
RESEARCH ARTICLE

Inhibition of Midkine Augments Osteoporotic
Fracture Healing
Melanie Haffner-Luntzer1, Julia Kemmler1, Verena Heidler1, Katja Prystaz1,
Thorsten Schinke2, Michael Amling2, Anna Kovtun1, Anna E. Rapp1, Anita Ignatius1,
Astrid Liedert1*

1 Institute of Orthopedic Research and Biomechanics, University Medical Center Ulm, Ulm, Germany,
2 Institute of Osteology and Biomechanics, University Medical Center Hamburg-Eppendorf, Hamburg,
Germany

* astrid.liedert@uni-ulm.de

Abstract
The heparin-binding growth and differentiation factor midkine (Mdk) is proposed to nega-

tively regulate osteoblast activity and bone formation in the adult skeleton. AsMdk-deficient
mice were protected from ovariectomy (OVX)-induced bone loss, this factor may also play a

role in the pathogenesis of postmenopausal osteoporosis. We have previously demon-

strated that Mdk negatively influences bone regeneration during fracture healing. Here, we

investigated whether the inhibition of Mdk using an Mdk-antibody (Mdk-Ab) improves com-

promised bone healing in osteoporotic OVX-mice. Using a standardized femur osteotomy

model, we demonstrated that Mdk serum levels were significantly enhanced after fracture in

both non-OVX and OVX-mice, however, the increase was considerably greater in osteopo-

rotic mice. Systemic treatment with the Mdk-Ab significantly improved bone healing in oste-

oporotic mice by increasing bone formation in the fracture callus. On the molecular level, we

demonstrated that the OVX-induced reduction of the osteoanabolic beta-catenin signaling

in the bony callus was abolished by Mdk-Ab treatment. Furthermore, the injection of the

Mdk-Ab increased trabecular bone mass in the skeleton of the osteoporotic mice. These

results implicate that antagonizing Mdk may be useful for the therapy of osteoporosis and

osteoporotic fracture-healing complications.

Introduction
Osteoporosis affects 200 million women worldwide; one major risk factor is the decline in
estrogen after menopause [1, 2]. The disease is characterized by a loss of bone mass and a
destruction of bone microarchitecture, resulting in increased fracture risk [3]. Osteoporotic
fractures will be experienced by 33% of women aged over 50 years [4]. Clinical studies reported
a decreased regeneration potential and a prolonged healing time in osteoporotic patients [5].
This was confirmed by numerous experimental studies in small and large animals [6–9]. How-
ever, the molecular pathomechanisms of osteoporotic bone healing are poorly understood.
One growth factor that may be a promising target molecule during delayed bone healing is
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midkine (Mdk), because it is proposed to be involved in the development of postmenopausal
osteoporosis [10]. Mdk belongs to the family of heparin-binding growth and differentiation
factors [11] and is expressed during embryonic tooth and limb development [12, 13]. Mdk is
proposed to be a negative regulator of bone remodeling, because adultMdk-deficient mice dis-
play an increased bone formation rate [10]. Bone formation in response to mechanical load
was also significantly enhanced in the absence of Mdk [14]. The negative effects of Mdk on
bone formation appeared to be mediated by the inhibition of Wnt/beta-catenin signaling in
osteoblasts [14], a crucial pathway for osteoblast function [15]. We recently demonstrated that
treatment with an antagonizing Mdk-antibody (Mdk-Ab) significantly accelerated fracture
healing in mice, presumably by increasing beta-catenin signaling in osteoblasts [16]. We also
found a fracture-induced increase in Mdk serum levels, which was attenuated by the Mdk-Ab.
Because it was shown previously thatMdk is an estrogen-responsive gene and that Mdk expres-
sion is enhanced in the murine postmenopausal diabetic kidney [17], we hypothesized that
Mdk may also be involved in the pathogenesis of compromised bone healing after estrogen
withdrawal. The present study demonstrated that Mdk serum levels were significantly
increased after fracture, particularly in osteoporotic mice, and that treatment with an Mdk-Ab
abolished the negative influence of ovariectomy (OVX) on bone healing. Moreover, trabecular
bone mass was enhanced in OVX-mice which received Mdk-Ab. These results imply that
antagonizing Mdk may be a potential therapeutic strategy to enhance fracture healing in
patients with osteoporosis.

Materials & Methods

Study approval
All animal experiments were in compliance with international regulations for the care and use
of laboratory animals (ARRIVE guidelines and EU Directive 2010/63/EU for animal experi-
ments) with the approval of the Local Ethical Committee (No. 1079, Regierungspräsidium
Tübingen, Germany).

Animal experiments
Female C57BL/6J mice were provided by the University of Ulm and were maintained in groups
of two to four animals per cage (370 cm2) on a 14 h light and 10 h dark circadian rhythm with
water and food ad libitum. Three-month-old mice underwent a bilateral sham-operation or
OVX as described previously [18]. Osteotomy was performed 8 weeks after sham/OVX as pub-
lished previously [19, 20]. Briefly, all mice received a standardized osteotomy at the midshaft of
the right femur using a 0.4 mm Gigli saw (RISystem, Davos, Switzerland) stabilized using an
external fixator (axial stiffness of 3.0 N/mm, RISystem). All mice were fed a phytoestrogen-free
diet for the entire experimental period. The mice were randomly assigned to the treatment
groups. The Mdk-Ab (mouse anti-human Mdk antibody, cross-reactive to murine Mdk; pro-
vided by Cellmid Ltd, Sydney, Australia) was administered subcutaneously at 25 mg/kg twice
weekly for 3 weeks to half of the animals, application was initiated directly after surgery. The
control animals were treated in parallel using the vehicle phosphate-buffered saline (PBS),
because our previous study reported no differences in the fracture healing process between
PBS- or control immunoglobulin G (IgG)-treated mice [16]. Mice were sacrificed 3, 10 or 23
days after surgery using carbon dioxide (n = 6–7 per group at each time point). These time
points were chosen to assess the inflammatory phase, the endochondral ossification phase and
the bony remodeling stage of fracture healing. Blood samples were collected from mice pre-
operatively and on days 3, 10 and 23. The fractured and intact femurs as well as the lumbar ver-
tebral bodies were removed from all mice for further analysis.
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Serum analysis
The serumMdk protein level was determined using a human Mdk enzyme-linked immunosor-
bent assay kit (provided by Cellmid Ltd) as described in the manufacturer’s protocol, which
was cross-reactive with murine Mdk.

Biomechanical testing
Biomechanical testing of the intact and fractured femurs of the mice sacrificed at day 23 was
performed using a nondestructive 3-point-bending test as described previously [19]. Briefly,
after removal of the fixator, the bone was loaded in a materials testing machine and the load
and deflection were recorded (Zwick Roell, Ulm, Germany). The flexural rigidity of the fracture
callus was calculated using the slope of the load-deflection curve. The relative flexural rigidity
of the fractured femur was calculated as the ratio between the fractured and intact femur of the
same mouse.

Micro-computed tomography (μCT)
Femurs and vertebral bodies were analyzed using a μCT scanning device (Skyscan 1172, Kon-
tich, Belgium) operating at a voxel resolution of 8 μm (50 kV, 200 mA). Four volumes of inter-
est (VOIs) were determined for μCT analysis: VOI 1 (fracture callus) covered the periosteal
callus between the two inner pinholes. VOI 2 (intact cortical bone) covered the area from
80 μm proximal to 80 μm distal from the middle of the diaphysis of the intact femur. The start-
ing point for VOI 3 (intact trabecular bone) was 200 μm proximal to the metaphyseal growth
plate of the intact femur and the endpoint was 280 μm proximal from the starting point. VOI 4
covered the trabecular region of the second lumbar vertebral body. Tissue and bone mineral
density (TMD and BMD) were assessed using two phantoms with a defined hydroxyapatite
density (250 mg/cm3 and 750 mg/cm3) within each scan. The BMD of the fracture callus was
evaluated without a threshold, whereas the TMD of the cortical bone was determined using a
global threshold of 642 mg hydroxyapatite/cm3. The TMD of the trabecular bone was evaluated
using a global threshold of 395 mg hydroxyapatite/cm3 as described previously and in accor-
dance with the American Society for Bone and Mineral Research (ASBMR) guidelines for μCT
analysis [18, 21].

Histomorphometry of undecalcified femora
The amounts of bone, cartilage and fibrous tissue in the whole callus between the two inner pin
holes were determined using undecalcified histological sections of fractured femurs explanted
at day 23 as described previously [20]. Briefly, femurs were fixed in 4% formalin, dehydrated in
an ascending ethanol series and embedded in methyl methacrylate. Sections of 7 μm were pre-
pared and stained using Giemsa for histomorphometric analysis. The amounts of bone, carti-
lage and fibrous tissue were determined using image-analysis software (Leica MMAF 1.4.0
Imaging System, Leica). Osteoblasts and osteoblast surface were determined using sections
stained with Toluidine Blue and analyzed under 400-fold magnification. Tartrate-resistant acid
phosphatase staining was used to identify osteoclast numbers and surface. All parameters were
determined using the Osteomeasure system (Osteometrics, Decatur, USA). Region of interest
(ROI) in the fracture callus was a 1.5 mm x 0.35 mm rectangular region in the middle of the
periosteal callus. ROI in the intact femur was the trabecular region of the proximal metaphysis,
starting 200 μm proximal to the metaphyseal growth plate.
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Histomorphometry of decalcified femora and immunohistochemistry
Femurs of mice sacrificed 10 days post-surgery were fixed in 4% formalin, decalcified using
20% ethylenediaminetetraacetic acid (pH 7.2–7.4) for 10–12 days and embedded in paraffin
after dehydration in an ascending ethanol series. Longitudinal sections of 7 μm thickness were
prepared and stained using Safranin O for tissue quantification. Immunohistochemical stain-
ing of total and active beta-catenin was performed using the following antibodies: polyclonal
rabbit anti-mouse beta-catenin antibody (AB19022, EMDMillipore Corporation, Merck,
Darmstadt, Germany), monoclonal rabbit anti-mouse active beta-catenin antibody (#8814,
Cell Signaling, Frankfurt amMain, Germany), horse-radish peroxidase-conjugated streptavi-
din (Zytomed Systems, Berlin, Germany), and goat anti-rabbit IgG (Invitrogen, ThermoFisher
Scientific, Waltham, USA). Species-specific non-targeting immunoglobulins were used as iso-
type controls. 3-Amino-9-ethylcarbazol (Zytomed Systems) was used as the chromogen and
the sections were counterstained using hematoxylin (Waldeck, Münster, Germany) as
described previously [20]. Quantification of the positively stained regions for beta-catenin in
the whole fracture callus was performed using the image analysis software Adobe Photoshop
CS4 (Adobe, Dublin, Ireland) as described previously [16].

Statistics
Sample size was calculated based on a previous fracture-healing study for the main outcome
parameter flexural rigidity in the fractured femur (power: 80%, alpha = 0.05) [18]. The results
of the present study were analyzed for significance using the Mann-Whitney-U or Kruskal-
Wallis test with Dunn’s post hoc test. All results are presented as box plots with median, first
and third quartiles and maximum and minimum values. Values of p<0.05 were considered to
be statistically significant.

Results

Mdk-Ab treatment abolished the negative effect of OVX on fracture
healing
As expected, OVX delayed fracture healing as demonstrated by a significantly decreased rela-
tive flexural rigidity of the fractured femurs of the vehicle-treated mice (Fig 1A). Callus size
was unaffected by OVX (Fig 1C), whereas bone volume to tissue volume ratio (BV/TV) was
significantly decreased in the calli of OVX mice (Fig 1B). This was confirmed by histomorpho-
metric analysis, showing a decreased percentage of bone area on day 23 (Fig 1D). The
decreased bone formation due to OVX might be based on the significantly decreased osteoblast
surface and significantly increased osteoclast numbers in the fracture callus suggesting
decreased osteoblast activity and increased osteoclast resorption (Table 1). There were no sig-
nificant differences between non-OVX and OVX mice on day 10 (Fig 1D–1F).

Mdk-Ab treatment tended to increase the relative flexural rigidity in the sham-operated
group and significantly in the OVX group (Fig 1A). μCT analysis of the fracture calli demon-
strated an enhanced BV/TV after antibody treatment (Fig 1B). Callus size was unaffected by
Mdk-Ab treatment (Fig 1C). Histomorphometric analysis showed no significant differences
between the treatment groups at day 10 after surgery, only a tendency to a decreased cartilage
area in Mdk-Ab-treated mice (Fig 1D–1F). In contrast, by day 23, the decreased bone content
in the fracture callus of OVX mice was abolished by Mdk-Ab treatment (Fig 1D and 1G). Simi-
larly, fibrous tissue content was significantly decreased in the OVX mice after Mdk-Ab treat-
ment (Fig 1F and 1G). Additionally, Mdk-Ab treatment significantly increased the number
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and surface of osteoblasts and decreased the number and surface of osteoclasts in the fracture
callus of OVX mice (Table 1).

Mdk serum levels were increased after fracture
We determined Mdk serum levels 0, 3, 10 and 23 days after fracture (Table 2). None of the
mice had a detectable systemic Mdk concentration at day 0. Fracture increased the Mdk serum
levels in both sham-operated and OVX mice after 3 days. However, the Mdk serum level

Fig 1. Midkine-antibody (Mdk-Ab) treatment accelerated osteoporotic fracture healing. Biomechanical, micro-computed
tomography (μCT) and histomorphometric analysis of the fractured femurs at day 23. Biomechanical testing: A) relative flexural
rigidity of the fractured femur in comparison with intact femur determined by biomechanical testing. Parameters determined by μCT
analysis (volume of interest 2): B) bone volume to tissue volume ratio and C) tissue volume (n = 6–7 per group). Parameters
determined by histomorphometric analysis of the whole fracture callus at day 10 (white bars) and day 23 (grey bars): D) bone area
to tissue area ratio, E) cartilage area to tissue area ratio and F) fibrous tissue area to tissue area ratio. *Significantly different from
sham+vehicle or OVX+vehicle group (p<0.05) by Kruskal-Wallis test. (n = 5–7 per group.) G) Representative images of sections
from undecalcified femurs at day 23, stained using Giemsa; scale bar: 250 μm.

doi:10.1371/journal.pone.0159278.g001
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remained elevated only in OVX mice until day 23. At day 10, Mdk-Ab treatment significantly
decreased Mdk serum levels in OVX animals.

Mdk-Ab treatment abolished OVX-induced decreased beta-catenin
expression
We were next interested in the molecular mechanism behind the increased bone formation in
the fracture callus of Mdk-Ab-treated mice. Therefore, we stained callus sections for beta-cate-
nin expression. Beta-catenin expression was mainly found in proliferative chondrocytes at the
cartilaginous callus and in osteoblasts at the bony fracture callus, whereas hypertrophic chon-
drocytes were negative (Fig 2A). OVX significantly decreased the beta-catenin-positive area in
the bony fracture callus at day 10 (Fig 2A and 2B). Mdk-Ab treatment did not alter the beta-
catenin expression in sham-operated mice, whereas there was a significant increase in the beta-
catenin-positive area in Mdk-Ab-treated OVX mice. Additionally, we stained the sections for
the active form of beta-catenin (Fig 2C). The osteoblasts at the bony fracture callus were found
to highly express the active beta-catenin form. Mdk-Ab increased the expression in treated
OVX mice.

Mdk-Ab treatment increased bone formation in the intact femur and the
vertebral bodies of osteoporotic mice
Antibody treatment increased the cortical TMD in the intact femur of OVX animals (Fig 3A),
whereas cortical thickness was unaffected in all groups (Fig 3B). Evaluation of the trabecular

Table 1. Cellular parameters in the fracture callus and the intact femur at day 23.

fracture callus intact femur

NOb/BPm (1/mm) ObS/BS (%) NOc/BPm (1/mm) OcS/BS (%) NOb/BPm (1/mm) ObS/BS (%) NOc/BPm (1/mm) OcS/BS (%)

sham vehicle 16.5 ± 4.0 21.7 ± 5.2 3.2 ± 0.8 5.0 ± 1.0 7.5 ± 3.0 8.8 ± 1.6 1.2 ± 0.1 1.3 ± 0.1

shamMdk-Ab 17.6 ± 4.4 26.9 ± 5.7 2.5 ± 0.2 3.9 ± 0.8 9.1 ± 2.2 10.7 ± 1.6 1.2 ± 0.4 1.3 ± 0.3

OVX vehicle 13.3 ± 2.8 16.4 ± 3.6a 4.5 ± 1.9a 5.6 ± 2.5 4.5 ± 0.8a 6.5 ± 1.3a 2.7 ± 1.6a 4.0 ± 2.1a

OVXMdk-Ab 19.4 ± 3.4b 28.0 ± 5.6b 1.9 ± 0.5b 2.7 ± 0.6b 6.4 ± 0.3b 8.4 ± 0.4b 2.0 ± 0.3 3.2 ± 0.6

NOb/BPm: number of osteoblasts per bone perimeter; ObS/BS: osteoblast surface relative to the bone surface; NOc/BPm: number of osteoclasts per bone

perimeter; OcS/BS: osteoclast surface relative to the bone surface; n = 5–7 per group presented as the mean ± standard deviation.
a = p<0.05 for effect of ovariectomy (comparison between sham vehicle and OVX vehicle groups);
b = p<0.05 for effect of midkine-antibody (comparison between sham vehicle and shamMdk-Ab, or OVX vehicle and OVXMdk-Ab, respectively).

doi:10.1371/journal.pone.0159278.t001

Table 2. Midkine (Mdk) serum levels during fracture healing in 3-month-old sham-operated and ovariectomized (OVX) mice in pg/ml.

treatment

sham OVX

days after operation vehicle Mdk-Ab vehicle Mdk-Ab

d0 n.d. n.d.

d3 38.6 ± 44.6 15.1 ± 33.9 67.9 ± 45.7 37.8 ± 43.6

d10 n.d. n.d. 61.7 ± 43.6a n.d.b

d23 n.d. n.d. 31.0 ± 28.2 n.d.

n.d.: not detectable. d0: pre-operation value. (n = 5–7 per group presented as the mean ± standard deviation.)
a = p<0.05 for effect of ovariectomy (OVX);
b = p<0.05 for effect of Mdk-antibody (Mdk-Ab).

doi:10.1371/journal.pone.0159278.t002
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region of the intact femur confirmed an osteoporotic phenotype in OVX mice; trabecular BV/
TV and number were significantly decreased in vehicle-treated mice, as well as osteoblast num-
ber and surface (Table 1). Osteoclast number and surface were increased after OVX.

Mdk-Ab treatment significantly increased trabecular TMD, BV/TV, trabecular thickness,
osteoblast numbers and surface in OVX mice (Fig 3C–3G, Table 1). Bone parameters in sham-
operated mice were only slightly increased after antibody treatment. There was no influence of
the antibody treatment on the osteoclasts in the intact femur.

OVX also led to a decreased trabecular BV/TV and number in the vertebral bodies of vehi-
cle-treated mice (Fig 4A). Mdk-Ab treatment significantly increased the vertebral trabecular
TMD, BV/TV and thickness in the OVX animals (Fig 4B–4D). We found a greater impact of
the antibody treatment on the trabecular bone of the spine than of the femur, particularly in
sham-operated mice; trabecular TMD and thickness were significantly improved by Mdk-Ab

Fig 2. Beta-catenin-positive area was decreased after ovariectomy (OVX) and increased after midkine-antibody (Mdk-
Ab) treatment. A) Sections of fractured femurs from four mice of each group were stained for beta-catenin and
counterstained using hematoxylin. Representative images of the periosteal callus proximal to the osteotomy gap at day 10
after fracture are shown. Scale bar left column: 100 μm. Scale bar right column: 50 μm. B) Quantification of the beta-catenin-
positive area in %. (n = 4 per group.) *Significantly different from sham+vehicle or OVX+vehicle group (p>0.05). C) Sections
of fractured femurs from four mice of each group were stained for active beta-catenin and counterstained using hematoxylin.
Representative images of the periosteal callus proximal to the osteotomy gap at day 10 after fracture are shown. Scale bar:
100 μm. C = cortex; HC = hypertrophic chondrocytes; OB = osteoblasts; PC = proliferating chondrocytes. Upper row: vehicle
treatment; lower row: Mdk-Ab treatment.

doi:10.1371/journal.pone.0159278.g002
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treatment, whereas trabecular BV/TV and number remained unchanged in the sham-operated
animals (Fig 4C and 4E).

Discussion
Because osteoporotic patients display an increased risk for fracture healing complications [5],
there is a considerable clinical need for treatment strategies to enhance osteoporotic bone
regeneration. One promising target molecule may be the growth- and differentiation factor
Mdk, because it negatively influences osteoblast activity [14]. We have recently shown that
treatment with Mdk-Ab accelerated bone regeneration in adult mice by decreasing the frac-
ture-induced increased level of systemic Mdk [16]. In the present study, we investigated the
application of the Mdk-Ab during osteoporotic fracture healing using a mouse model of OVX-
induced osteoporosis.

Fig 3. Midkine-antibody (Mdk-Ab) treatment increased the bone content in the intact femur of ovariectomized (OVX)
mice after short-time treatment.Micro-computed tomography (μCT) analysis of the cortical bone at the midshaft of the
intact femur volume of interest 2 (VOI 2): A) cortical tissue mineral density (TMD) and B) cortical thickness. μCT analysis of
the distal part of the intact femur (VOI 3): C) trabecular TMD, D) bone volume to tissue volume ratio, E) trabecular thickness
and F) trabecular number. *Significantly different from sham+vehicle or OVX+vehicle group (p<0.05) by Kruskal-Wallis test.
(n = 6–7 per group.) G) Three-dimensional reconstructions of the trabecular region of the distal intact femur (VOI 3),
representative images are shown.

doi:10.1371/journal.pone.0159278.g003
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As expected, OVX mice displayed a significantly lower relative flexural rigidity and bone
content in the fracture callus compared to non-OVX mice [18, 22, 23]. This was due to
decreased osteoblast activity and increased osteoclast numbers in the bony callus. These nega-
tive effects of OVX on bone healing were decreased by Mdk-Ab treatment. Therefore, our data
indicate that Mdk may be involved in the pathogenesis of delayed healing after estrogen with-
drawal. Indeed, we found a fracture-induced increase of Mdk serum levels in both sham and
OVX mice, however, OVX mice displayed significantly higher levels and showed a prolonged
presence of systemic Mdk until day 23 after fracture. Moreover, it has been previously shown
that Mdk is an estrogen-responsive gene and that Mdk expression is enhanced in the murine
postmenopausal diabetic kidney [17]. Furthermore, Kondoh et al. demonstrated an increased
Mdk expression in osteocytes of osteoporotic mice due to the lack of estrogen receptor α in
osteocytes [24]. On the molecular level, beta-catenin signaling appears to be involved in both
OVX-induced delayed fracture healing and in the positive effects of the Mdk-Ab treatment.
We found that OVX significantly decreased the beta-catenin positively stained area in the frac-
ture callus, as shown previously [18]. There was no significant difference in beta-catenin
expression between the treatment groups in sham-operated mice, whereas Mdk-Ab signifi-
cantly increased the beta-catenin positively stained area of OVX mice. In agreement with that
finding, it has been shown previously that Mdk acts as a negative regulator of beta-catenin sig-
naling in osteoblasts [14] by decreasing the phosphorylation of the Wnt/beta-catenin receptor
low-density lipoprotein receptor-related protein 6 (LRP6) and that antagonizing Mdk
increased the expression of beta-catenin in the bony fracture callus of middle-aged mice [16].
Therefore, enhanced beta-catenin signaling after Mdk-Ab administration appears to be the

Fig 4. Midkine-antibody (Mdk-Ab) treatment increased the bone content in vertebral bodies of ovariectomized (OVX)
mice after short-time treatment.Micro-computed tomography (μCT) analysis of the vertebral bodies (volume of interest 4):
A) two-dimensional images of the second caudal vertebral body, representative images are shown. B) Trabecular tissue
mineral density, C) trabecular bone volume to tissue volume ratio, D) trabecular thickness and E) trabecular number.
*Significantly different from sham+vehicle or OVX+vehicle group (p<0.05) by Kruskal-Wallis test. (n = 6−7 per group).

doi:10.1371/journal.pone.0159278.g004

Inhibition of Midkine Augments Osteoporotic Fracture Healing

PLOS ONE | DOI:10.1371/journal.pone.0159278 July 13, 2016 9 / 12



cause for the accelerated bone formation and, therefore, improved fracture healing in OVX
mice, because it was shown previously that Wnt/beta-catenin signaling activation significantly
accelerated fracture repair in mice, rats and nonhuman primates [25–27]. Comparing the
results of the present study to our previous study using 9-month-old mice [16], we noticed that
the effects of the Mdk-Ab treatment were more prominent in the middle-aged mice than in the
younger sham-operated mice used in the present study (3-month-old). The adult mice showed
higher serum Mdk levels compared to the young mice [16], explaining the minor effects of the
treatment on the control mice in the present study. Indeed, it was shown previously that the
positive effects ofMdk-deficiency were more pronounced in 12- and 18-month-old mice than
in 4-month-old mice [10]. This indicates that age can also influence the level of systemic Mdk,
thereby affecting fracture healing. Indeed, it was shown previously, that aged mice displayed
delayed bone healing [28–31]. Wnt/beta-catenin signaling appears to play a role during age-
ing-induced disturbed bone regeneration, because beta-catenin expression was demonstrated
to be more intense in the fracture callus of young mice compared to aged mice [32]. Therefore,
it might be a limitation of the present study that young mice were used, because postmeno-
pausal osteoporosis mainly occurs in aged patients.

BecauseMdk-deficient mice exhibited increased trabecular bone formation in the vertebral
bodies and were protected from OVX-induced trabecular bone loss [10], we also investigated
the effects of the Mdk-Ab on intact bone. Mdk-Ab treatment increased both the cortical and
trabecular bone mineralization, and the bone mass in the intact femur of OVX mice, whereas
no significant effects were observed in the sham-operated mice. In contrast, we observed posi-
tive effects in both Mdk-Ab-treatment groups on the bone mass and mineralization related to
the trabecular bone of the vertebral bodies. This may be due to the greater remodeling activity
in the spinal trabecular bone [33]. On the molecular level, it was shown previously that treat-
ment of osteoblasts with recombinant Mdk induced the expression of several genes, which
were known to be associated with matrix mineralization and osteoblast differentiation, namely
Dmp1, Ank and Enpp1 [10]. In particular, Ank and Enpp1 are essential in preventing ectopic
tissue mineralization by raising the extracellular level of pyrophosphatase [34]. Therefore, it is
reasonable that antagonizing Mdk using Mdk-Ab may induce greater tissue mineralization and
osteoblast differentiation. Indeed, we demonstrated significantly increased number and activity
of osteoblasts in the intact femur of OVX mice after Mdk-Ab treatment. Our finding that
Mdk-Ab increased the amount of trabecular bone even after this short-term treatment indi-
cates that Mdk-Ab may be a possible new candidate for osteoporosis therapy.

In conclusion, the findings of the present study indicate that there is a strong therapeutic
potential for the Mdk-Ab to enhance fracture healing in patients with delayed bone healing
resulting from postmenopausal osteoporosis.

Acknowledgments
We gratefully acknowledge Cellmid Ltd. for providing the anti-Mdk antibody and the Mdk
ELISA. We thank Iris Baum, Helga Bach, Marion Tomo, Sevil Essig and Uschi Maile for excel-
lent technical support.

Author Contributions
Conceived and designed the experiments: MHL AL AI TS MA. Performed the experiments:
MHL JK KP VH. Analyzed the data: MHL KP JK. Wrote the paper: MHL AL AI AK AER TS
MA VH KP JK.

Inhibition of Midkine Augments Osteoporotic Fracture Healing

PLOS ONE | DOI:10.1371/journal.pone.0159278 July 13, 2016 10 / 12



References
1. Kanis JA. Assessment of osteoporosis at the primary health-care level. World Health Organization Col-

laborating Centre for Metabolic Bone Diseases. 2007; 2007(1):6–166.

2. Diddle AW, Smith IQ. Postmenopausal osteoporosis: the role of estrogens. South Med J. 1984; 77
(7):868–74. PMID: 6377508.

3. Davey DA. Osteoporosis in clinical practice—bone densitometry and fracture risk. S Afr Med J. 1998;
88(11):1419–23. PMID: 9861948.

4. Melton LJ 3rd, Chrischilles EA, Cooper C, Lane AW, Riggs BL. Perspective. Howmany women have
osteoporosis? Journal of bone and mineral research: the official journal of the American Society for
Bone and Mineral Research. 1992; 7(9):1005–10. doi: 10.1002/jbmr.5650070902 PMID: 1414493.

5. Nikolaou VS, Efstathopoulos N, Kontakis G, Kanakaris NK, Giannoudis PV. The influence of osteopo-
rosis in femoral fracture healing time. Injury. 2009; 40(6):663–8. Epub 2009/03/28. doi: 10.1016/j.injury.
2008.10.035 PMID: 19324360.

6. Namkung-Matthai H, Appleyard R, Jansen J, Hao Lin J, Maastricht S, Swain M, et al. Osteoporosis
influences the early period of fracture healing in a rat osteoporotic model. Bone. 2001; 28(1):80–6.
PMID: 11165946.

7. Kubo T, Shiga T, Hashimoto J, Yoshioka M, Honjo H, Urabe M, et al. Osteoporosis influences the late
period of fracture healing in a rat model prepared by ovariectomy and low calcium diet. J Steroid Bio-
chemMol Biol. 1999; 68(5–6):197–202. PMID: 10416834.

8. McCann RM, Colleary G, Geddis C, Clarke SA, Jordan GR, Dickson GR, et al. Effect of osteoporosis
on bone mineral density and fracture repair in a rat femoral fracture model. Journal of orthopaedic
research: official publication of the Orthopaedic Research Society. 2008; 26(3):384–93. doi: 10.1002/
jor.20505 PMID: 17960650.

9. Bindl R, Oheim R, Pogoda P, Beil FT, Gruchenberg K, Reitmaier S, et al. Metaphyseal fracture healing
in a sheep model of low turnover osteoporosis induced by hypothalamic-pituitary disconnection (HPD).
Journal of orthopaedic research: official publication of the Orthopaedic Research Society. 2013; 31
(11):1851–7. doi: 10.1002/jor.22416 PMID: 23813786.

10. Neunaber C, Catala-Lehnen P, Beil FT, Marshall RP, Kanbach V, Baranowsky A, et al. Increased tra-
becular bone formation in mice lacking the growth factor midkine. Journal of bone and mineral research:
the official journal of the American Society for Bone and Mineral Research. 2010; 25(8):1724–35. Epub
2010/03/05. doi: 10.1002/jbmr.75 PMID: 20200993.

11. Muramatsu T. Midkine (MK), the product of a retinoic acid responsive gene, and pleiotrophin constitute
a new protein family regulating growth and differentiation. The International journal of developmental
biology. 1993; 37(1):183–8. Epub 1993/03/01. PMID: 8507561.

12. Mitsiadis TA, Muramatsu T, Muramatsu H, Thesleff I. Midkine (MK), a heparin-binding growth/differenti-
ation factor, is regulated by retinoic acid and epithelial-mesenchymal interactions in the developing
mouse tooth, and affects cell proliferation and morphogenesis. The Journal of cell biology. 1995; 129
(1):267–81. Epub 1995/04/01. PMID: 7698992; PubMed Central PMCID: PMCPMC2120373.

13. Ohta S, Muramatsu H, Senda T, Zou K, Iwata H, Muramatsu T. Midkine is expressed during repair of
bone fracture and promotes chondrogenesis. Journal of bone and mineral research: the official journal
of the American Society for Bone and Mineral Research. 1999; 14(7):1132–44. Epub 1999/07/15. doi:
10.1359/jbmr.1999.14.7.1132 PMID: 10404013.

14. Liedert A, Mattausch L, Rontgen V, Blakytny R, Vogele D, Pahl M, et al. Midkine-deficiency increases
the anabolic response of cortical bone to mechanical loading. Bone. 2011; 48(4):945–51. Epub 2010/
12/28. doi: 10.1016/j.bone.2010.12.019 PMID: 21185956.

15. Westendorf JJ, Kahler RA, Schroeder TM. Wnt signaling in osteoblasts and bone diseases. Gene.
2004; 341:19–39. doi: 10.1016/j.gene.2004.06.044 PMID: 15474285.

16. Haffner-Luntzer M, Heilmann A, Rapp AE, Roessler R, Schinke T, Amling M, et al. Antagonizing Mid-
kine Accelerates Fracture Healing in Mice by Enhanced Bone Formation in the Fracture Callus. British
journal of pharmacology. 2016. doi: 10.1111/bph.13503 PMID: 27111560.

17. Diamond-Stanic MK, Romero-Aleshire MJ, Hoyer PB, Greer K, Hoying JB, Brooks HL. Midkine, a hepa-
rin-binding protein, is increased in the diabetic mouse kidney postmenopause. American journal of
physiology Renal physiology. 2011; 300(1):F139–46. Epub 2010/11/05. doi: 10.1152/ajprenal.00249.
2010 PMID: 21048029; PubMed Central PMCID: PMCPMC3023219.

18. Wehrle E, Liedert A, Heilmann A, Wehner T, Bindl R, Fischer L, et al. The impact of low-magnitude
high-frequency vibration on fracture healing is profoundly influenced by the oestrogen status in mice.
Disease models & mechanisms. 2015; 8(1):93–104. Epub 2014/11/09. doi: 10.1242/dmm.018622
PMID: 25381012; PubMed Central PMCID: PMCPMC4283653.

Inhibition of Midkine Augments Osteoporotic Fracture Healing

PLOS ONE | DOI:10.1371/journal.pone.0159278 July 13, 2016 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/6377508
http://www.ncbi.nlm.nih.gov/pubmed/9861948
http://dx.doi.org/10.1002/jbmr.5650070902
http://www.ncbi.nlm.nih.gov/pubmed/1414493
http://dx.doi.org/10.1016/j.injury.2008.10.035
http://dx.doi.org/10.1016/j.injury.2008.10.035
http://www.ncbi.nlm.nih.gov/pubmed/19324360
http://www.ncbi.nlm.nih.gov/pubmed/11165946
http://www.ncbi.nlm.nih.gov/pubmed/10416834
http://dx.doi.org/10.1002/jor.20505
http://dx.doi.org/10.1002/jor.20505
http://www.ncbi.nlm.nih.gov/pubmed/17960650
http://dx.doi.org/10.1002/jor.22416
http://www.ncbi.nlm.nih.gov/pubmed/23813786
http://dx.doi.org/10.1002/jbmr.75
http://www.ncbi.nlm.nih.gov/pubmed/20200993
http://www.ncbi.nlm.nih.gov/pubmed/8507561
http://www.ncbi.nlm.nih.gov/pubmed/7698992
http://dx.doi.org/10.1359/jbmr.1999.14.7.1132
http://www.ncbi.nlm.nih.gov/pubmed/10404013
http://dx.doi.org/10.1016/j.bone.2010.12.019
http://www.ncbi.nlm.nih.gov/pubmed/21185956
http://dx.doi.org/10.1016/j.gene.2004.06.044
http://www.ncbi.nlm.nih.gov/pubmed/15474285
http://dx.doi.org/10.1111/bph.13503
http://www.ncbi.nlm.nih.gov/pubmed/27111560
http://dx.doi.org/10.1152/ajprenal.00249.2010
http://dx.doi.org/10.1152/ajprenal.00249.2010
http://www.ncbi.nlm.nih.gov/pubmed/21048029
http://dx.doi.org/10.1242/dmm.018622
http://www.ncbi.nlm.nih.gov/pubmed/25381012


19. Rontgen V, Blakytny R, Matthys R, Landauer M, Wehner T, Gockelmann M, et al. Fracture healing in
mice under controlled rigid and flexible conditions using an adjustable external fixator. Journal of ortho-
paedic research: official publication of the Orthopaedic Research Society. 2010; 28(11):1456–62. Epub
2010/09/28. doi: 10.1002/jor.21148 PMID: 20872581.

20. Haffner-Luntzer M, Heilmann A, Rapp AE, Beie S, Schinke T, Amling M, et al. Midkine-deficiency
delays chondrogenesis during the early phase of fracture healing in mice. PloS one. 2014; 9(12):
e116282. Epub 2015/01/01. doi: 10.1371/journal.pone.0116282 PMID: 25551381; PubMed Central
PMCID: PMCPMC4281158.

21. Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Muller R. Guidelines for assess-
ment of bone microstructure in rodents using micro-computed tomography. Journal of bone andmineral
research: the official journal of the American Society for Bone and Mineral Research. 2010; 25(7):1468–
86. Epub 2010/06/10. doi: 10.1002/jbmr.141 PMID: 20533309.

22. Pang J, Ye M, Cao Y, Zheng Y, Guo H, Zhao Y, et al. Ovariectomy-induced osteopenia influences the
middle and late periods of bone healing in a mouse femoral osteotomymodel. Rejuvenation research.
2014. Epub 2014/10/10. PMID: 25296620.

23. Beil FT, Barvencik F, Gebauer M, Seitz S, Rueger JM, Ignatius A, et al. Effects of estrogen on fracture
healing in mice. The Journal of trauma. 2010; 69(5):1259–65. Epub 2010/02/23. PMID: 20173660.

24. Kondoh S, Inoue K, Igarashi K, Sugizaki H, Shirode-Fukuda Y, Inoue E, et al. Estrogen receptor alpha
in osteocytes regulates trabecular bone formation in female mice. Bone. 2014; 60:68–77. doi: 10.1016/
j.bone.2013.12.005 PMID: 24333171; PubMed Central PMCID: PMC3944732.

25. Chen Y, Whetstone HC, Lin AC, Nadesan P, Wei Q, Poon R, et al. Beta-catenin signaling plays a dispa-
rate role in different phases of fracture repair: implications for therapy to improve bone healing. PLoS
medicine. 2007; 4(7):e249. Epub 2007/08/07. doi: 10.1371/journal.pmed.0040249 PMID: 17676991;
PubMed Central PMCID: PMCPMC1950214.

26. Li C, Ominsky MS, Tan HL, Barrero M, Niu QT, Asuncion FJ, et al. Increased callus mass and
enhanced strength during fracture healing in mice lacking the sclerostin gene. Bone. 2011; 49(6):1178–
85. Epub 2011/09/06. doi: 10.1016/j.bone.2011.08.012 PMID: 21890008.

27. Ominsky MS, Li C, Li X, Tan HL, Lee E, Barrero M, et al. Inhibition of sclerostin by monoclonal antibody
enhances bone healing and improves bone density and strength of nonfractured bones. Journal of
bone and mineral research: the official journal of the American Society for Bone and Mineral Research.
2011; 26(5):1012–21. Epub 2011/05/05. doi: 10.1002/jbmr.307 PMID: 21542004.

28. Lu C, Miclau T, Hu D, Hansen E, Tsui K, Puttlitz C, et al. Cellular basis for age-related changes in frac-
ture repair. J Orthop Res. 2005; 23(6):1300–7. Epub 2005/06/07. doi: 10.1016/j.orthres.2005.04.003.
1100230610 PMID: 15936915; PubMed Central PMCID: PMCPMC2844440.

29. Histing T, Kuntz S, Stenger D, Scheuer C, Garcia P, Holstein JH, et al. Delayed fracture healing in aged
senescence-accelerated P6 mice. J Invest Surg. 2013; 26(1):30–5. Epub 2013/01/01. doi: 10.3109/
08941939.2012.687435 PMID: 23273143.

30. Histing T, Stenger D, Kuntz S, Scheuer C, Tami A, Garcia P, et al. Increased osteoblast and osteoclast
activity in female senescence-accelerated, osteoporotic SAMP6mice during fracture healing. J Surg
Res. 2012; 175(2):271–7. doi: 10.1016/j.jss.2011.03.052 PMID: 21571305.

31. Lu C, Hansen E, Sapozhnikova A, Hu D, Miclau T, Marcucio RS. Effect of age on vascularization during
fracture repair. Journal of orthopaedic research: official publication of the Orthopaedic Research Soci-
ety. 2008; 26(10):1384–9. Epub 2008/05/09. doi: 10.1002/jor.20667 PMID: 18464248; PubMed Central
PMCID: PMCPMC2846969.

32. Yukata K, Xie C, Li TF, Takahata M, Hoak D, Kondabolu S, et al. Aging periosteal progenitor cells have
reduced regenerative responsiveness to bone injury and to the anabolic actions of PTH 1–34 treatment.
Bone. 2014; 62:79–89. doi: 10.1016/j.bone.2014.02.002 PMID: 24530870; PubMed Central PMCID:
PMC4085793.

33. Jaworski ZF. Somemorphologic and dynamic aspects of remodeling on the endosteal-cortical and tra-
becular surfaces. Israel journal of medical sciences. 1971; 7(3):491–2. Epub 1971/03/01. PMID:
5567526.

34. Narisawa S, Harmey D, Yadav MC, O'Neill WC, Hoylaerts MF, Millan JL. Novel inhibitors of alkaline
phosphatase suppress vascular smooth muscle cell calcification. Journal of bone and mineral
research: the official journal of the American Society for Bone and Mineral Research. 2007; 22
(11):1700–10. doi: 10.1359/jbmr.070714 PMID: 17638573.

Inhibition of Midkine Augments Osteoporotic Fracture Healing

PLOS ONE | DOI:10.1371/journal.pone.0159278 July 13, 2016 12 / 12

http://dx.doi.org/10.1002/jor.21148
http://www.ncbi.nlm.nih.gov/pubmed/20872581
http://dx.doi.org/10.1371/journal.pone.0116282
http://www.ncbi.nlm.nih.gov/pubmed/25551381
http://dx.doi.org/10.1002/jbmr.141
http://www.ncbi.nlm.nih.gov/pubmed/20533309
http://www.ncbi.nlm.nih.gov/pubmed/25296620
http://www.ncbi.nlm.nih.gov/pubmed/20173660
http://dx.doi.org/10.1016/j.bone.2013.12.005
http://dx.doi.org/10.1016/j.bone.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24333171
http://dx.doi.org/10.1371/journal.pmed.0040249
http://www.ncbi.nlm.nih.gov/pubmed/17676991
http://dx.doi.org/10.1016/j.bone.2011.08.012
http://www.ncbi.nlm.nih.gov/pubmed/21890008
http://dx.doi.org/10.1002/jbmr.307
http://www.ncbi.nlm.nih.gov/pubmed/21542004
http://dx.doi.org/10.1016/j.orthres.2005.04.003.1100230610
http://dx.doi.org/10.1016/j.orthres.2005.04.003.1100230610
http://www.ncbi.nlm.nih.gov/pubmed/15936915
http://dx.doi.org/10.3109/08941939.2012.687435
http://dx.doi.org/10.3109/08941939.2012.687435
http://www.ncbi.nlm.nih.gov/pubmed/23273143
http://dx.doi.org/10.1016/j.jss.2011.03.052
http://www.ncbi.nlm.nih.gov/pubmed/21571305
http://dx.doi.org/10.1002/jor.20667
http://www.ncbi.nlm.nih.gov/pubmed/18464248
http://dx.doi.org/10.1016/j.bone.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24530870
http://www.ncbi.nlm.nih.gov/pubmed/5567526
http://dx.doi.org/10.1359/jbmr.070714
http://www.ncbi.nlm.nih.gov/pubmed/17638573

