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Abstract

Background: Non-steroidal anti-inflammatory drugs (NSAIDs) have long been suspected of negatively affecting
fracture healing, although numerous disputes still exist and little data are available regarding diclofenac. Glucocorticoids
interfere in this process over a similar and even broader mechanism of action. As many previously conducted studies
evaluated either morphological changes or biomechanical properties of treated bones, the conjunction of
both structural measures is completely missing. Therefore, it was our aim to evaluate the effects of diclofenac
and prednisolone on the fracture callus biomechanically, morphologically and by 3-dimensional (3D) microstructural
analysis.

Methods: Femura of diclofenac-, prednisolone- or placebo-treated rats were pinned and a closed transverse fracture
was generated. After 21 days, biomechanics, micro-CT (uCT) and histology were examined.

Results: The diclofenac group showed significantly impaired fracture healing compared with the control group by
biomechanics and uCT (e.g. stiffness: 57.31 £31.11 N/mm vs. 12244+ 81.16 N/mm, p = 0.030; callus volume: 47.05 £ 15.
67 mm3 vs. 67.19 + 1490 mm3, p = 0.037, trabecular thickness: 0.0937 mm + 0.003 vs. 0.0983 mm + 0.003, p = 0.023), as
confirmed by histology. Biomechanics of the prednisolone group showed obviously lower absolute values than the
control group. These alterations were confirmed in conjunction with uCT and histology.

Conclusions: The inhibiting effects of both substances were not only mediated by absolute parameters (e.g. breaking

load, BV), but we have shown, for the first time, that additional changes occurred in the microstructural bony network.

Especially in patients at risk for delayed bone healing (arteriosclerosis, diabetes mellitus, smoking), the administration of
these drugs should be weighed carefully.

Keywords: Fracture healing, Bone regeneration, Bone remodelling, Micro-CT (uCT), Histology, Biomechanics,
Bone volume (BV), Tissue mineral density (TMD)

Abbreviations: %, Percentage; 3D, 3-dimensional; AB, Air bubble; BM, Bone marrow; BMC, Bone mineral
content; BS, Bone surface; BV, Bone volume; CA, Cartilage; CB, Original cortical bone; CC, Calcified cartilage;
COX-1 and-2, Cyclooxygenase isoenzymes 1 and 2; DA, Degree of anisotropy; F, Fracture site; FCT, Fibrous
connective tissue; i.m., Intramuscular; LL, Laczkd and Lévai; mean £ SD, Mean values + standard deviation;
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MMA, Methyl methacrylate; NSAIDs, Non-steroidal anti-inflammatory drugs; OC, Osseus callus; OPG, Osteoprotegerin;
PGs, Prostaglandins; RANKL, Receptor activator of nuclear factor (NF-) kB ligand; s.c, Subcutaneously; SMI, Structure
model index; Th. Th,, Trabecular thickness; TMD, Tissue mineral density; VOI, Volume of interest; WB, Woven bone;

uCT, Micro-CT

Background

In clinical practice, several medications offering pain
relief, anti-inflammation and a reduction of postopera-
tive swelling are applied after bone surgery or trauma,
although their potential side effects on bone healing
have not been studied adequately. Non-steroidal anti-
inflammatory drugs (NSAIDs) have for some time been
suspected to affect fracture healing negatively [1-4]
and might even cause bone loss after tooth extraction
[5]. However, numerous disputes still exist and limited
data are available with regard to diclofenac, which is
one of the most often applied substances in clinical use.
Through the inhibition of phospholipase A2, glucocor-
ticoids act earlier in the same pathway as NSAIDs.
Their possibly more serious consequences after short-
term use for humans have been insufficiently examined
in this context. They are known to affect bone remodel-
ling [6-8] and fracture healing in animal models after
long-term use [9, 10].

Recent molecular biological studies suggest that the
early bone healing phase is crucial for the definitive
success and stability of the bone [11]. This phase is char-
acterised by an inflammatory reaction of the body with
an increase in the secretion of prostaglandins (PGs) by
osteoblasts [12].

PGs are hormone-like substances with proinflammatory
effect and play a key role in fracture healing. The cycloox-
ygenase (COX) isoenzymes 1 and 2 (COX-1 and -2) con-
trol the production of PGs: COX-2 is specifically involved
in the inflammatory response, whereas COX-1 is rather
involved universally in various physiological processes,
such as platelet aggregation and cytoprotection in the
gastrointestinal tract. NSAIDs inhibit unspecifically both
the activity of COX-1 and -2 and effectively reduce pain
and inflammation [13].

In vitro, diclofenac acts negatively on osteoblasts at early
stages and appears to inhibit their function. This effect is
seen even at relatively low concentrations corresponding
to those commonly reached in vivo and might possibly
lead to a delay of bone healing [11, 13]. Additionally,
NSAIDs are used therapeutically to reduce heterotopic os-
sifications after elective joint-replacement or fractures,
strongly suggesting their potential to inhibit or negatively
affect endochondral ossification mechanisms [4]. Never-
theless, within the few animal studies previously carried
out, the reported influence of diclofenac on bone healing
is controversial and, thus, unclear [2, 13—-15].

Physiological humane serum levels of glucocorticoids
have shown a maximum stimulatory effect on osteo-
blasts in vitro. However, increasing the dose in vitro to
supraphysiological doses leads to a decreased ability of
osteoblasts to differentiate [6]. Corticosteroid treatment
is commonly used in inflammatory and rheumatological
diseases and to reduce postoperative pain and prolonged
soft tissue swelling after elective surgery or accidental
trauma [16]. Unlike NSAIDs, which do not interfere
until the conversion of arachidonic acid to PGs in the
biosynthetic pathway, glucocorticoids inhibit the produc-
tion of arachidonic acid and thus interfere at an earlier
point than NSAIDs in this pathway [17]. Arachidonic
acid is the basis for the production of both PGs and leu-
kotrienes. In addition to the PGs, the latter play a crucial
role in the inflammation response of the body. Conse-
quently, glucocorticoids might lead to a (more) serious
delay of bone healing [7, 18, 19].

Both drugs are often administered in clinical use briefly
after surgery or trauma. Therefore, the combined results
of our study should allow to reduce uncertainties of
former studies concerning the impact of medication on
the early stage of fracture healing and should enrich our
knowledge of the way in which these drugs act. Unlike
precedent work, our evaluation was performed function-
ally, microstructurally and morphologically via the com-
bination of biomechanics, micro-CT (uCT) and histology.

Summarised, our main objectives were to examine
whether the tested substances (1) show the potential to
reduce the load bearing capacity of the fracture callus of
unstable mid-femural fractures expressed by a reduced
breaking load in the three-point bending and (2)
whether microstructural changes of the newly formed
callus are evident by pCT and histology.

Methods
Animal model
Adult male Wistar rats (n =63, aged 16 weeks, mean
weight + SD: 500 g + 50 g) were purchased from Charles
River Laboratories (Sulzfeld, Germany) and acclimatised
for at least 2 weeks prior to experimentation. The an-
imals were singly fed, housed at 23-25 °C (humidity:
55+5 %) with a 12-h light/dark cycle and allowed
free access to water and standard laboratory pellets.
Rats were randomised and allocated to the 3 different
arms (Diclofenac, Prednisolone or Control) each consist-
ing of 2 groups (Group A: biomechanical testing: total of
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33 rats; 11 animals for diclofenac, 11 for prednisolone
and 11 for controls; Group B: histology and pCT: total
of 21 rats; 7 animals for diclofenac, 7 for prednisolone
and 7 for controls).

Prior to the operation, the rats were anaesthetised
by intramuscular (i.m.) injection of Medetomidine
(Medetomin, 0.15 mg/kg, Dechra Veterinary Products,
‘s-Hertogenbosch, Netherlands), Midazolam (Midazolam,
2 mg/kg, Hexal AG, Germany) and Fentanyl (Fentadon,
5 pg/kg, Dechra Veterinary Products, ‘s-Hertogenbosch,
Netherlands). A Kirschner wire (K-wire; 1.0 mm) was
inserted into the medullary canal of the right femur in an
antegrade manner [20, 21] followed by a closed mid-
diaphyseal fracture. The procedure was performed as a
modification of the method first described by Bonnarens
and Einhorn in 1984 [22].

To end the anaesthesia after the operation, an antidote
combination was given subcutaneously (s.c.), composed of
Atipamezole (Antisedan, 0.75 mg/kg, Orion Corporation,
Espoo, Finland), Flumazenil (Flumazenil, 0.2 mg/kg, Hexal
AG) and Naloxone hydrochloride (Naloxone, 0.12 mg/kg,
Braun AG, Germany). During the postoperative period,
pain relief was performed by the subcutaneous adminis-
tration of buprenorphine twice a day (Buprenodale,
0.05 mg/kg, Dechra Veterinary Products) and the animals
were able to put weight on the leg immediately.

Depending on the group, daily subcutaneous adminis-
tration of diclofenac or prednisolone was performed.
The control animals received only sodium chloride solu-
tion subcutaneously. Drugs were administrated in the
following dosages:

Diclofenac (Voltaren-Resinat, Novartis GmbH): 5 mg/
kg BW per day s.c.
Prednisolon (Solu-Decortin H, Merck KGaA): 0,5 mg/
kg BW per day s.c.
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Under anaesthesia with isoflurane, blood was taken 2—
3 h after the administration of the substances on day 5
from the venous angle to check the serum levels of the
medication.

Before the rats were sacrificed on day 21 by an over-
dose of Narcoren (sodium pentobarbital 80 mg/kg BW),
they were anaesthetised in a plastic box by inhalation of
isoflurane and, once more, blood was taken by puncture
of the heart to determine the serum levels of each drug.
Plain X-ray controls (anterior-posterior and lateral view)
were performed via c-arm (Siemens, Erlangen, Germany)
after intramedullary pinning, following the fracture (both
intraoperatively) and post mortem.

Depending on the group allocation, the bones were
fresh-frozen and stored at —20 °C (Biomechanical group)
or fixed in 100 % methanol (histology/uCT) and stored
at 4 °C. Analyses were carried out, after pin removal, ei-
ther by uCT or by biomechanics. All researchers involved
in this study were blinded throughout the evaluations.

Biomechanics

Three-point bending was performed by using a Wolpert
TZZ 707/386 material test machine (Istron Wolpert
GmbH, Darmstadt, Germany, Fig. la). According to
Turner et al., the distance between the bearing and load-
ing bars for each rat femur was 15 mm for 3-point bend-
ing [23]. The femurs were placed horizontally with the
anterior surface upwards.

Bending load was applied constantly with a displace-
ment rate of 5 mm/min and directed vertically to the
mid-shaft of the femur until failure (breaking load). The
termination criterion was defined as a reduction in the
force of > 50 N, whereas the failure criterion was defined
as a reduction in the force of 80 %. The breaking load
(N) and stiffness (N/mm) were determined from the
load-displacement diagram (highest point or regression

03 04 0,5 0,6 0,7 038 09
Displacement [mm]

Fig. 1 Biomechanical testing. a Three-point bending by using a material testing machine. b Breaking load (N) and stiffness (N/mm) were determined
from the load-displacement diagram (highest point or regression of the curve)
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of the curve) (Fig. 1b) by using the test program Test&-
Motion (DOLI Elektronik GmbH, Miinchen, Germany).

Failure load and stiffness were collected for each
femur of the biomechanical group. Absolute and rela-
tive values [failure load and stiffness of the experimen-
tal side (7 =30) in relation to the intact contralateral
bone (n=30) as a percentage (%) of the intact load or
stiffness] were determined.

Micro CT

The femura were scanned by using an isotropic voxel
size of 10 pm (55 kVp, 145 pA; pCT 40, Scanco Medical,
Briittisellen, Switzerland). The integration time was set
at 200 ms. Images were reconstructed with 2048 x
2048 pixels per cross section. Before the measurement, a
scout view was obtained and the scanning area of
620 pum (slice increment: 10 pm) covering both sides of
the fracture gap (each 3.1 mm) was determined within
two reference lines (Fig. 2a and b).

Thresholds were determined visually by two independ-
ent examiners (based on histograms) to separate original
cortical bone from callus, marrow and solution [24]. Dif-
ferences in the brightness of the pixels were evident
(Fig. 2c and d). A constrained 3D Gaussian filter was
used to suppress partly the noise in the volumes. The
grey-scale images were segmented by using the same pa-
rameters for callus [sigma (0.8), support (1) and threshold
(150)] and original cortical bone [sigma (1.5), support (3)
and threshold (370)]. After reconstruction of the data, the
analysis of the micro-structural parameters was performed
on the basis of the selected volume of interest (VOI) to
obtain the 3D evaluation. A standard convolution-
backprojection procedure with a Shepp and Logan filter
was used to reconstruct 3D CT images (Fig. 2e and f).
All image processing steps were conducted automatic-
ally by using Image Processing Language (IPL, Institute
for Biomedical Engineering, ETH and University of
Ziirich). The following non-volume-depending parame-
ters (as metric characteristics) were determined: the
bone volume (BV, mm?>), tissue mineral density (TMD,
mg HA/cm?) and bone mineral content (BMC, defined
as the callus BV multiplied by TMD, mg) [25] and the
structure model index (SMI, dimensionless), degree of
anisotropy (DA, dimensionless), bone surface (BS,
mm3) and trabecular thickness (Tb. Th., mm) as struc-
tural parameters.

Histological analysis

After puCT analysis, the specimens were dehydrated in a
graded series of ethanol (from 70 to 100 % [v/v]) and
acetone and were then embedded in methyl methacryl-
ate (MMA). After polymerisation, undecalcified sections
of the MMA-embedded samples of 100+20 pm in
thickness were prepared by using a sawing microtome
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Fig. 2 Scout view (a) and determination of the scanning area within
two reference lines (b). 2D axial uCT (c) grey value image of original
cortical bone, callus and air/bone marrow and (d) corresponding full
automatically segmented image (callus =red); 3D coronar puCT
half-sliced (e) and overview image (f) (Two Thresholding Procedure,
callus blue and semitransparent and cortical bone grey)

(Leica, Wetzlar, Germany) technique. Sections were cut
coronally through each sample. Selected specimens were
additionally ground (70 pm) and polished (Schleifsystem
400 CS, Exakt, Norderstedt, Germany). For histological
analysis, the sections were surface-stained as described
by Laczké and Lévai (LL) [26]. For overview images, a
Wild® Macroscope M3Z (Wild, Heerbrugg, Switzerland)
was used in motion function and analysis was performed
via bright-field microscopy (Axiophot 2; Zeiss, Jena,
Germany). Detailed images were digitised with a micro-
scope (Nikon Eclipse 50i; Nikon, Diisseldorf, Germany)
and video camera (AxioCam HRc; Zeiss, Jena, Germany;
magnification 10x). Semi-quantitative analysis was car-
ried out by using an image analysis system (Axiovision
4.8, Zeiss, Jena, Germany) modified from [14, 20]. In de-
tail, the area of the fracture gap of two central sections
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was examined. We semi-quantitatively evaluated whether,
in the respective area cartilage, connective tissue or newly
formed bone was present. This was described as a per-
centage of all the samples of each group with the respect-
ive tissue. Furthermore, we investigated whether bony
bridging of the fracture gap appeared. This was reported
as a percentage of all the samples of each group.

Statistical analysis

A power analysis was used to determine the number of
animals needed for the biomechanical workup [27]. A
two group t-test with a 5 % two-sided significance level
has 80 % power to detect an effect size of 1.38 (or 1.26)
when the sample sizes in two groups are 8 (or 11) and
11, respectively (nQuery Advisor 7.0). With regard to
pCT and histology, a minimal sample size of 6 animals
was chosen for exploratory investigations and the com-
putation of descriptive statistics with no need for a
power calculation.

Statistical analysis was carried out by using R 3.1.0
(The R Foundation for Statistical Computing, Vienna,
Austria) and GraphPad Prism Version 4.00 (GraphPad
Prism Software® San Diego, USA). Differences between
the treatment groups were assessed by unpaired two-
sided Student’s t-tests. All tests were conducted on ex-
ploratory 5 % significance levels. The distribution of
quantitative data was imaged as mean values + standard
deviation (mean + SD).

Results

Inclusions and exclusions

All in all, 49 of the animals could be included in the
study. No infection, weight loss >5 % or severe swelling
was observed. 14 of 63 (22 %) had to be excluded be-
cause of various complications (no fracture, comminuted
fracture or wrong localisation of the fracture).

Table 1 Biomechanical parameters
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Serumlevels

Diclofenac blood levels were determined to be within
the target range (0.1-2.5 pg/ml; Medizinisches Ver-
sorgungszentrum Dr. Eberhard & Partner, Dortmund;
first blood draw: 1.34 pg/ml; second blood draw: 2.33 g/
ml, averages).

Prednisolone blood levels were also determined to lie
within the target range (30-400 ng/ml) detectable (first
blood draw: 94.05 ng/ml; second blood draw: 40.01 ng/
ml, averages).

Biomechanics
Thirty animals (60 femura) were eligible for biomech-
anical testing.

Regarding the breaking load, the Diclofenac and pred-
nisolone groups showed obviously lower values than the
control. In detail, the breaking load of the experimental
sides exhibited 77.65 N +41.82 N for the controls,
61.97 N +24.91 N for the diclofenac group and 54.30 N
+28.68 N for the prednisolone group (Table 1, Fig. 3a).
The percentage of the intact load revealed 0.36 + 0.16 for
the controls, 0.30+0.12 for the diclofenac group and
0.29 + 0.14 for the prednisolone group (Table 1, Fig. 3b).

Regarding the stiffness, significant differences were
generated (p = 0.030) between the control and diclofenac
groups. In detail, the stiffness of experimental bones
revealed 122.44 + 81.16 N/mm for the controls, 57.31 +
31.11 N/mm for the diclofenac group and 86.63 +
60.45 N/mm for the prednisolone group (Table 1,
Fig. 3c). The percentage of the intact stiffness exhibited
0.24 + 0.16 in the control group, 0.13 + 0.10 in the diclo-
fenac group and 0.19+0.14 in the prednisolone group
(Table 1, Fig. 3d).

UCT and histological examination
Nineteen animals were eligible for pCT and histology.

Mean + SD Mean difference (95 %-Cl) p-value
Breaking load D 61.97 £24.91 DvsP 7.67 (-1845 - 33.79) 0.543
P 54.30 £ 28.68 DvsK -15.68 (-48.20 — 16.84) 0323
K 77.65+41.82 Pvs K 2335 (-881 - 5551) 0.144
% of intact load D 030+0.12 DvsP 001 (-0.12 - 0.13) 0.934
p 029+0.14 DvsK -0.06 (-0.20 - 0.07) 0.345
K 036+0.16 Pvs K 0.07 (-0.06 - 0.20) 0297
Stiffness D 5731£31.11 DvsP -29.32 (-74.53 - 15.89) 0.188
P 86.63 +60.45 DvsK -65.13 (-122.81 — -7.45) 0.030*
K 12244+ 81.16 Pvs K 3581 (-28.18 - 99.79) 0.256
% of intact stiff-ness D 0.13+0.10 DvsP -0.06 (-0.18 — 0.06) 0321
p 0.19+£0.14 DvsK -0.10 (-0.23 - 0.03) 0.107
K 024+0.16 P vs K 0.05 (-0.09 - 0.18) 0481

D = diclofenac (n=8), P = prednisolone (n=11), K= control (n=11). Entries marked with *represent significant differences between therapy groups
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Mean differences and significances are shown in Table 1
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Fig. 3 Biomechanical values as means + SD and dotplot of (a) breaking load and (b) % of intact load, (c) stiffness and (d) % of intact stiffness.

BV was the most objective parameter with which to
assess the effective, i.e. absolute, callus volume (peri-
and endosteal) without the original cortical bone. The
control group exhibited a significant higher BV than the
diclofenac group (67.19+14.90 vs. 47.05+15.67, p =
0.037). Prednisolone generated the highest callus volume
(73.79 £ 17.23), which was significantly higher than that
of the diclofenac group (p = 0.015, Table 2, Fig. 4a). With
respect to the TMD, very homogeneous results were evi-
dent throughout the groups, except for the SD of the

Table 2 uCT callus parameters

Mean + SD Mean difference (95 %-Cl) p-value
BV D 4705+1567 DvsP  -2674(-47.15 - -6.33) 0.015%
P 7379+1723 DvsK -20.14 (-3886 - -1.42) 0.037*
K 6719+£1490 PvsK 6.60 (-14.17 — 27.38) 0494
TMD D 64810+5291 DvsP  6.04 (-42.99 - 5508) 0.776
P 64206£999 DvsK 12.62 (-36.68 — 61.92) 0.565
K 63548+1481 PvsK 6.58 (-9.98 — 23.14) 0.391
BMC D 3001+£958 DvsP  -1727(2992 --461)  0012*
P 4728+1076 DvsK -1252(-2363 - -141) 0.031*
K 4254 + 861 P vs K 475 (-7.87 = 17.36) 0420
SMI D 008+0.72 DvsP 138 (050 - 2.27) 0.006*
P -130+0.72 DvsK 0.30 (-0.81 - 142) 0.553
K -022£1.01 Pvs K -1.08 (-2.22 - 0.06) 0.062
DA D 1.15+0.03 DvsP -0.02 (-0.07 - 0.02) 0.258
P 1.17 £0.04 DvsK -0.03 (-0.08 - 0.02) 0.258
K 1.18+0.05 P vs K 0.00 (-0.06 - 0.05) 0.877
BS D 128218+28817 DvsP -336.62(-779.83 - 106.59) 0.120
P 161880+£39872 Dvs K -35466 (-74885 - 39.54) 0073
K 163683+340.78 PvsK -18.04 (-496.72 — 460.65) 0935
To.Th. D 0094+0003 DvsP -0.005 (-0.011 - 0.001) 0.114
P 0099+0006 DvsK -0005(-0008--0.001) 0.023*
K 0098+0003 PvsK 0.000 (-0.006 — 0.007) 0.878

D = diclofenac (n=7), P = prednisolone (n=6), K= control (n = 6). Entries
marked with *represent significant differences between therapy groups

diclofenac group: the latter showed an outlier (52.91)
that strongly influenced the mean and SD (SD control =
14.81 and SD prednisolone = 9.99) (Table 2 and Fig. 4b).
BMC represents density x volume. It exhibited analo-
gous significances and trends in values to those for BV
(Table 2 and Fig. 4c).

Structural parameters uniformly describe and quantify
the microarchitecture of specimens (Table 2).

The SMI of the control group showed no relevant dif-
ference from the diclofenac group (p = 0.553). Prednisol-
one showed the smallest mean (-1.30 +0.72). This was
significantly reduced compared with that of the diclofe-
nac group (0.08 £0.72, p =0.006) (Table 2 and Fig. 4d).
With respect to the mean and SD of DA, all three
groups here were very homogeneous without relevant
differences (Table 2 and Fig. 4e). The mean of BS in the
control group (1636.83+340.78) was considerably
higher than that in the diclofenac group (1282.18 +
288.17, p=0.073). In contrast, the mean of BS in the
control group was only slightly higher than that of the
prednisolone group (1618.80 + 398.72, p = 0.935, Table 2
and Fig. 4f). With respect to Tb. Th., a significant differ-
ence (p=0.023) was seen between the control group
(mean = 0.0983 + 0.003) and the diclofenac group (mean
=0.0937 + 0.003) (Table 2 and Fig. 4g).

Histological findings further supported the radio-
graphic evidence. The control group showed bony callus
in the area of the fracture gap analogous to the prednis-
olone group in 67 % of the samples. In contrast, the
diclofenac group showed bony callus in only 29 % of the
samples in the area of the fracture gap (Fig. 5 left dia-
gram). Additionally, we investigated cartilage and fibrous
connective tissue. In the prednisolone group, the least
cartilage was seen within the fracture gap, whereas 50 %
of the samples still showed fibrous connective tissue.
Both the control group and the diclofenac group gener-
ated relatively more cartilage than bone. Fibrous con-
nective tissue as poor-quality tissue was detected least
frequently within the fracture gap of the femura of the
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control group (33 %). In the diclofenac group, in which
occasionally diastases of the fracture gap were observed
(Fig. 5a), fibrous connective tissue (Fig. 5b) was detected
the most, at 57 %. Bone resorption areas were detectable
at the cortical bone, the fracture site and the periosteal
callus junction (Fig. 5a and b). Furthermore, a (negative)
ratio of bone/cartilage/connective tissue (29 %/57 %/
57 %) was evident in this group (Fig. 5 left diagram).
With regard to the bony bridging of the fracture gap
(Fig. 5 right diagram), the control group was more suc-
cessful (33 %) than the prednisolone group (17 %, des-
pite the high callus BV detected via pCT, Fig. 4a) and
the diclofenac group, respectively (14 %). Figure 5c
shows a representative sample of the prednisolone group
with osteocondral bone union and active new bone for-
mation indicating that endochondral ossification had
occurred, although the outer periosteal mineralised
callus did not bridge the gap, in contrast to that of the
control group (Fig. 5d).

Figure 6 shows a synopsis of the modalities of group B
(histology/uCT).

Discussion

Numerous disputes and limited data exist on bone heal-
ing with regard to the use of diclofenac and prednisol-
one. Possible causes for these problems are the applied
evaluation methods that are no longer considered suffi-
cient by today’s standards. Therefore, our aim was to

evaluate the qualitative and quantitative structural prop-
erties of the fracture callus in vivo via a combination of
biomechanics, micro-CT and histology.

Additional to the expected effects of each drug, the
timepoint in our study was chosen based on joint con-
sideration of the time course of rat callus fracture heal-
ing after 21 days [10, 28]. At that time, callus formation
is not yet finished and stable and significant differences
can be detected [29].

The diclofenac dose of 5 mg/kg body weight per day was
taken from the literature. Previous publications have shown
that a dose of 2.5 times (compared with the human dose of
2 mg/kg body weight) for the rat is necessary to generate
human equivalent pharmacological data [2, 15, 30].

The diclofenac group showed significantly lower
values for BV and BMC compared with the control and
prednisolone groups. Occasionally, we observed dia-
stases of the fracture gap. Histologically, only 29 % of
the samples showed mineralised callus in the area of the
fracture gap. However, the most common tissue within
the gap was fibrous connective tissue (57 %) indicating
impairment of fracture healing. Our results are concord-
ant with those of Krischak et al. who have studied this
phenomenon histologically. Both the bony percentage in
the area of the fracture gap and the fraction of bony
bridges were decreased, whereas the proportion of cartil-
age was increased [14]. Likewise, Tiseo et al. showed a
delay of bone remodelling, since the mineralised part of
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oriented with the cortical bone on the bottom, periosteal fracture callus on the top and fracture site in the middle. Magnification 40 X (a, b, d) or
25 % (c). Scale bar: 500 um. Left diagram: % of samples with the respective tissue within the fracture gap; right diagram: % of samples with bony
fracture gap bridging. The diclofenac-treated rats often developed areas of high bone resorption (denoted by arrows) at the CB, the F and the
periosteal callus junction. A shows a gap without any signs of a union. Note the lack of CA. B shows a fibrous bone union. In the prednisolone
group (c), osteocondral bone union and active new bone formations were detected indicating that endochondral ossification had occurred, al-
though the periosteal OC did not bridge the gap. Generally, calluses contained minor amounts of cartilage, but in half of the samples, residual
FCT was still detectetable (left diagram). D shows a sample with OC only and complete union with trabecular structure (right diagram). The normal
fatty BM was replaced by bone, the AB seen in D is an artifact of the embedding procedure. Staining: LL (bone: red, cartilage: blue; fibrous connective
tissue: pale blue to grey/white). CB = original cortical bone, OC = osseus callus, CA = cartilage, CC = calcified cartilage, WB = woven bone, FCT = fibrous
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connective tissue, F =fracture site, AB = air bubble, BM = bone marrow, arrow = zone of resorption
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tissue within the callus was low and even decreased over
time (by 2-4 weeks) [31]. However, the two studies only
evaluated histological samples and did not focus on the
3D structural parameters of bone [11]. Our results sub-
stantiate the inhibiting influence of diclofenac on frac-
ture healing. New bone formation seems to be reduced
by diclofenac, whereas resorption seems to be increased.
Similar density values were determined between the
groups. If, in spite of similar TMD values, different SMI
values are detected, then the SMI reveals that different
trabecular structures are present. Values of zero and
negative values represent a more stable plate-like struc-
ture, whereas higher values indicate a less stable rod-like
structure. In the dioclofenac group, the SMI was the
highest (0.08 £0.72) and took a positive value only in
this group. This indicates the presence of less stable

bone in the diclofenac-treated group with a reduced cap-
acity to adapt load [32]. Furthermore, the trabecular thick-
ness was significantly reduced by diclofenac compared
with the control group implying a weaker network. Previ-
ous studies applied mainly conventional radiological (or
peripheral quantitative computed tomography = pQCT),
histological and/or biomechanical results without being
able to detect 3D trabecular structures [2, 14, 15]. Thus,
with regard to our results, not only the reduced amount
of bone substantiates the inhibiting influence of diclofenac
on fracture healing, but also the obvious changes in the
3D network of the callus strongly indicate the impairment
of bone remodelling.

With respect to prednisolone, the dose of 0.5 mg/kg
body weight per day to generate human equivalent
pharmacological data was taken from the literature [33].
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Fig. 6 a and b illustrates intraoperative plain X-ray controls via c-arm after intramedullary pinning and after the fracture. The second row displays
(c=dorsal, d = ventral) macroscpic, (e) scout view and (f) 3D coronar uCT (callus blue and semitransparent, original cortical bone grey) post mor-
tem controls. g shows a histological overview image (10x, details: Fig. 4a) and h a corresponding half-sliced 3D coronar uCT reconstruction. All
images represent the same specimen of the diclofenac group. Macroscopically, no diastasis of the fracture gap is detectable. However, the tissue
type can only be assumed. In contrast, radiologically, a diastasis of the fracture gap and a dislocatio ad latum with wedge-shaped defects
is seen. Additionally, histology demonstrates fibrous connective tissue

To date, there is no clear evidence that the fracture heal-
ing is restricted in patients who are under glucocorticoid
medication [34]. Controversially, long-term medication
of 5.5 weeks up to 3.5 months led to impaired fracture
healing in rabbits (ulnar osteotomy) and rats (closed/
open fracture of the femur) [7, 10, 19, 33-35], whereas
short-term medication of 3-4 days in a femural osteot-
omy model of the rat did not affect the biomechanics or
histology [16, 36]. Here, the applied doses ranged from
0.02 mg/kg to 2 mg/kg body weight per day.

The data from our prednisolone group revealed no
relevant difference in the elevated BV in comparison
with that of the control group. However, the value was
significantly higher than that of the diclofenac group.
Concordantly, the prednisolone group of a recent rat
femur fracture study showed an increased total bone
area histologically generated by an increase of the woven
bone, whereas the lamellar bone showed decreased
values [34]. Compared with the control group, the au-
thors described a slow remodelling of woven bone to

lamellar bone within the callus; this is equivalent to a
delay of fracture healing. However, since the authors did
not undertake biomechanics or 3D tomography, no clear
evidence could be drawn with regard to functional in-
competence. Weinstein et al. have demonstrated de-
creased osteoclast production, resulting in a reduction of
bone remodelling [8].

Thus, in contrast to NSAIDs the effect of steroids on
fracture healing seems to be more complex. Via inhib-
ition of phospholipase A2, prednisolone acts in the same
pathway as diclofenac does, finally reducing prostaglan-
dins locally. Additionally, a direct transcriptional down-
regulation of osteoprotegerin (OPG) occurs in osteoblast
linages, independent of their respective differentiation
[37, 38], whereas RANKL (Receptor activator of nuclear
factor (NF-) kB ligand) is upregulated [39]. Recently, a
study by Pichler et al. showed an increased RANKL ex-
pression in rats with prednisolone-induced osteoporosis
leading to an enhanced RANKL/OPG ratio [40]. Inter-
estingly, these effects could be reversed by physical
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activity leading to protective effects not only on bone,
but also on articular cartilage [41].

In accordance, our histological results revealed bony
fracture gap bridging in only 17 % of the prednisolone
group (control group: 33 %). In 50 % of the specimens,
fibrous connective tissue in the area of the fracture gap
(control group: 33 %) was still present, whereas cartilage
was detected rarely compared with the control group.
Gerstenfeld et al. described a transition from cartilage to
bone after 21 days in physiological fracture healing in
the rat and, similarly, the residual presence of connective
tissue in our prednisolone group can be interpreted as a
delay of fracture healing [42]. With regard to the struc-
tural parameters assessed by uCT in our study, the SMI
of the prednisolone group was significantly lower (-1.30)
than the SMI of the diclofenac group and a trend was
shown compared with the control group. Negative
values represent dense stable trabecular structures. The
Tb. Th. was significantly higher compared with the
diclofenac group implying a stronger network. Thus,
unlike diclofenac, the prednisolone-influenced callus
seemed to be more stable, thereby epitomising the de-
layed remodelling via osteoclast inhibition. Nevertheless,
simultaneous osteoblast inhibition resulted in an impair-
ment of the bridging callus, together resulting in lower
union rates. Thus, biomechanically, a markedly de-
creased breaking load and stiffness of the prednisolone
group was shown compared with the control group. His-
tologically, the alterations were confirmed: in spite of an
adequate callus volume, even the outer periosteal miner-
alised callus did not bridge the gap in most of the cases.
However, this is the area in which cortical bridging nor-
mally begins and, since it is located far from the geomet-
ric centre of the bone, it is considered to be responsible
for the majority of weight bearing [14, 29].

Conclusion

Summarised, diclofenac and prednisolone showed sub-
stantial impairment of fracture healing in the rat fracture
model. Therefore, in particular for patients with risk fac-
tors (diabetes mellitus, smoking), these drugs should be
avoided when fracture healing or spine fusion is the pur-
pose of treatment. Because the administration of pred-
nisolone results in impaired delayed fracture healing in a
different way from that of NSAR application, further
basic research is needed to determine the causes for this
and, thus, to develop new causal therapy approaches.
However, findings in animal studies cannot be extrapo-
lated directly to humans and so studies are necessary to
investigate the possible (side)-effects of these medica-
tions in patients [43]. Furthermore, an important aspect
would be to determine the cut-off duration for the “safe”
administration of diclofenac and prednisolon in the clin-
ical setting of fracture healing.

Page 10 of 11

Additional file

Additional file 1: uCT diclo, uCt pred, uCT control, biomech diclo, biomech
pred, biomech control. Description of data: single values, mean and median.
(XLSX 42 kb)

Acknowledgements

The authors thank Dr. Andres Laib (Scanco Medical AG, Bruttisellen, Switzerland)
for providing technical support and image analysis. Furthermore, we are
grateful to Professor Karl-Heinz Kunzelmann, Department of Restorative
Dentistry, LMU-University, Munich, Germany, for providing the uCt 40. Finally,
we also thank Dr. Eduardo Grande Garcia, Department of Orthopaedic Sports
Medicine, Technische Universitat Minchen, for the biomechanical support. This
work was supported by the “Komission fiir Klinische Forschung” at the Faculty
of Medicine (Technische Universitat Minchen), KKF grant no. C78-08.

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article and the Additional file 1.

Authors’ contributions

Study design: OB, CP, SV and TT. Study conduct: OB, KK, GW, PMP and TT. Data
collection: TT and OB. Data analysis: OB, KK, AH and PMP. Data interpretation:
OB, PMP and TT. Drafting the manuscript: OB. Revising manuscript content: OB,
CG, PMP and TT. Approving final version of the manuscript: OB, KK, CG, AH, CP,
SV, GW, KDW, TT and PMP. OB and TT take responsibility for the integrity of the
data analysis.

Competing interests
The authors declare that they have no competing interests.

Consent to publish
Not applicable.

Ethics approval and consent to participate

The animal experiment was authorised by the Regierung von Oberbayern,
in accordance with German legislative requirements (approval number:
55.2-1-54-2531-15-08).

Author details

'Department of Oral and Maxillofacial Surgery, Klinikum rechts der Isar der
Technischen Universitat Minchen, Ismaninger Str. 22, 81675 Munich,
Germany. “Institute of Medical Statistics and Epidemiology, Klinikum rechts
der Isar der Technischen Universitdt Minchen, Ismaninger Str. 22, 81675
Munich, Germany. *Department of Orthopaedics and Orthopaedic Sports
Medicine, Klinikum rechts der Isar der Technischen Universitdt Minchen,
Ismaninger Str. 22, 81675 Munich, Germany. “Department of Orthopaedic
Sports Medicine, Hessing Stiftung Augsburg, Hessingstr. 17, 86199 Augsburg,
Germany. “Department of Orthopaedic Surgery, University of Rostock,
Doberanerstr. 142, 18057 Rostock, Germany.

Received: 17 June 2016 Accepted: 1 September 2016
Published online: 05 September 2016

References

1. Geusens P, Emans PJ, de Jong JJ, van den Bergh J. NSAIDs and fracture
healing. Curr Opin Rheumatol. 2013;25:524-31.

2. Simon AM, O'Connor JP. Dose and time-dependent effects of cyclooxygenase-
2 inhibition on fracture-healing. J Bone Joint Surg Am. 2007;89:500-11.

3. Sandberg O, Aspenberg P. Different effects of indomethacin on healing of
shaft and metaphyseal fractures. Acta Orthop. 2015;86:243-7.

4. Su B, O'Connor JP. NSAID therapy effects on healing of bone, tendon, and
the enthesis. J Appl Physiol (1985). 2013;115:892-9.

5. Ghalayani P, Minaiyan M, Razavi SM, Hajisadeghi S, Naghsh N, Abuie MS.
Effects of diclofenac and celecoxib on osteoclastogenesis during alveolar
bone healing, in vivo. Dent Res J (Isfahan). 2014;11:357-63.

6. Ishida Y, Heersche JN. Glucocorticoid-induced osteoporosis: both in vivo
and in vitro concentrations of glucocorticoids higher than physiological
levels attenuate osteoblast differentiation. J Bone Miner Res. 1998;13:1822-6.


dx.doi.org/10.1186/s12891-016-1241-2

Bissinger et al. BMC Musculoskeletal Disorders (2016) 17:383

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Luppen CA, Blake CA, Ammirati KM, Stevens ML, Seeherman HJ, Wozney JM,

et al. Recombinant human bone morphogenetic protein-2 enhances osteotomy
healing in glucocorticoid-treated rabbits. J Bone Miner Res. 2002;17:301-10.
Weinstein RS, Jilka RL, Parfitt AM, Manolagas SC. Inhibition of osteoblastogenesis
and promotion of apoptosis of osteoblasts and osteocytes by glucocorticoids.
Potential mechanisms of their deleterious effects on bone. J Clin Invest. 1998;
102:274-82.

Doyon AR, Ferries IK, Li J. Glucocorticoid attenuates the anabolic effects of
parathyroid hormone on fracture repair. Calcif Tissue Int. 2010,87:68-76.
Gilley RS, Wallace LJ, Bourgeault CA, Kidder LS, Bechtold JE. OP-1 augments
glucocorticoid-inhibited fracture healing in a rat fracture model. Clin Orthop
Relat Res. 2009;467:3104-12.

Krischak GD, Augat P, Blakytny R, Claes L, Kinzl L, Beck A. The non-steroidal
anti-inflammatory drug diclofenac reduces appearance of osteoblasts in
bone defect healing in rats. Arch Orthop Trauma Surg. 2007;127:453-8.
Einhorn TA, Gerstenfeld LC. Fracture healing: mechanisms and interventions.
Nat Rev Rheumatol. 2015;11:45-54.

Chen MR, Dragoo JL. The effect of nonsteroidal anti-inflammatory drugs on
tissue healing. Knee Surg Sports Traumatol Arthrosc. 2013;21:540-9.
Krischak GD, Augat P, Sorg T, Blakytny R, Kinzl L, Claes L, et al. Effects of
diclofenac on periosteal callus maturation in osteotomy healing in an
animal model. Arch Orthop Trauma Surg. 2007;127:3-9.

Beck A, Krischak G, Sorg T, Augat P, Farker K, Merkel U, et al. Influence of
diclofenac (group of nonsteroidal anti-inflammatory drugs) on fracture
healing. Arch Orthop Trauma Surg. 2003;123:327-32.

Aslan M, Simsek G, Yildirim U. Effects of short-term treatment with systemic
prednisone on bone healing: an experimental study in rats. Dent Traumatol.
2005;21:222-5.

Spies CM, Strehl C, van der Goes MC, Bijlsma JW, Buttgereit F. Glucocorticoids.
Best Pract Res Clin Rheumatol. 2011;25:891-900.

Ho ML, Chang JK, Wang GJ. Antiinflammatory drug effects on bone repair
and remodeling in rabbits. Clin Orthop Relat Res. 1995;313:270-8.

Waters RV, Gamradt SC, Asnis P, Vickery BH, Avnur Z, Hill E, et al. Systemic
corticosteroids inhibit bone healing in a rabbit ulnar osteotomy model. Acta
Orthop Scand. 2000;71:316-21.

Huo MH, Troiano NW, Pelker RR, Gundberg CM, Friedlaender GE. The influence
of ibuprofen on fracture repair: biomechanical, biochemical, histologic, and
histomorphometric parameters in rats. J Orthop Res. 1991,9:383-90.

Wingerter S, Calvert G, Tucci M, Tsao A, Russell G, Benghuzzi H. Comparison
of two different fixation techniques for a segmental defect in a rat femur
model. J Invest Surg. 2007;20:149-55.

Bonnarens F, Einhorn TA. Production of a standard closed fracture in laboratory
animal bone. J Orthop Res. 1984;2:97-101.

Turner CH, Burr DB. Basic biomechanical measurements of bone: a tutorial.
Bone. 1993;14:595-608.

Bauer JS, Link TM, Burghardt A, Henning TD, Mueller D, Majumdar S, et al.
Analysis of trabecular bone structure with multidetector spiral computed
tomography in a simulated soft-tissue environment. Calcif Tissue Int. 2007;
80:366-73.

Morgan EF, Mason ZD, Chien KB, Pfeiffer AJ, Barnes GL, Einhorn TA, et al.
Micro-computed tomography assessment of fracture healing: relationships
among callus structure, composition, and mechanical function. Bone. 2009;
44:335-44.

Jeno L, Geza L. A simple differential staining method for semi-thin sections
of ossifying cartilage and bone tissues embedded in epoxy resin. Mikroskopie.
197531:1-4.

Leppanen OV, Sievanen H, Jarvinen TL. Biomechanical testing in experimental
bone interventions-May the power be with you. J Biomech. 2008;41:1623-31.
Histing T, Garcia P, Holstein JH, Klein M, Matthys R, Nuetzi R, et al. Small
animal bone healing models: standards, tips, and pitfalls results of a
consensus meeting. Bone. 2011;49:591-9.

Gerstenfeld LC, Alkhiary YM, Krall EA, Nicholls FH, Stapleton SN, Fitch JL,

et al. Three-dimensional reconstruction of fracture callus morphogenesis.

J Histochem Cytochem. 2006;54:1215-28.

Krischak GD, Augat P, Claes L, Kinzl L, Beck A. The effects of non-steroidal
anti-inflammatory drug application on incisional wound healing in rats.

J Wound Care. 2007;16:76-8.

Tiseo BC, Namur GN, de Paula EJ, Junior RM, de Oliveira CR. Experimental
study of the action of COX-2 selective nonsteroidal anti-inflammatory drugs
and traditional anti-inflammatory drugs in bone regeneration. Clinics (Sao
Paulo). 2006,61:223-30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 11 of 11

Bevill G, Eswaran SK, Gupta A, Papadopoulos P, Keaveny TM. Influence of
bone volume fraction and architecture on computed large-deformation
failure mechanisms in human trabecular bone. Bone. 2006;39:1218-25.
Newman RJ, Francis MJ, Duthie RB. Nuclear magnetic resonance studies
of experimentally induced delayed fracture union. Clin Orthop Relat
Res. 1987,216:253-61.

lwamoto J, Seki A, Sato Y, Matsumoto H, Tadeda T, Yeh JK. Vitamin K2
promotes bone healing in a rat femoral osteotomy model with or without
glucocorticoid treatment. Calcif Tissue Int. 2010,86:234-41.

Bostrom MP, Gamradt SC, Asnis P, Vickery BH, Hill E, Avnur Z, et al. Parathyroid
hormone-related protein analog RS-66271 is an effective therapy for impaired
bone healing in rabbits on corticosteroid therapy. Bone. 2000,26:437-42.
Hogevold HE, Grogaard B, Reikeras O. Effects of short-term treatment with
corticosteroids and indomethacin on bone healing. A mechanical study of
osteotomies in rats. Acta Orthop Scand. 1992,63:607-11.

Brandstrom H, Bjorkman T, Ljunggren O. Regulation of osteoprotegerin
secretion from primary cultures of human bone marrow stromal cells.
Biochem Biophys Res Commun. 2001;280:831-5.

Hofbauer LC, Gori F, Riggs BL, Lacey DL, Dunstan CR, Spelsberg TC, et al.
Stimulation of osteoprotegerin ligand and inhibition of osteoprotegerin
production by glucocorticoids in human osteoblastic lineage cells: potential
paracrine mechanisms of glucocorticoid-induced osteoporosis. Endocrinology.
1999;140:4382-9.

Kitazawa R, Kitazawa S, Maeda S. Promoter structure of mouse RANKL/
TRANCE/OPGL/ODF gene. Biochim Biophys Acta. 1999;1445:134-41.

Pichler K, Loreto C, Leonardi R, Reuber T, Weinberg AM, Musumeci G. RANKL

is downregulated in bone cells by physical activity (treadmill and vibration
stimulation training) in rat with glucocorticoid-induced osteoporosis. Histol
Histopathol. 2013;28:1185-96.

Musumeci G, Loreto C, Leonardi R, Castorina S, Giunta S, Carnazza ML, et al.
The effects of physical activity on apoptosis and lubricin expression in articular
cartilage in rats with glucocorticoid-induced osteoporosis. J Bone Miner Metab.
2013;31:274-84.

Gerstenfeld LC, Thiede M, Seibert K, Mielke C, Phippard D, Svagr B, et al.
Differential inhibition of fracture healing by non-selective and cyclooxygenase-
2 selective non-steroidal anti-inflammatory drugs. J Orthop Res. 2003,21:670-5.
Reifenrath J, Angrisani N, Lalk M, Besdo S. Replacement, refinement, and
reduction: necessity of standardization and computational models for long
bone fracture repair in animals. J Biomed Mater Res A. 2014;102:2884-900.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

¢ We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMled Central




	A biomechanical, micro-computertomographic and histological analysis of the influence of diclofenac and prednisolone on fracture healing in vivo
	Oliver Bissinger, Kilian Kreutzer, Carolin Götz, Alexander Hapfelmeier, Christoph Pautke, Stephan Vogt, Gabriele Wexel, Klaus-Dietrich Wolff, Thomas Tischer, Peter Michael Prodinger
	Nutzungsbedingungen / Terms of use:
	CC BY 4.0  

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animal model
	Biomechanics
	Micro CT
	Histological analysis
	Statistical analysis

	Results
	Inclusions and exclusions
	Serumlevels
	Biomechanics
	μCT and histological examination

	Discussion
	Conclusion
	Additional file
	Acknowledgements
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent to publish
	Ethics approval and consent to participate
	Author details
	References

