
precursors; osteoblasts were in
the vast majority negative; small
areas of fibrous tissue in which
fibroblasts were either negative or
weakly positive

The increase in
mRNA levels of
Type Il collagen

There was no stimulation of Not applicable
Type | collagen message in
the non-union fibrocartilage
cells. Non-union periosteal was not significant
cells were found to be compared to

more strongly activated by controls

BMP

Table 13 Comparison between atrophic/hypertrophic non-union tissue

Type of analysis

Atrophic Hypertrophic

Histology

Immunohistochemistry/vessel
density

Cell surface antigen profile

Cell proliferation

ALP activity

Osteocalcin

Mineralization assay

Table 4

No difference in the median vessel count between atrophic/hypertrophic non-unions [44]

CD 105 [40] CD13, CD29, CD44, CD90, CD105, and CD166 [30]

Also consisted of elongated cells, but the cells were
more cuboidal, having cellular extensions in a
multilayer [46]

Cells formed a uniform
monolayer of elongated
cells that had few cellular
extensions [46]

No significant effect of pulsed electromagnetic field stimulation [46]
No differences between cultures from atrophic or hypertrophic non-unions [46]

Low levels [46]; higher than in human dermal
fibroblasts [30]

Low levels [46]

Reduced compared to bone marrow stromal cells [40]  Higher than haematoma cells [30]; lower than
human osteoblasts (normal healing) [42]

© 2015 The Authors.
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the BMP and Wnt pathways respectively. Immerging evidence also
support a genetic predisposition in this patient group.
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