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Abstract
Purpose The reason for the formation of an atrophic non-
union is not clear and an altered vascularization as well as a
deregulation of endogenous growth factors is hypothesized.
To obtain more information, we analysed human non-union
tissue regarding the histology and quantity of several growth
factors.
Methods Tissue from patients with an atrophic non-union (n=
44) or with a healed fracture (n=13) was analysed. Using
histological and immunohistochemical methods the tissue
composition was investigated. On the protein level the amount
of several growth factors important for bone healing was
analysed.
Results The tissue composition was very inhomogeneous
containing fibrous, cartilaginous and bony tissue. Vessels
were present in all investigated samples without a difference
between the tissue from non-union and control patients. The
growth factor BMP-2 was below the detection limit in all
samples, whereas IL-6 and IGF-I were measured only in a
few samples of both groups. TGF-ß1, VEGF-A and BMP-4
were detectable in the majority of the samples of both groups
with a high variability in the amount but no difference be-
tween the groups. The quantity of both growth factors, BMP-7

and PDGF-AB, was significantly lower in the non-union
tissue compared to the healed controls.
Conclusion The reduced quantity of BMP-7 and PDGF-AB
might be responsible for the impaired healing. Further studies
analysing material from more patients and investigating the
early healing phases, however, are necessary to obtain further
information and consequently improve healing strategies.
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Introduction

In the optimal case, a fracture heals within an appropriate
period of time resulting in the reconstitution of cortical union
and the mechanical properties, which ensure the function and
stability of the bone. Several factors influence the healing
process, for example, the stability of the fixation, the defect
size, bone quality, cellular composition, vascularization and
other biological factors [1]. An alteration of one or more of
these factors can lead to a delayed healing or, even worse, to
the formation of a non-union. It is assumed that an inappro-
priate mechanical stabilization is mainly responsible for the
formation of a hypertrophic non-union which is characterized
by the formation of a large soft tissue callus, which does not
mineralize. Atrophic non-unions can also occur without pre-
vious hypertrophy, whereupon the reasons are still not known.
The process of bone healing recapitulates partially the phases
of embryonic tissue formation starting with the condensation
of mesenchymal stem cells and the creation of a cartilaginous
callus that is mineralized over time [2]. This bone formation
process is tightly regulated by the interplay of several cell
types and the action of specific factors. It has been shown in
previous studies that factors important for healing and cellular
processes are expressed differentially during different phases
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of bone healing [3]. In contrast to embryonic bone formation
fracture healing starts with the phase of inflammation and
cytokines such as IL-1, IL-6 and TNF-a are expressed. IL-1
and TNF-a are also associated with bone remodeling at the
end of the healing [4]. During cartilage formation, resorption
and bone formation members of the TGF-ß superfamily are
important factors [3]. Their activity is regulated by several
receptors, agonists and antagonists [5].

Angiogenesis is a crucial process for bone formation and a
disturbance might cause a healing impairment. This process is
regulated by Angiopoitin and VEGF, but also by BMPs [6].

To gain more knowledge on local factors that might be
altered in the case of impaired healing, human tissue was
harvested during surgical intervention for a non-union treat-
ment and from patients during implant removal (control). The
tissue and growth factor composition was analysed in both
group.

Material and methods

Human tissue specimens

A total of 57 patients were included in the study (Table 1).
Patients were either treated for the condition of a manifest
atrophic non-union or received an implant removal and served
as the control group. Before surgery all patients signed in-
formed consent. Inclusion criteria for the non-union group
were a manifest atrophic non-union and a time span from
the initial operation until the revision surgery of a least
six months. For the implant removal group the former fracture
or rather the fracture callus area had to be easily accessible
through the same approach as the planned implant removal.
Therefore only patients who were initially treated with a plate
osteosynthesis were included in the study. All patients had to
be at least 18 years of age and had to be in a good general state
of health.

All surgical procedures were performed under general an-
aesthesia. Patients with atrophic non-unions received a com-
plete exposure of the non-union area, followed by a profound
debridement of the former fracture gap by resection of atro-
phic tissue and re-stabilisation. In patients who received an
implant removal a specimen was obtained from the callus area
around the former fracture gap after osteosynthetic material

was removed and the bone was exposed. The harvested tissue
was prepared for further histological and protein/growth factor
analysis immediately.

The study was approved by the institutional review board
(Ethikkommission der Charité-Universitätmedizin Berlin, Nr.:
EA1/031/09).

Tissue preparation

Tissue samples were harvested during surgery and, if possible,
the samples were split for histological analysis and protein
quantification. For histological processing the tissue sample
was placed in 4 % formaldehyde and fixed for 48 hours. After
fixation the sample was split again and processed for
undecalcified plastic embedding in Technovit 9100 neu
(Heraeus Kulzer, Germany) and decalcified paraffin
embedding.

The other half of the samples were stored immediately in
PBS plus Proteinase inhibitor (Complete, Roche, Penzberg,
Germany) at −80 °C. For protein analysis the proteins were
isolated by the principle of dialysis. For this purpose the
samples were pulverized using a cooled mortar and pestle
(Retsch, Haan, Germany) and finally homogenized with an
ultra turrax (IKA-Labortechnik, Staufen, Germany). The ho-
mogenized bonymaterial was then diluted in a 4M solution of
guanidine hydrochloride and dialyzed against aqua dest. for
24 hours (for further details see [7]).

Histology and immunohistology

The following histological stainings were performed:
hematoxylin/eosin (general overview), Masson Goldner (fi-
brous tissue components), Movat-Pentachrome (differentia-
tion mineralized and non-mineralized cartilage), Alcian
blue (cartilage) for paraffin embedded tissue and van
Kossa/safranin orange (mineralized tissue), methyl green/
safranin orange (mineralized cartilage) for PMMA embedded
tissue.

For the immunohistological staining, anti-alpha smooth
muscle antibody (Dako, German; monoclonal mouse, Clone
1A4) was used in a dilution of 1:100 to visualize the vessels,
and anti-noggin (Abcam, Cambridge; rabbit polyclonal, clone
ab16054) in a dilution of 1:600 and anti-sclerostin (Santa Cruz
Technology, USA; rabbit polyclonal, clone sc-130258) in a

Table 1 Details for the used tis-
sue samples Characteristic Non-union Control

Histology GF-quantification Histology GF-quantification

Number [n] 25 19 5 8

Age (range) [years] 52 (30–74) 48 (20–74) 48 (21–68) 41 (22–59)

Sex [m/w] 11/14 11/8 4/1 3/5
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dilution of 1:100 to visualize bone morphogenic protein an-
tagonists. As secondary antibody a biotin labeled antibody
raised against the primary antibody host species was used.
After incubation with a complex of avidin and biotin/alkaline
phosphatase (Vector Laboratories, USA; Vectastain Alkaline
Phosphatase Standard, AK-5000) visualization was done with
chromogenic substrate (Vector Laboratories, USA; Alkaline
Phosphatase Substrate Kit I).

Protein and growth factor quantification

Total protein concentration was quantified with Coomassie
Plus Protein Assay (Pierce, Perbio Science GmbH, Ger-
many). The ELISA-method was used to quantify the fol-
lowing proteins: IGF-I, BMP-2, BMP-4, PDGF-AB,
VEGF-A (human ELISA kits obtained from R&D-Systems,
Wiesbaden, Germany), IL-6 and TGF-β1 (human ELISA kits
obtained from IBL, Hamburg, Germany). The analyses were
performed as instructed by the manufacturer. If necessary,
samples were pretreated as directed in the manufacturer’s
instructions.

Statistical analysis

The values are reported as median with the 25 and 75 %
quartile. For comparison of data a non-parametric Mann–
Whitney U Test was used. Statistical differences were defined
at a 95 % confidence level. PASW 18 (SPSS Inc., Chicago,
USA) software supported statistical evaluation.

Results

Human tissue specimens

A total of 57 patients were included in the study. Forty-
four patients underwent surgery for the treatment of an
atrophic non-union and 13 patients received an implant
removal (control group). The mean age of all patients
was 49 years (range 20–74). The age distribution was
comparable between the groups (non-union group,
50 years; control group, 44 years). The gender distribu-
tion in the non-union group was even (22/22), the
control group showed a difference to favour the male
population (m/f: 9/4). The main location of the non-unions
was femur (16), followed by tibia (12), clavicle (nine), ulna
(four) and humerus (three). In the control group implants were
removed from tibia (four), ulna (four), femur (two), radius
(one) and metacarpus (one).

After collection of the tissue samples they were pre-
pared for either histological investigation or growth
factor quantification. In the non-union group 25 samples

were used for histology and growth factors were quan-
tified in 19 samples. The samples harvested during
implant removal were divided in five for histology and
eight for growth factor analysis.

Histology

The tissue was a very heterogeneous mixture of fragments of
lamellar bone, immature and hypertrophic cartilage, unorga-
nized fibrous tissue and newly formed woven bone (Fig. 1).
Vessels and blood cells were also abundant. Independent of
the group, bone apposition and resorption was seen in the
tissue samples. Differences between the groups were not
obvious.

Immunohistology

Vessels were visualized with the antibody against alpha
smooth muscle actin. Bone morphogenic protein antagonists
were visualized with the antibody against sclerostin and
noggin.

All investigated tissue samples showed well vascularized
but also unvascularized areas and no difference between the
non-union and the control tissue was found (Fig. 2a, and d).
Bone morphogenic antagonists were demonstrated in non-
union and control tissue (Fig. 2b–f).

Total protein and growth factor quantification

After weighing the material the protein was extracted. Total
protein and the quantity of different growth factors were
analyzed. Differences were seen in the amount of protein in
the samples. The values range from 1.07 up to 12.28 μg/mg.
This reflects the inhomogeneous tissue composition as seen in
the histology. To consider this variation, the measured quan-
tity of the different growth factors was either normalized to the
extracted total protein or to the weight of the sample tissue
(Table 2).

The values for BMP-2 were under the detection limit in all
samples.

IL-6 or IGF-I were detectable in 9/19 or 7/19 non-
union samples and 1/8 (same sample in both factors)
control samples, respectively. The other factors were de-
tectable in the majority of the samples. TGF-ß1 showed
the highest median values with 3,353 pg/mg protein
(17 pg/mg tissue) and BMP-4 the lowest median values
with 13 pg/mg protein (0.04 pg/mg tissue). The variability
of the measured values was high for all quantified growth
factors (Table 2). The amount of BMP-7 quantified in the
non-union tissue was significantly lower (p=0.031) com-
pared to the healed control (Fig. 3a). A significantly lower
(p=0.047) PDGF amount was also detected in the non-
union samples (Fig. 3b).
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Discussion

Non-unions are a feared complication in trauma surgery.
Animal models and clinical studies focus on the elucidation
of the reason for this healing impairment [8–10]. This study
focuses on the identification of factors, which are altered
resulting in the non-union formation. The results show a
significant reduction of the growths factors BMP-7 and PDGF

on the protein level in the human non-union tissue compared
to tissue from healed fractures. This is the first study quanti-
fying factor alterations in human non-union tissue on a protein
level. Despite the rather small number of patients and the
heterogeneous patient and non-union collection in this study,
the results are supported by previous studies investigating
RNA expression patterns and western blots [11]. The expres-
sion of BMP-7 and BMP-8 was significantly down regulated

Fig. 1 Histological staining of the tissue from control (left) or non-union
(right) patients. Paraffin embedded tissue, stained in a, g, shows hema-
toxylin/eosin, in b, hwith Alcian blue, in c, iwithMasson Goldner and in
d, j with Movat-Pentachrome. The plastic sections are stained with van
Kossa/safranin orange (e, k), and methyl green/safranin orange (f, l). The

different stainings shows the heterogeneity of control tissue as well as in
nonunion tissue. The heterogeneity caused by different quantity of carti-
lage (b+h; f+l), mineralized bone (e+k), no mineralized bone (d+j) and
fibrous tissue (c+i). Scale bars: 200 μm

Fig. 2 Immunohistochemical
staining of healed fractures (a–c)
or non-union tissue (d–f).
Visualization of the vessels with
an antibody against alpha-sma (a,
d), anti-noggin (b, e) and anti-
sclerostin staining (c, f) (arrows).
Scale bars: 20 μm
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in the non-union tissue; BMP-2 expression was not altered,
whereas BMP-4 and BMP-5 were significantly up regulated.
In the present study BMP-2 was under the detection level of
the ELISA and BMP-4 was similar between the groups. The
comparability of the results is from special interest, because
they investigated hypertrophic non-union tissue and the pres-
ent study used tissue from atrophic non-unions. Kloen et al.
recently published a study showing a co-localization of
BMPs, phosphorylated Smads and the co-receptors in non-
union tissue with a different pattern compared to fracture
callus tissue [10]. Focusing on cartilage tissue, a reduction
of the BMP-2 and BMP-14 staining was seen in the non-
unions compared to healing tissue [12]. No difference was
detectable in the staining for the antagonist noggin, which was
also observed in the present study. Taken together, the inves-
tigation of human material harvested from non-unions high-
lights the importance of the BMP signaling during healing.
The major drawbacks of the analysis of human tissue are the
high variability of the obtained material and that mainly end-
point analyses are possible. An additional limitation of the
presented study is the rather low number of patients embrac-
ing the fact of high variability of collected tissue. Also,

adequate controls for human non-union tissue are difficult to
obtain. In the present study control tissue from healed frac-
tures at the time of implant removal was harvested. Other
studies used no control tissue [13] or biopsies frommalunions,
fixation failures or fresh fractures [12]. These tissues, howev-
er, do not represent the optimal controls. Therefore, animal
studies are an advantage, because the fracture localization is
standardized, different healing time points can be investigated,
and controls are available. The major challenge in the animal
studies, however, is the induction of a non-union similar to the
clinical situation. Induction of a non-union by cauterization of
the periosteum is a reliable method [9], but it does not mirror
completely the clinical situation. Using this model a global
gene profiling was done at several time points to analyse the
expression of the BMP signaling pathway [14]. BMP-2/4/6/7
were significantly lower expressed in the atrophic non-union
tissue starting after day 10 post surgery. The inhibitors noggin,
drm (gremlin), sclerostin and BAMBI were also significantly
reduced, mainly at the later time points. This comparison of
the different time points shows that changes in the BMP
signaling occur primarily in the middle and late healing phase
and support the results from the human tissue studies.

Table 2 Amount of growth factor normalized to total protein or tissue weight

Measure BMP-4 BMP-7 TGF-ß1 PDGF-AB VEGF-A

pg/mg
protein

pg/mg
tissue

pg/mg
protein

pg/mg
tissue

pg/mg
protein

pg/mg
tissue

pg/mg
protein

pg/mg
tissue

pg/mg
protein

pg/mg
tissue

Control 15.13 0.08 119.89 0.71* 1,950.49 17.36 80.55 0.38* 422.16 2.93

25 % 9.33 0.06 73.85 0.42 1,333.32 13.12 63.12 0.34 305.61 1.98

75 % 23.78 0.08 208.86 1.16 3,271.11 18.80 106.12 0.65 671.88 3.07

Non-union 12.96 0.04 104.08 0.39 3,353.18 13.12 76.39 0.30 671.07 2.59

25 % 5.48 0.02 61.67 0.28 2,495.90 12.24 35.24 0.19 291.95 1.78

75 % 21.29 0.08 188.03 0.64 5,964.47 18.05 151.95 0.33 937.99 4.75

The values are reported as median with the 25 and 75 % quartile. The measured quantity of the different growth factors was either normalized to the
extracted total protein or to the weight of the sample tissue
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A significantly lower amount of the PDGF-AB protein was
measured in the human non-union tissue in the present study.
PDGF is released by platelets and detectable in fracture tissue
[15]. No studies investigating the expression of PDGF during
impaired bone healing were found, but reduction of PDGF
was seen during impaired wound healing [16]. Investigating
polymorphism in patients suffering from non-unions, a sig-
nificant association of a PDGF haplotype with non-unions
was observed [17]. These results highlight the importance of
PDGF during healing.

Using different histological stainings the tissue composi-
tion was investigated. Due to the high heterogeneity of the
obtained tissue it was very difficult to compare the samples
and no quantification of tissue types was possible and also
there was no quantification of the vessels within the tissues.
Independent of the healing type, fibrous tissue, cartilage,
mineralized and well vascularized areas were seen, however,
no differences were obvious.

Surprising was that BMP-2 was not detectable in the sam-
ples. Using the same extraction method we previously quan-
tified both factors in demineralized bone matrix (DBM) [7].
Interestingly, BMP-4 was under the detection limit in the
DBM samples. The extraction of proteins from the tissue
might influence the detectable amount of different growth
factors. Therefore, we compared in a previous study three
different extraction methods and found the best extraction
efficacy for BMP-2 using the guanidine HCl method [18].

A just recently published study reviewed the biological
effect and clinical use of BMP-2 and BMP-7. In this context
the authors presented the preclinical data of BMP-6 locally
applied from a whole blood device [19]. Unfortunately, we
have not quantified BMP-6 in our samples but, based on the
data presented in the review, BMP-6 is also an important
factor during bone healing.

Conclusion

This study demonstrates a significantly reduced amount of
BMP-7 and PDGF-AB protein in tissue harvested from atro-
phic non-unions when compared to healed fracture tissue,
even using a limited number of patient materials. The tissue
composition and the quantity of the analysed factors were very
heterogeneous, but it was still possible to detect significant
differences. Due to the fact that human tissue cannot easily be
harvested at different time points of the healing process,
reliable animal models are necessary to investigate in detail
the pathology of impaired bone healing. The combination of
the results from human tissue examinations and animal
models will provide new insights into the bone healing pro-
cess and will allow the development of new treatment
strategies.
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