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Abstract: The local application of bone morphogenetic protein-7 (BMP-7) in combination
with the transplantation of autologous bone graft improves the outcome in nonunion treat-
ment; however, the specific reasons remain unclear. In this study, we sought to determine if the
local application of BMP-7 contributes to improved bone regeneration in nonunion therapy
by modulation of the angiogenic and inflammable cytokine expression patterns of the early
inflammation response. Therefore, we utilized the analysis of serological cytokine expression
patterns. As a matched pair analysis, best-fitting patients who were treated with transplantation
of autologous bone graft (G1, n=10) were compared with patients who were treated with addi-
tional application of BMP-7 (G2, n=10). The changes in the cytokine expression patterns were
monitored and correlated to clinical data of bone healing. Significant differences in angiogenesis
potential (vascular endothelial growth factor [VEGF] serum levels) could be found in the first
days after surgery (P<0.05). Furthermore, the increase and absolute amount of VEGF levels
in the BMP-7 group were considerably higher than in the control group during the first 2 weeks
after surgery. The expression pattern of inflammable cytokines showed noticeable differences
in the time point of significant elevated levels, in particular, inflammable cytokines showed an
earlier peak in G2. Furthermore, interleukin-6 was significantly elevated within the first week
only, comparing G2 to G1 (P<0.05). Our findings indicate that BMP-7 induces an early and
more intense expression of VEGF via a direct and postulated indirect pathway, thereby providing
a favorable environment for bone healing. Moreover, application of BMP-7 leads to an earlier
expression of known proinflammatory cytokines. The results of this study show that application
of BMP-7 leads to costimulatory effect on both angiogenic and inflammable cytokine expression
patterns that may serve as a possible stimulus for bone regeneration.
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Introduction

Despite modern treatment concepts, the therapy of nonunions remains a challenge
in orthopedic and trauma surgery. According to the diamond concept, mechanical
stability and biological factors such as angiogenesis, differentiated bone cells, and
growth factors must be provided.' Although the gold standard in nonunion therapy
is the transplantation of autologous bone graft, missing bone regeneration subsequent
to transplantation of autologous bone graft poses a serious disadvantage for the con-
cerned patients.>!12 Therefore, in the last few years, this therapy was combined with
the application of bone morphogenetic protein-7 (BMP-7) more and more frequently,
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and thereby, the use of BMP-7 in the current nonunion
therapy was established. Studies show a better outcome after
nonunion treatment if BMP-7 was applied.”!3** The specific
reasons still remain unresolved.

Previous studies reported local signs of inflammation
after the application of BMP-7, such as swelling or soft-tissue
inflammation"'¢ without signs of systemic inflammation;
in particular, no persistent increase in serological infectious
parameters (such as C-reactive protein [CRP] and leukocytes)
has been shown. However, patients and caregivers remain
disconcerted by this local infectious reaction.!* The inflam-
matory response marks the start of the fracture healing cas-
cade.'”" Important inflammatory mediators are the vascular
endothelial growth factor (VEGF), tumor necrosis factor-o
(TNF-av), and several interleukins (ILs), such as interleukin-6
(IL-6) and interleukin-8 (IL-8). The serum levels of the pro-
inflammatory cytokines, such as IL-6 and TNF-q, initially
increase within the first 24 hours after trauma.'? These cyto-
kines play a key role in the inflammatory response.” VEGF is
of particular interest for its impact on not only inflammation
but also angiogenesis.?! However, the effect of BMP-7 on the
early inflammatory response has hardly been explored and
is the subject of the current research.

In previous studies, we could show that the serum analysis
of the cytokine expression pattern is a validate tool in inves-
tigating the underlying principles of bone regeneration.?>?
Hence, in this study, we sought to improve the understanding
of the modulating effect of the adjunct application of BMP-7
on the angiogenic and inflammable cytokine expression
patterns, in particular the early inflammatory response by
utilizing this established protocol.

Patients and methods

Study design

Between 2009 and 2014, 109 patients of the Berufsgenossen-
schaftliche Unfallklinik Ludwigshafen (BG Trauma Centre)
and the Center for Orthopaedics and Trauma Surgery of the
University Hospital Heidelberg were enrolled in this prospec-
tive clinical observer study, subsequent to a written declara-
tion of consent given by all of them. In the current study, the
cytokine serum levels of VEGF, TNF-q, and other ILs were
compared between two groups: patients who were treated
with a transplantation of autologous bone graft (G1) and
patients who were treated with an additional application of
BMP-7 (G2). The changes in the cytokine expression patterns
were monitored during the preoperative examination and
additionally at standardized intervals after surgery. Further-
more, all enrolled patients were invited to attend follow-up

examinations both clinically and radiologically. The patients
included in our study were examined radiologically and clini-
cally at the following time points: 1, 2, 4, and 6 weeks as well
as 3, 6, and 12 months after surgery; 6 months after surgery,
the patients could be declared responders or nonresponders
due to radiological signs of consolidation and clinical signs
of mechanical stability and full weight bearing. The serum
levels of CRP, leukocytes, VEGF, TNF-q, IL-1, IL-6, IL-8,
and IL-10 were analyzed and correlated to clinical data of
bone healing. The study was conducted in accordance with
the Declaration of Helsinki, and it was approved by the ethics
committee of the Ruprechts-Karls-Universitidt Heidelberg
(S-636/2011 and 157/2002).

Patient characteristics and surgical

procedure

In this clinical observer study, two groups of patients were
compared. In total, we acquired blood samples of 59 patients
from Heidelberg and 50 patients from Ludwigshafen with
one-step procedure after nonunion. Out of the 109 patients,
BMP-7 was used in 33 patients. Eleven of these patients did
not show up consistency for follow-up examination as well
as blood sample collection and had to be eliminated from the
study. One patient had a nonunion close to the ankle joint and
three patients did not heal in time and thus were also excluded
from this study, leaving 18 patients with the matching criteria.
Of'the 76 patients without the application of BMP-7,25 had a
nonunion in a bone other than tibia or femur. Eighteen patients
either got a subsequent operative procedure or were treated
aberrantly to the sole application of autologous bone graft.
Of 22 patients, we had less blood samples than needed. This
left a remaining eleven patients fitting this study’s criteria.
From these patients, we were able to form a group including
five men and five women who were treated with solely the
transplantation of autologous cancellous bone graft, serving
as control (G1). As a matched pair analysis, we took the best-
fitting five men and five women out of the patients fitting
criteria, who were treated with a transplantation of autologous
cancellous bone graft and with an additional application of
BMP-7 to form the study group (G2; Table 1).

G2 group in detail

Five female and 5 male patients were assigned to this group.
The mean age at the time of surgery was 51.529.91 years. The
mean body mass index (BMI) was 30.59+6.91 with a range of
21.48-43.21. Five patients suffered from a femoral nonunion,
and the others had a tibial nonunion. Four patients were smoker,
one patient was a former smoker (within the last 10 years),
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Table | Patient’s characteristics and demographics comparing the BMP-7 group to the control group

Patients n  Sex Age (years) BMI (kg/m?) Smoking Diabetes Localization Fixation
Female Male S FS NS Yes No Tibia Femur Nail Plate
All patients 20 10 10 52.00+9.73 28.8616.45° 7 4 9 0 20 8 12 9 I
Control group (G1) 10 5 5 52.50£10.1 26.94+5.65° 3 3 4 0 10 3 7 I 9
Intervention group (G2) 10 5 5 51.50+9.9 30.59+6.91 4 | 5 0 05 5 8 2

Notes: Age and BMI data presented as mean * SD. Smoking is divided into three subgroups (S, FS, and NS). *Indicates data from only |9 patients. ®Indicates data from only

9 patients.

Abbreviations: BMP-7, bone morphogenetic protein-7; BMI, body mass index; SD, standard deviation; S, smoker, FS, former smoker, NS, nonsmoker; G1, patients who
were treated with transplantation of autologous bone graft; G2, patients who were treated with additional application of BMP-7.

Operation

Timeline of sample acquisition

Figure | A timeline of the protocol for taking blood samples throughout this study.

Notes: Blood was drained from each patient Id p and 2d, Iw, 2w, 4w, 6w, and 12w after surgery.

Abbreviations: p, preoperative; d, day(s); w, week(s).

and five patients were nonsmokers.** Arterial hypertension
was diagnosed in five patients. Nonunion fixation was done
by nailing in eight cases and by plate in two cases (Table 1).

G| group in detail
The control group also consisted of five female and five male
patients. The mean age was 52.5£10.05 years. The mean BMI
was 26.9415.65 with a range of 21.55-39.45. The BMI of
one patient could not be determined; thus, the mean BMI
was calculated from the data of the remaining patients (n=9).
There were five tibial and five femoral nonunions. Three
patients were smokers, three were former smokers (within
the last 10 years), and four were nonsmokers.?* Four patients
suffered from arterial hypertension. Plate fixation was used
in nine cases and fixation by nailing in one case (Table 1).
Herewith, both groups were comparable in sex, age, BMI,
location of fracture, smoking habits, and diseases. Further-
more, for each patient, the surgical treatment involved open
reduction and internal fixation with fixation either by nailing
or plate fixation.

Sample acquisition and analysis of serum
cytokine levels

First blood samples were taken during the preoperative
examination. Additional samples were taken postoperatively
at standardized intervals, on days 2 and 7and on 1, 2, 4, 6, and
12 weeks after surgery (Figure 1). The samples were collected

between 8 am and 11 am. In all, 3x7.5 mL serum samples
(S-Monovette 7.5 mL; Sarstedt AG & Co., Niimbrecht,
Germany) and 1x9 mL ethylenediaminetetraacetic acid were
taken, centrifuged, aliquoted into Eppendorf tubes and stored
at -80°C. Furthermore, C reactive protein (CRP) and leuko-
cyte serum values were assessed during our clinical routine
in the first 2 weeks to analyze systemic inflammation. Here-
with, we assessed if application of BMP-7 and autologous
cancellous bone graft influences systemic CRP and leukocyte
levels and thereby a systemic unspecific inflammation that
might modulate the cytokine serum values. Furthermore, a
possible bias by infection or postoperative ongoing elevated
CRP and leukocyte blood levels could be detected. Luminex
Performance Human High Sensitivity Assays (Quantikine®,;
R&D Systems, Inc., Minneapolis, MN, USA) were used to
measure the cytokine serum levels of VEGE, TNF-q, IL-1,
IL-6,1L-8, and IL-10 as described in the factory manual. The
lab technician performing the Luminex assays was blinded
to patient data and kept to manufacturer’s instructions during
the measurements.

Statistical analysis

The serum levels were expressed as absolute mean concentra-
tions * standard deviation. To show significant differences
between time points in one study group, the nonparametric
Wilcoxon signed rank test was used. The Mann—Whitney
U test was used to show significant differences between
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both study groups. Statistical significance was determined as
P=0.05. Statistical analyses were carried out with the SPSS
Statistics version 2.0 (SPSS Inc., Chicago, IL, USA). The
graphs were created with the SigmaPlot software (Systat
Software Inc., San Jose, CA, USA).

Results

In this prospective clinical observer study, we examined
patients with long bone fractures that were treated with
transplantation of autologous cancellous bone graft (G1) and
adjunct local application of BMP-7 (G2) and compared their
specific time course of cytokine expression (VEGF, TNF-a,
IL-1, IL-6, IL-8, and IL-10) to their control group.

Differences in VEGF serum-level pattern

Significant differences in angiogenesis potential (VEGF
serum levels) could be found in the first days after surgery
comparing G2 and the control groups. In detail, the VEGF
serum levels in the BMP-7 group rose from day 2 after sur-
gery to a peak on day 14 and were finally comparable to those
at admission 4 weeks after surgery (Figure 2A). In contrast,
the VEGF serum levels in our control group decreased after
surgery on day 2 after surgery and afterward showed a VEGF
time course that was comparable to the G2 group, but in
contrast to this, the absolute serum levels of VEGF showed
significant differences before surgical treatment (P=0.035)

A Comparison between groups

600

—i— Control group (G1)
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Figure 2 Evaluation of the expression pattern of VEGF after nonunion treatment.

and on day 2 after surgery (P=0.009) comparing the study
group and control group. Furthermore, the absolute increase
in the VEGF serum levels between preoperative values and
values at week 2 was considerably higher in the G2 group
compared to the control group (absolute increase 2 weeks vs
preoperative: G2, 186.60 pg/mL and G1, 100.53 pg/mL). In
summary, the increase (Figure 2B) and absolute amount of
VEGF levels in the BMP-7 group were considerably higher
than in the control group during the first 2 weeks after sur-
gery (G2 after 2 weeks: 351.95 pg/mL; G1 after 2 weeks:
191.57 pg/mL) as shown in Figure 2.

Differences in TNF-o serum-level pattern
TNF-o was similarly elevated after surgery in both groups
(control and study). The mean concentrations of TNF-o
in the BMP-7 group peaked 1 week after treatment and
returned to preoperative serum levels of 12.0+3.3 pg/mL
after 6 weeks (Figure 3A). In contrast to the study group,
an initial decrease in the TNF-o serum level was observed
in the control group 2 days after surgery. Interestingly, the
maximum TNF-o concentration was measured not merely at
week 1 but rather 4 weeks after surgery (17.2+2.8 pg/mL).
No significant differences could be found in comparing both
groups at each time point. However, noticeable differences
could be detected in the time point of significant elevated
TNF-o levels. In the G2 group, peak values of TNF-o serum

B Comparison of initial increase
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Notes: (A) Serum concentrations of VEGF in pg/mL 1d before and 2d, 1w, 2w, 4w, éw, and |2w after surgery. Significant differences are indicated by a star (P<0.05, whiskers
are SD). (B) Box plot after 2d to 2w of surgery. Whiskers demonstrate one-quarter of the sample. Stars indicate significant differences comparing the study and control

groups at the time point (P<0.05).

Abbreviations: VEGF, vascular endothelial growth factor; p, preoperative; d, day(s); w, week(s); SD, standard deviation; BMP-7, bone morphogenetic protein-7; G|, patients
who were treated with transplantation of autologous bone graft; G2, patients who were treated with additional application of BMP-7.

submit your manuscript

158

Dove

Journal of Inflammation Research 2016:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Modulation of the cytokine expression patterns through BMP-7

A Comparison between groups
22
Control group (G1)

20 BMP-7 group (G2)
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B Comparison between groups
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Figure 3 Evaluation of the expression pattern of TNF-o. and IL-8 after nonunion treatment.
Notes: (A) Serum concentrations of TNF-o. in pg/mL 1d before and 2d, Iw, 2w, 4w, éw, and 12w after surgery. (B) Serum concentrations of IL-8 in pg/mL |d before and
2d, Iw, 2w, 4w, 6w, and |2w after surgery. Peak of IL-8 in the control group could be found after 4w of surgery. Peak of IL-8 in the study group was found within the first

2w after surgery.

Abbreviations: TNF-o, tumor necrosis factor-o; p, preoperative; d, day(s); w, week(s); SD, standard deviation; IL-8, interleukin-8; BMP-7, bone morphogenetic protein-7;
G, patients who were treated with transplantation of autologous bone graft; G2, patients who were treated with additional application of BMP-7.

levels could be detected on week 1 comparing to peak values
of TNF-o serum levels in the G1 group at week 4 (Figure 3A).
These data imply an earlier peak in the TNF-o plasma levels
of the BMP-7 group than those of the control group by more
than 2 weeks.

Differences in IL-8 serum-level pattern
IL-8 did not show any significant differences comparing both
groups at each measured time point. However interestingly,
the highest values in both groups could be found at different
time points during the measured time course after surgery
with an earlier peak in the IL-8 serum levels of the BMP-7
group. In detail, the BMP-7 group showed IL-8 peak serum
values after 2 weeks and a decrease in values near to admis-
sion after 4 weeks (22.617.8 pg/mL; Figure 3B). Compared to
this, the levels of admission were lower in the control group,
followed by a constant increase until a peak value at week 4.
The decrease to levels of admission was reached 6 weeks
after surgery (13.919.8 pg/mL). No statistical significances
could be found comparing both groups at each time point, but
an earlier peak was observed in the BMP-7 group (week 2)
compared to the control group (week 4; Figure 3B).

Differences in IL-6 serum-level pattern

IL-6 was significantly elevated within the first week
only, comparing G2 group to the Gl group. In detail,
the IL-6 levels in the BMP-7 group increased to a peak

mean concentration 2 days after surgery. Afterward, IL-6
plasma values decreased to similar levels at admission
(4.9£1.0 pg/mL) within the first 2 weeks after surgical
therapy (Figure 4A). Compared to this, in the control group,
the levels of IL-6 at admission were similar to those in the
G2 group. Furthermore, the IL-6 serum levels in the control
group after 1 week of surgery were similar (6.1£3.0 pg/mL)
to those at admission or to those in the BMP-7 group after
2 weeks of surgery. However in contrast, the peak value on
day 2 was significantly lower (9.1£3.0 pg/mL) in the control
group than any other value in the BMP-7 group within the
first week after surgery. Additionally, during the following
time course, a constant decrease was observed within a
minimum 6 weeks after surgery (1.6+0.8 pg/mL, P=0.014
compared to the BMP-7 group). Additionally, the absolute
increase on day 2 compared to the admission level was
higher in the BMP-7 group (absolute increase: 59.2 pg/mL)
than in the control group (absolute increase: 7.1 pg/mL;
Figure 4B). This increase and peak value is significant on
day 2 comparing both study groups (P=0.049), suggesting
an increased process of inflammation in the BMP-7 group.

Pattern of IL-1 and IL-10 serum levels

In this study, we thoroughly assessed the influence of BMP-7
application on the IL serum pattern. However, no measurable
values of IL-1 and IL-10 could be found using plasma
samples as described earlier.
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Figure 4 Evaluation of the expression pattern of IL-6 after nonunion treatment.
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Notes: (A) Serum concentrations of IL-6 in pg/mL |d before and 2d, Iw, 2w, 4w, 6w, and 12w after surgery. Significant differences are indicated by a star (P<0.05, whiskers
are SEM). (B) Box plot in a logarithmic scale on the y-axis of day before to |w after surgery. Whiskers demonstrate one-quarter of the sample. Stars indicate significant

differences comparing the study and control group at the time point (P<0.05).

Abbreviations: |L-6, interleukin-6; p, preoperative; d, day(s); w, week(s); SEM, standard error of the mean; BMP-7, bone morphogenetic protein-7; G|, patients who were
treated with transplantation of autologous bone graft; G2, patients who were treated with additional application of BMP-7.
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Figure 5 Analysis of the serological inflammable parameters after nonunion treatment.
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Notes: (A) Serum concentrations of CRP in mg/L 1d before and 2d, Iw, and 2w after surgery. (B) Serum concentrations of leukocytes in 1,000/nL 1d before and 2d, Iw,

and 2w after surgery.

Abbreviations: CRP, C-reactive protein; p, preoperative; d, day(s); w, week(s); BMP-7, bone morphogenetic protein-7; G|, patients who were treated with transplantation
of autologous bone graft; G2, patients who were treated with additional application of BMP-7.

Differences in CRP and leukocyte serum-

level patterns

During our follow-up, we assessed CRP and leukocytes in the
initial 2 weeks only. As expected, preoperatively, both groups
showed similar values (study group 10.72+14.248 mg/L
compared to control group 3.19+2.094 mg/L), and subsequent
to surgery, both groups showed an expected increase that
showed similar peak values at the second day after surgery

(study group 95.021£60.996 mg/L compared to control group
108.86171.908 mg/L; Figure 5A). Interestingly, a decrease
in the serum values of CRP after 2 weeks of surgery was sig-
nificant in the control group (study group 15.67£8.167 mg/L
compared to control group 33.07+10.221 mg/L, P=0.037). The
serum values of leukocytes showed a similar pattern during
the complete study period, but values of both groups stayed in
the physiological range (range 4,500—13,000/nL; Figure 5B).
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Discussion

In this clinical observer study, we analyzed the serum con-
centrations of VEGEF, TNF-o, IL-6 ,and IL-8 after nonunion
treatment with the transplantation of autologous bone graft
(control group) and adjunct application of BMP-7 (control
group). A better bone healing after the additional application
of BMP-7 to the standard nonunion therapy has already been
characterized.”'*'** We sought to determine if the adjunct
application of BMP-7 modulates the cytokine expression pat-
tern of angiogenic and inflammable cytokines, in particular
the early inflammatory response. After the application of
BMP-7, an earlier expression of all measured cytokines was
observed, but only a higher peak value of VEGF and IL-6
was detected after the application of BMP-7 compared to the
matched control group. The strengths of this study are its pro-
spective approach, the clear inclusion and exclusion criteria,
and the matching of patients. This allowed us to eliminate
factors that could bias the evaluation of these patient groups.

Angiogenesis

Large defect sizes present great challenges in nonunion therapy.
Therapy options are the transplantation of allo- and autografts
or implants. The transplanted material has no chance of survival
or integration into the fracture gap if no adequate vascular
supply is given.”® A sufficient angiogenesis is needed shortly
after fracture to secure the following bone regeneration.?’ The
expression of VEGF promotes angiogenesis; in particular,
angiogenesis is the formation of new blood vessels in a regu-
lated mechanism that is still not completely characterized. It is
known that a total inhibition of angiogenesis causes a failure
of fracture healing.”® The most important mediator of angio-
genesis is VEGE? VEGF induces the inflammatory response
and contributes to the transformation of soft-to-hard callus.*
Analyses of VEGF levels in the human serum samples showed
an increase in the VEGF levels up to 2 weeks after fracture.!
These findings were confirmed by our results, but furthermore,
our results did show a tendency for higher VEGF plasma levels
in the study group. In our study, the VEGF levels in the BMP-7
group were elevated prior to local application of BMP-7 and
the expression pattern of VEGF was similar in both groups.
However, subsequent to adjunct application of BMP-7, VEGF
levels showed both a steeper and faster increase in the first
weeks of nonunion treatment and a higher absolute increase
compared to the baseline value. Thereby, our data indicate a
modulation of the VEGF expression after the application of
BMP-7 that might be favorable for angiogenesis. In this study,
we were able to postulate two different pathways that might
achieve this modulation. Further studies are needed to confirm
our postulations.

Direct stimulation of the VEGF expression by BMP-7

In recent years, multiple studies found a considerable role
played by VEGF next to BMPs in osteogenesis. Therefore,
a number of studies investigated the relationship of VEGF
and BMP and found synergistic actions of VEGF and BMP-2
on bone healing. Furthermore, they could show that BMPs
increased VEGF expression in osteoblasts.*> Animal studies
showed better bone regeneration after nonunion therapy with
additional VEGF application.’*** Additionally, a stimulation
of angiogenesis via BMP-signaling was demonstrated in in
vitro studies.’3% Akiyama et al* pointed out that BMP-7
induces VEGF expression in granulosa cells as well as
umbilical cord endothelium. Thereby, the results of our study
indicate that the local application of BMP-7 increases the
serum levels of VEGF by direct stimulation of the VEGF
expression during nonunion therapy. The local application of
BMP-7 let to a longer and higher VEGF expression.

Indirect stimulation of the VEGF expression by
costimulatory effects of inflammable cytokines
Angiogenesis is a complex and multistep process that is
regulated by many different growth factors and cytokines
(eg, platelet-derived growth factor and basic fibroblast growth
factor). VEGF is a very potent angiogenic agent that acts
as a specific mitogen for endothelial cells through specific
cell surface receptors. However, the molecular mechanism
regulating the expression of VEGF is not characterized, and
it is likely that other cytokines might promote the expression
of VEGF as well. Cohen et al reported that the induction
of IL-6 promotes the expression of VEGF during hypoxia,
wound healing, and ovulation and should be considered as
an indirect angiogenic factor. Furthermore, they reported that
TNF-o has been implicated as an indirect angiogenic factor
most probably by induction of the expression of VEGFE.*#! In
other studies, IL-8 has been shown to be a promoting factor
for angiogenesis and to interact with VEGE.*>* The results of
our study showed an earlier peak of IL-8 and TNF-a correlat-
ing with the steeper initial increase in the VEGF expression
pattern. Furthermore, the IL-6 expression pattern showed a
significant increase in the serum concentration immediately
after surgery, which might contribute to a steeper increase
in the VEGF concentration due to a costimulatory effect.
We could show that the local application of BMP-7 leads
to amodulation of the VEGF expression pattern by a complex
costimulatory response. In this clinical observer study, we
were able to confirm results solely gathered in a previously
published in vitro study.?® Furthermore, our data indicate that
the biological impact of BMP-7 leads to an increased and
earlier VEGF expression pattern by an additional indirect
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stimulation of VEGF expression by a timely stimulation of
the IL-6, IL-8, and TNF-o, expressions.

Inflammation

Physiological fracture healing requires a sufficient angiogenesis
as well as an adequate stimulus to trigger the beginning of bone
healing. Multiple studies have shown that an early inflam-
matory response serves as a stimulus for bone healing. The
inflammatory response is characterized by several cytokines.
The proinflammatory cytokines IL-6, TNF-o, and IL-8 are
expressed as important initiators of the acute-phase response.*
An increase in the serum values can be observed shortly after
fracture.'>® It is known that the local application of BMP-7
may lead to local signs of inflammation, such as soft-tissue
swelling, edema, and reddening of the skin. Although this
BMP-mediated soft-tissue swelling is not fully understood, it
has been associated with recent studies on the increased incident
of proinflammatory cytokines (IL-6, IL-8, and TNF-0).44¢ A
recent study found that the application of BMP-7 modulates
the microenvironment at the fracture side, in particular by alter-
ing the cytokine expression, and thereby, osteoclastogenesis is
inhibited.”” Furthermore, as confirmed by our study, no signs
of systemic inflammation were detected (both clinically and
assessed by the comparison of CRP and leukocyte serum levels
in-between groups). Triggered by these cytokines, inflamma-
tory cells such as leukocytes and macrophages migrate into the
hematoma caused by injuries of vessels by the fracture.**The
interfragmentary hematoma establishes a cellular foundation
for the following bone healing.!®*! During this initial inflam-
matory response, various proinflammatory signals and growth
factors are released. Among these proinflammatory cytokines,
IL-6 and TNF-q. play an important role.

In particular, the inflammatory mediator IL-6 has been
shown to be upregulated in early fracture healing.’*> IL-6
causes mesenchymal stem cells to differentiate to osteo-
blasts,>*** thereby promoting bone regeneration. A delayed
callus formation, mineralization, and remodeling were found
in IL-6 knockout mice.*® Additionally, IL-6 is responsible
for the immigration of leukocytes into the fracture site.*
Significant differences in the IL-6 serum levels between the
study group and control group were detected after 2 days
and 6 weeks. The BMP-7 group showed an increase in the
peak serum levels immediately after the local application of
BMP-7, whereas the peak serum levels in the control group
were significantly lower. Especially, the stimulation of the
expression of IL-6 on day 2 is relevant as it represents the
initial inflammatory response. BMP-7 is therefore capable
of inducing the expression of IL-6, which may induce an

increased inflammatory response. In conclusion, application
of BMP-7 leads to a significantly higher expression of IL-6
during the initial inflammatory response.

TNF-a is released by macrophages and inflammatory
cells.?’ The initial release of TNF-o stimulates further expres-
sion of several inflammatory mediators and causes immigra-
tion of cells into the fracture site.* According to demand,
TNF-a triggers apoptosis or secures the survival of cells.”’
The TNF-o-associated receptors are TNFR-1 and TNFR-2,
which are located on cellular surfaces.* While TNFR-1 is
permanently present, TNFR-2 is only expressed after fracture.
TNF-o stimulation via TNFR-1 causes the differentiation of
osteoclasts and therefore stimulates bone resorption. TNF-o.
stimulation via TNFR-2 leads to a contrary reaction and is
a stimulus for bone regeneration.?**® Our data showed an
earlier and higher expression of TNF-a during the initial
phase of bone healing after the local application of BMP-7.
This may contribute to an earlier and higher influence on
TNFR-2, resulting in favorable bone regeneration. However,
the differences in the TNF-o expression level between both
groups were at a nonsignificant extend; therefore, further
studies are needed to prove this postulation.

IL-8 induces an acute inflammatory response via activa-
tion and immigration of neutrophile granulocytes.” Fuller
et al® reported that expression of IL-8 inhibits bone resorp-
tion in isolated rat osteoclasts by a decreased proportion of
osteoclasts resorbing bone. A recent study showed that IL-8
is important for the regulation of bone resorption by direct
stimulation of IL-8 on osteoclastogenesis.®' 1L-8 expres-
sion depends on a variety of factors, such as the presence
and effects of TNF-o and 1L-6.9 The results of our study
show similar expression pattern of both TNF-o and IL-8.
The control group showed an IL-8 peak after 4 weeks of
surgery, while IL-8 levels in the BMP-7 group peaked after
2 weeks. Thereby, the results of our study indicate a complex
interaction between multiple cytokines subsequent to the
application of BMP-7. Despite existing studies, the impact
of IL-8 on bone regeneration at the fracture site is not yet
fully understood.®-*? In our study, the increase in the IL-8
expression during the initial inflammatory response sub-
sequent to the application of BMP-7 indicates the role of
IL-8 as a proinflammatory cytokine in bone regeneration.
However, further studies are needed to prove this contribu-
tion to bone healing.

Limitations
Nonunions are a severe but an infrequent complication; this
is why, clinical studies concerning nonunion therapy are
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complex and it explains the small size of our patient collec-
tive. Despite the large patient collective, just a small number
of patients could be included in the study due to our strict
inclusion and exclusion criteria. In the context of the current
literature and our recent studies,?>?* the collective size of our
patients is still sufficient. Another limiting factor is the treat-
ment of two patients with plate fixation and eight patients with
nail fixation in the BMP-7 group, whereas patients in the con-
trol group received plate fixation in nine cases and nail fixation
in one case. The reason for different fixation methods in our
study groups is the collaboration between two clinical centers.
A comparison of both therapy methods characterized an equal
inflammatory response after plate fixation or intramedullar
nailing as a treatment for tibial fractures. Furthermore, the
responder rate, the development of nonunions, and the number
of following surgeries were similar.®® The results of our study
may be influenced by a systemic inflammation; therefore, we
assessed the CRP and leukocyte serum patterns in the initial
2 weeks subsequent to the procedure. Our data show that the
CRP values, after an expected peak after 2 days of surgery,
decreased in both groups; furthermore, the CRP values in
the control group were even higher than in the study group.
Leukocytes stayed in a physiological range during the whole
time, thereby indicating that no systemic inflammation was
present and reducing the risk of influences on our study results.
The preoperative serum levels of VEGF showed differences
between both groups. This might influence the analysis of the
BMP-7 effects. However, in our statistical analysis, we could
see a steeper and faster increase in the VEGF serum levels.
Furthermore, despite an overall similar VEGF expression pat-
tern in both groups, VEGF levels rose higher and faster in the
BMP-7 group. Therefore, the differences in the baseline do
not interfere with the scientific results of our study. Another
limitation of our study is a missing fracture group, in which
cytokine expression patterns of physiological bone healing
are analyzed. However, it is known that the microbiology in
patients with delayed and failed bone healing is different.
Therefore, we believe that the missing fracture group is not
interfering with the results of our study.

Conclusion

The patients with failed fracture healing are known to have
diminished concentrations of BMP. The local application
of BMP served as substitution, thereby modulating the
microenvironment in the fracture gap and increasing local
concentrations of BMP-7. In this study, we were able to analyze
the influence of BMP-7 application on the expression pattern
of inflammable and angiogenic cytokines. Up-to-date multiple
studies utilized animal models in order to assess the biological

impact of BMP-7, leaving the bias of differences in the reaction
of the immune system. Therefore, quantitative measurement of
human serum cytokine expression provides a valid instrument
in evaluating the biological impact of BMP-7.7-3:¢4

The local application of BMP-7 in addition to autologous
bone graft transplantation provides better bone healing.!>!
Our findings state that BMP-7 via a direct and a postulated
indirect pathway by costimulatory effects on proinflamma-
tory cytokine expression leads to an increased VEGF expres-
sion. Moreover, the application of BMP-7 leads to an earlier
and higher expression of inflammable cytokines; thereby, the
application of BMP-7 may contribute to an inflammatory
response functioning as a possible stimulus for bone regen-
eration. Significant higher IL-6 levels and an earlier peak of
IL-6, IL-8, and TNF-o were observed in the BMP-7 group.
In conclusion, the application of BMP-7 modulates both
angiogenic and inflammable cytokine expression patterns.
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