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Abstract: Postmenopausal females display a chronic inflammatory phenotype with higher levels
of circulating pro-inflammatory cytokines. Furthermore, the inflammatory response to injury may
be altered under estrogen-deficiency, because it was shown previously that estrogen-deficient mice
displayed increased levels of the inflammatory cytokines Midkine (Mdk) and Interleukin-6 (IL-6)
in the early fracture hematoma. Because a balanced immune response to fracture is required
for successful bone regeneration, this might contribute to the delayed fracture healing frequently
observed in osteoporotic, postmenopausal fracture patients. In this study, we aimed to investigate
whether further cytokines in addition to Mdk and IL-6 might be affected by estrogen-deficiency
after fracture in mice and whether these cytokines are also relevant during human fracture healing.
Additionally, we aimed to investigate whether serum from male vs. female fracture patients affects
osteogenic differentiation of human mesenchymal stem cells (MSCs). To address these questions,
female mice were either sham-operated or ovariectomized (OVX) and subjected to standardized femur
osteotomy. A broad panel of pro- and anti-inflammatory cytokines was determined systemically
and locally in the fracture hematoma. In a translational approach, serum was collected from healthy
controls and patients with an isolated fracture. Mdk and IL-6 serum levels were determined at day
0, day 14 and day 42 after fracture. Subgroup analysis was performed to investigate differences
between male and female fracture patients after menopause. In an in vitro approach, human MSCs
were cultured with the collected patient serum and osteogenic differentiation was assessed by qPCR
and alkaline-phosphatase staining. Our results suggest an important role for the pro-inflammatory
cytokines Mdk and IL-6 in the response to fracture in estrogen-deficient mice among all of the
measured inflammatory mediators. Notably, both cytokines were also significantly increased in the
serum of patients after fracture. However, only Mdk serum levels differed significantly between
male and female fracture patients after menopause. MSCs cultivated with serum from female
fracture patients displayed significantly reduced osteogenic differentiation, which was attenuated by
Mdk-antibody treatment. In conclusion, our study demonstrated increased Mdk levels after fracture
in OVX mice and female fracture patients after menopause. Because Mdk is a negative regulator of
bone formation, this might contribute to impaired osteoporotic fracture healing.
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1. Introduction

Chronic inflammatory conditions, including rheumatoid arthritis, diabetes mellitus and
inflammatory bowel disease, which are associated with bone loss, corroborate an intense coupling of
the immune and skeletal systems [1–4]. Postmenopausal osteoporosis is equally considered a chronic
inflammatory disease [5]. Postmenopausal osteoporotic females frequently display elevated levels
of pro-inflammatory cytokines and alterations in immune cell populations, which were shown to
negatively affect bone turnover and quality [6–9]. Experimental studies in ovariectomized (OVX)
rodents, mimicking estrogen decline after menopause, confirmed the pro-inflammatory phenotype,
and, moreover, demonstrated an increased inflammatory response to injury, infection and inflammatory
conditions [10–13]. The immune system also plays an important role in bone fracture healing. Notably,
the process of bone repair starts with a local inflammatory response at the fracture site [14,15].
This inflammatory reaction is marked by blood vessel disruption, tissue and cell damage and
the formation of a fracture hematoma, leading to the recruitment of immune cells and mediators.
The cellular composition of the fracture hematoma is initially dominated by polymorphonuclear
neutrophils that secrete cytokines and chemokines, including Interleukin-6 (IL-6) and Chemokine
(C-X-C motif) ligand-1 (CXCL-1), for further immune-cell recruitment. In addition, the inflammatory
response was shown to have an osteogenic potential by recruiting mesenchymal stem cells (MSCs)
to the injury site and thus inducing the subsequent repair phase [14]. During the repair phase,
intramembranous ossification, which is initiated by periostal osteoblasts and osteoprogenitor cells,
and endochondral ossification, which is driven by MSC-derived chondrocytes and later by osteoblasts,
guide fracture callus formation. Once the fracture gap is bridged with bone, there is sufficient
mechanical stability and the remodeling of the bony fracture callus is initiated [16,17].

Disturbances in this highly dynamic and complex process result in impaired or delayed healing
and might contribute to fracture-healing complications frequently observed in postmenopausal,
osteoporotic females [18,19]. Experimental studies showed that the depletion of the osteo-anabolic
hormone estrogen impaired angiogenesis and delayed endochondral ossification of the fracture
callus [20–22]. Later during healing, fracture calli of estrogen-deficient rodents displayed a
decreased amount of newly formed bone, changes in osteoblast and osteoclast numbers and reduced
biomechanical competence [23–27]. These studies indicate that osteoporotic fracture healing is delayed
because of impaired angiogenesis and cartilage formation and imbalances in bone cell activities.
However, a recent study of our group demonstrated that estrogen-deficiency not only affects the
intermediate and late healing stages but also the inflammatory phase after injury [28]. OVX-mice
displayed significantly more neutrophils and an increased local expression of the estrogen-responsive
and pro-inflammatory cytokine Midkine (Mdk) and IL-6 in the early fracture callus after 3 days.
Notably, Mdk-antibody treatment decreased the number of neutrophils and reduced local IL-6
expression in OVX-mice, thus indicating that both Mdk and IL-6 might be involved in the increased
presence of neutrophils. Mdk is known as a negative regulator of bone formation, loading-induced
bone remodeling and bone repair [29–31]. Classic IL-6 signaling was shown to be involved in efficient
neutrophil recruitment to the fracture hematoma and to direct endochondral ossification during bone
regeneration [32]. Therefore, both cytokines might play an important role during fracture healing.
However, numerous other inflammatory mediators, including CXCL-1 and Tumor necrosis factor-α
(TNF-α) were shown to influence the fracture-healing process [33–35]. Because the expression of
many inflammatory cytokines is altered in postmenopausal, osteoporotic patients, as mentioned
above, and because a balanced immune response to fracture is required for successful fracture healing,
a disturbed and increased inflammatory response to fracture might contribute to the disrupted bone
repair of osteoporotic patients.

Therefore, the first aim of this study was to conduct multiplex cytokine analysis in blood and
fracture hematoma of sham- and OVX-mice to investigate whether further cytokines in addition to
Mdk and IL-6 are affected by estrogen-deficiency. The second aim of this study was to investigate, in a
translational approach, whether the regulated cytokines found in sham- vs. OVX-mice are also relevant
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during human fracture healing and whether their expression differs in male vs. female fracture patients
after menopause. Finally, we aimed to investigate whether sera from male vs. female fracture patients
affect osteogenic differentiation of human MSCs.

2. Results

2.1. Inflammatory Response to Fracture in Mice

2.1.1. Increase in Systemic Mdk Concentrations in Estrogen-Deficient Mice after Fracture

To assess the impact of estrogen-deficiency on the systemic early immune response after fracture
in mice, we measured a broad panel of pro- and anti-inflammatory cytokines and chemokines in the
blood plasma of sham- and OVX-mice by multiplex cytokine assay (Figure 1).

Figure 1. Cytokine/chemokine concentrations in blood plasma of sham- and OVX-mice pre- and
after fracture. Plasma levels of (a) Mdk, (b) IL-6, and (c) CXCL-1 in pg/mL. Data represent the mean
and standard deviations. Comparison between the groups: *, p ≤ 0.05 vs. sham (Student′s t-test).
Comparison within one group: $, p ≤ 0.05 vs pre-fracture, #, p ≤ 0.05 vs 6 h, §, p ≤ 0.05 vs. 1 day,
#§, p ≤ 0.05 vs. 2 days (ANOVA with Post hoc Fisher′s LSD; n = 5–8 per group). n.d. = non-detected,
Mdk = Midkine, IL-6 = Interleukin-6, CXCL-1 = chemokine (C-X-C motif) ligand-1.

Pre-fracture values of measured cytokines did not differ significantly between sham- and
OVX-mice. In response to fracture, plasma IL-6 and CXCL-1 levels were significantly increased both
in sham- and OVX-mice 6 h after fracture and returned to baseline levels up to 3 days after fracture
(Figure 1b,c). However, plasma cytokine and chemokine concentrations did not differ significantly
between sham- and OVX-mice at any investigated time point except for the pro-inflammatory and
estrogen-responsive cytokine Mdk. In OVX-mice, plasma Mdk concentrations were significantly
increased at day 3 after fracture compared to sham-mice (Figure 1a), thus suggesting an increased
systemic Mdk release after fracture under estrogen-deficient conditions. IL-6 levels displayed a strong
trend towards increased values in OVX-mice at 6 h and 3 days after fracture (Figure 1b). Physiological
concentrations of IL-13 and Monocyte chemoattractant protein-1 (MCP-1) were detectable in both
groups, however, the concentrations did not increase after fracture and did not change between both
groups at the investigated time points (pre-fracture: sham 118± 32 vs. OVX 102± 70; 6 h: sham 59± 56
vs. OVX 97 ± 58; 1 day: sham 50 ± 38 vs. OVX 36 ± 23; 2 days: sham 11 ± 17 vs. OVX 15 ± 21; 3 days:
sham 45 ± 47 vs. OVX 14 ± 22 in pg/mL). The additionally measured cytokines and chemokines
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IL-1β, IL-10, IL-4, TNF-α, Interferon-γ (INF-γ) and Macrophage inflammatory protein-1α (MIP-1α)
were not detectable in both groups at any time points.

2.1.2. Increase in Mdk and IL-6 Concentrations in The Fracture Hematoma of Estrogen-Deficient Mice
after Fracture

Next, we investigated the impact of estrogen-deficiency on the local immune response in the
murine fracture hematoma (Figure 2).

Figure 2. Cytokine/chemokine concentrations in the fracture hematoma of sham- and OVX-mice.
Hematoma concentrations of (a) Mdk, (b) IL-6, (c) CXCL-1, (d) IL-1β, (e) IL-4, (f) MCP-1, and (g) MIP-1α in
pg/mg total protein. Data represent the mean and standard deviations. Comparison between the groups:
*, p≤ 0.05 vs. sham (Student′s t-test). Comparison within one group: #, p≤ 0.05 vs. 6 h, §, p≤ 0.05 vs. 1 day
(ANOVA with Post hoc Fisher’s LSD; n = 5–8 per group). n.d. = non-detected, Mdk = Midkine, IL-6 =
Interleukin-6, CXCL-1 = chemokine (C-X-C motif) ligand-1, IL-1β = Interleukin-1β, IL-4 = Interleukin-4,
MCP-1 = monocyte chemoattractant protein-1, MIP-1α = macrophage inflammatory protein-1α.
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Locally within the fracture hematoma, we found in both sham- and OVX-mice high concentrations
of the pro-inflammatory cytokines IL-6 and CXCL-1 6h post-fracture that progressively declined up
to day 3 (Figure 2b,c), which was similarly observed in IL-1β and IL-4 concentrations (Figure 2d,e).
Comparing sham- and OVX-mice, Mdk, IL-6, and MCP-1 concentrations were significantly higher in
OVX-mice at 3 days after fracture (Figure 2a,b,f), thus suggesting an influence of estrogen-deficiency
on the local immune response at the fracture site. No differences in MIP-1α, CXCL-1, IL-1β or IL-4
concentrations were detectable between sham- and OVX-mice (Figure 2c,d,g). IL-10, IL-13, TNF-α and
INF-γ were not detectable at the investigated time points in both groups.

2.2. Inflammatory Response to Fracture in Humans

2.2.1. Increase in Systemic Mdk Concentrations in Female Fracture Patients after Menopause

Based on the findings observed in mice, we measured in a translational approach Mdk serum
concentrations during human fracture healing directly after fracture (day 0), and at days 14 and 42
post-fracture. Mdk serum levels were significantly increased in fracture patients on day 0 compared to
healthy controls (Figure 3a). Mdk serum levels were still significantly higher on days 14 and 42 after
fracture compared to healthy controls. These results suggest an early rise in Mdk serum levels that
remain elevated in response to fracture in patients during the observed time course of healing.

Figure 3. Mdk serum levels in patients with isolated long-bone fracture and healthy controls. (a) Mdk
serum levels in healthy controls and in fracture patients at day 0, day 14 and day 42 after fracture.
Ctl: n = 20; d0 Fx: n = 26; day 14 Fx: n = 7; day 42 Fx: n = 4; (b) Subgroup analysis of Mdk serum levels
in male and female healthy controls. Male ctl: n = 10; female ctl: n = 10. (c) Subgroup analysis of Mdk
serum levels in male and female fracture patients after menopause at day 0 after fracture. Male Fx: n = 6;
female Fx: n = 13. (d) Pearson’s correlation analysis regarding Mdk serum levels and age in healthy
controls. (e) Pearson’s correlation analysis regarding Mdk serum levels and age in fracture patients
at day 0 after fracture. *, p ≤ 0.05, **, p ≤ 0.01, ****, p ≤ 0.0001, ANOVA with Post hoc Fisher’s LSD,
Mdk = midkine, ctl = control, Fx = fracture.
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We were next interested in the effects of menopause on Mdk serum levels after fracture. Subgroup
analysis revealed that while Mdk serum levels did not differ between male and female healthy controls
(Figure 3b), female fracture patients after menopause displayed significantly higher Mdk serum levels
on day 0 after fracture compared to male fracture patients (Figure 3c). There was no correlation
between Mdk serum levels and age in healthy controls or in fracture patients (Figure 3d,e).

2.2.2. Systemic IL-6 and CRP Concentrations in Female Fracture Patients after Menopause

We further assessed IL-6 serum concentrations in fracture patients post injury and additionally
determined C-reactive protein (CRP) serum levels, as a marker of inflammation that is induced
following IL-6 secretion. IL-6 was significantly higher in fracture patients at day 0 and day 14 after
fracture compared to healthy controls, whereas values returned to baseline at day 42 after fracture
(Figure 4a). Subgroups analysis revealed no differences in IL-6 or CRP serum levels in male and female
fracture patients after menopause on day 0 (Figure 4b,c).

Figure 4. IL-6 and CRP serum levels in patients with isolated long-bone fracture and healthy controls.
(a) IL-6 serum levels in healthy controls and in fracture patients at day 0, day 14 and day 42 after
fracture. Ctl: n = 20; day 0 Fx: n = 26; day 14 Fx: n = 7; day 42 Fx: n = 4; (b) Subgroup analysis of IL-6
serum levels in male and female fracture patients after menopause at day 0 after fracture. Male Fx: n = 6;
female Fx: n = 13. (c) Subgroup analysis of CRP serum levels in male and female fracture patients
after menopause at day 0 after fracture. Male Fx: n = 6; female Fx: n = 13. *, p ≤ 0.05, **, p ≤ 0.01,
****, p ≤ 0.0001, ANOVA with Post hoc Fisher’s LSD, IL-6 = Interleukine-6, ctl = control, Fx = fracture,
CRP = C-reactive protein.

2.2.3. Effects of Fracture Sera on Osteogenic Differentiation of Human MSCs

We further assessed the effects of serum from fracture patients and sex-matched healthy controls
(dotted line) on the osteogenic differentiation of human MSCs (Figure 5). Fracture serum collected
from male and female fracture patients after menopause directly after fracture (day 0) had a negative
effect on the expression of the osteogenic marker genes alkaline phosphatase (ALPL), integrin-binding
sialoprotein (IBSP), bone gamma-carboxyglutamate protein (BGLAP), Runt-related transcription factor
2 (RUNX2) and collagen 1 (COL1) (Figure 5a–e). ALPL and COL1 expression were significantly
reduced in cells cultivated with female fracture patient serum compared to male fracture patient serum
(Figure 5a,e), indicating a more pronounced negative effect of female fracture patient serum. Treatment
with an inhibitory Mdk antibody (Mdk-Ab) significantly increased the expression of RUNX2 in cells
cultivated with male fracture patient serum (Figure 5d), whereas the expression of ALPL, IBSP and
COL1 did not differ (Figure 5a,b,e). In cells cultivated with female fracture patient serum, Mdk-Ab
treatment significantly increased the expression of ALPL, IBSP, RUNX2 and COL1, indicating a more
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pronounced positive effect of the Ab treatment on the osteogenic differentiation of cells treated with
female fracture patient serum. Expression of BGLAP did not differ between all treatment groups
(Figure 5c). Alkaline phosphatase staining confirmed the more pronounced negative effects of serum
from female fracture patients after menopause. However, Mdk-Ab treatment increased alkaline
phosphatase staining in cells cultivated with both male and female fracture patient serum, with the
highest expression in cells treated with male serum and Mdk-Ab (Figure 5f).

Figure 5. Cont.
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Figure 5. Effects of fracture sera from day 0 after fracture on osteogenic differentiation of human
MSCs. (a) Relative ALPL, (b) ISBP, (c) BGLAP, (d) RUNX2 and (e) COL1 gene expression in human
MSCs on day 10 of differentiation analyzed by qPCR. Half of the human MSCs were incubated
with an inhibitory Midkine antibody (+Mdk-Ab). Values were normalized to GAPDH and the sera
of age- and sex-matched healthy controls (dotted line). (f) Alkaline phosphatase staining (ALP) of
cultured human MSCs on day 10 after treatment with osteogenic medium and sera of male and female
fracture patients. Half of cells were incubated with an inhibitory Mdk-Ab. *, p ≤ 0.05, **, p ≤ 0.01,
****, p ≤ 0.0001, ANOVA with Post hoc Fisher’s LSD, n = 8–10 per group, ctl = control, Fx = fracture,
ALPL = alkaline phosphatase, ISPB = integrin binding sialoprotein, BGLAP = bone γ-carboxyglutamate
protein, RUNX2 = runt-related transcription factor 2, COL1 = collagen-1.

3. Discussion

The skeletal and immune systems are closely linked, as shown in postmenopausal osteoporotic
females and estrogen-deficient rodents [6–9,36]. In addition, the immune response to injury is altered
under estrogen-deficiency [10,11,13,37,38]. Regarding fracture healing, OVX-mice displayed increased
systemic serum Mdk levels on day 10 after fracture [39], increased local Mdk and IL-6 expression and
more neutrophils on day 3 in the fracture callus, thus indicating a misbalanced immune response after
fracture under estrogen-deficient conditions [28]. Several studies showed that disturbances within
the inflammatory phase of fracture healing result in delayed or impaired healing, as demonstrated
by depletion of different immune cell types, including neutrophils, macrophages, mast cells and
lymphocytes [33,40–43]. However, an overwhelming immune response also negatively affects bone
repair [44,45]. Therefore, the present study should determine whether other cytokines in addition to
Mdk and IL-6 might also be affected by estrogen-deficiency. First, we found a fracture-induced increase
in IL-6 and CXCL-1 levels that progressively declined up to day 3 after fracture in the plasma of both
sham- and OVX-mice, which is in agreement with other experimental studies [32,33]. Confirming our
previous study, OVX-mice displayed significantly increased plasma and local callus levels of Mdk
at day 3 after fracture. Furthermore, IL-6 increased in the plasma 6 h and 3 days after fracture and
significantly increased in the fracture callus 3 days after fracture in OVX- vs. sham-OVX-mice. Notably,
all other measured cytokines did not differ in the plasma or callus of sham- or OVX-mice at all the
investigated time points, with the exception of the chemoattractant MCP-1, which was significantly
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increased locally in the fracture callus of OVX-mice at 3 days after fracture. We did not expect
the findings of overall no changes in the measured cytokine levels between sham- and OVX-mice,
because of the previously mentioned differences in the immune response found in OVX-mice in other
injury models displaying altered levels of TNF-α, IL-2, IL-10, IL-1β and IL-6 [10,11,38]. Unexpectedly,
also pre-fracture values did not differ significantly between sham- and OVX-mice. By contrast, it was
described previously that OVX-mice display altered levels of pro-inflammatory mediators, including
IL-6, IL-1β, TNF-α and prostaglandins [12,46]. Both pre-fracture cytokine values and cytokine values
in response to fracture might be dependent on the different mouse strains and ages used, on the
time span after OVX before analyzing the animals, and on the injury type and severity. Concluding,
our previous results and the results of the current study suggest an important role for Mdk and IL-6 in
the response to fracture in estrogen-deficient mice. However, other cytokines and chemokines might
be involved under estrogen-deficient conditions when the immune system is more challenged, as in
case of multiple trauma, hemorrhage or sepsis. It was shown that the application of estrogen in female
rodents attenuated the increase of IL-6, TNF-α, IL-1β and MIP-1α after hemorrhage, intestinal injury
and thermal injury [47–49], thus suggesting more detrimental effects in the case of estrogen-deficiency.
This requires further investigation.

Regarding the relevance of Mdk during human fracture healing, previously there have been
no studies investigating whether Mdk is present systemically or locally after fracture. Mdk is
known to be increased in the serum of patients suffering from colorectal, prostate or lung
carcinomas [50–52]. Additionally, high blood Mdk levels were demonstrated as a negative predictive
factor in neuroblastoma [53] and hepatocellular carcinoma [54]. Furthermore, Mdk was shown to
be highly expressed during many inflammatory processes, including diabetic nephropathy [55],
atherosclerosis [56], rheumatoid arthritis [57] and sepsis [58]. In the present study, we demonstrated
significantly increased Mdk serum levels after isolated long-bone fracture on d0, d14 and d42
after fracture. Because of the involvement of Mdk in many other inflammatory conditions [55,57],
and because Mdk was shown to negatively regulate bone formation [29], increased Mdk serum levels
after fracture could influence both the early inflammatory phase and the regenerative process after
fracture. Interestingly, Mdk serum levels were significantly higher in female fracture patients after
menopause, underlying the hypothesis derived from our preclinical data that estrogen-deficiency
influences Mdk expression after injury. Indeed, it was shown previously that the promoter region of
the Mdk gene contains estrogen-responsive elements [59]. However, in contrast to our preclinical data,
IL-6 serum levels did not differ between male and female fracture patients after menopause, indicating
that the effect of estrogen-deficiency is less pronounced on this cytokine in humans. Furthermore,
unchanged CRP serum levels in males vs. females might indicate no further changes in the general
immune status in our fracture patients. However, in fracture patients we did not investigate the entire
panel of inflammatory mediators that we measured in the preclinical study, because we focused on
the results obtained in the preclinical study. Therefore, we cannot currently exclude the possibility
that other inflammatory mediators might be affected in response to fracture in patients, which needs
further investigation. Nonetheless, our preclinical and clinical data suggest an important role for Mdk,
particularly during estrogen-deficient conditions, in response to fracture.

Because Mdk was shown to negatively affect osteogenic differentiation based on an inhibition
of the osteo-anabolic Wnt/β-catenin pathway [29,31], we next investigated in an in vitro approach
whether the serum of fracture patients, in which we found increased Mdk serum levels, might influence
osteogenic differentiation of human MSCs. Fracture serum from both males and females after
menopause negatively affected osteogenic differentiation of human MSCs. In previous studies,
a negative effect of human fracture-patient serum directly and up to one week after fracture was
demonstrated on the proliferation of osteogenic SaOS-2 cells, a human osteosarcoma cell line,
and human MSCs [60,61]. This might result from declined levels of insulin-like growth factor-1
and transforming growth factor-β during the first 3 days after long-bone fracture, which was found in
another study [62]. However, no correlation was found between the levels of circulating growth factors
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and age or sex of the fracture patient [62]. In the present study, osteogenic differentiation of human
MSCs was reduced even further in cells cultivated with the serum obtained from female fracture
patients after menopause compared to male fracture serum. In addition, treatment with Mdk-Ab
increased the osteogenic differentiation potential more pronouncedly in cells treated with serum from
female fracture patients compared to male fracture patients, since both mRNA and protein level of
alkaline phosphatase was increased after Mdk-Ab treatment in cells treated with female fracture serum,
whereas only protein expression of alkaline phosphatase was increased after Mdk-Ab treatment in
cells treated with male fracture serum. This might be also due to the fact that we analyzed mRNA
and protein expression at the same time point during osteogenic differentiation. Together with the
finding that Mdk serum levels are increased in the female patient cohort, we propose that Mdk might
be an important signaling molecule in the response to fracture, particularly under estrogen-deficient
conditions. Because we demonstrated previously that Mdk-Ab treatment significantly accelerated
fracture healing in osteoporotic, OVX-mice [39], this indicates a therapeutic potential for the Mdk-Ab
during delayed fracture healing in postmenopausal osteoporotic female patients.

Our study has several limitations. First, we did not have access to serum from premenopausal
female fracture patients to compare with serum from female fracture patients after menopause,
which would have provided a better control for estrogen-deficiency than male fracture patients.
Second, we cannot be absolutely certain whether the female fracture patients were post-menopausal,
because we did not specifically determine this. However, based on the age ranging from 57 to 87,
with a mean age of 79, we strongly assume that the female fracture patients of the present study
were menopausal. Third, our healthy controls were significantly younger than our fracture patients.
However, we did not detect a significant correlation between Mdk serum levels and age in both
healthy controls and fracture patients. In addition, we were not able to obtain serum from more
fracture patients at later time points to perform a subgroup analysis between males and females
after menopause also at day 14 and day 42. This would be an interesting investigation for future
studies. Furthermore, it would be highly relevant to investigate the local Mdk expression in the human
fracture hematoma or callus. Finally, we did not evaluate fracture healing outcome in fracture patients.
It would be interesting to investigate in the future whether changes in Mdk serum levels do in fact
correlate with the occurrence of fracture-healing complications and healing outcome.

4. Materials and Methods

4.1. Evaluation of The Inflammatory Response to Fracture in Mice

All experiments were performed in accordance with the international regulations for the care and
use of laboratory animals (Directive 2010/63/EU) and with the approval of the local ethical committee
(Regierungspräsidium Tübingen, Germany, No. 1184, approval date: 4 July 2014).

4.1.1. Experimental Study Design

Female C57BL/6J mice (n = 47; 5–8 mice per group) were purchased from Charles River (Sulzfeld,
Germany) and maintained in groups of two to five animals per cage (370 cm2) under a 14 h light and
10 h dark circadian rhythm. Mice received a standard mouse food or a phytoestrogen-free food for
OVX-mice (ssniff R/M-H, V1535 or V1554, Sniff, Soest, Germany) and water ad libitum. When aged
3–4 months, half of the mice underwent bilateral OVX to induce estrogen-deficiency, whereas the
remaining half was sham-operated. Femur osteotomy was performed 8 weeks after sham/OVX
operation. Pre-fracture blood samples (sham: 6 mice, OVX: 5 mice) were taken from mice under
general anesthesia by punctuation of the vena facialis. Mice were euthanized 6 h (sham: 5 mice,
OVX: 7 mice), 1 day (sham: 8 mice, OVX: 6 mice), 2 days (sham: 5 mice, OVX: 5 mice) or 3 days (sham:
6 mice, OVX: 5 mice) after osteotomy, and the effects of estrogen-deficiency on the early immune
response after fracture were evaluated.
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4.1.2. Ovariectomy and Osteotomy Surgeries

OVX and femur osteotomy were performed under general anesthesia with 2% isoflurane.
For analgesia and antibiosis, mice received 25 mg/L tramadol hydrochloride (Tramal, Gruenenthal,
Aachen, Germany) via the drinking water (1 day prior and 3 days post-surgery) and a single
subcutaneous injection of the antibiotic clindamycin-2-dihydrogenphosphate (45 mg/kg, Clindamycin,
Ratiopharm, Ulm, Germany) prior to surgery, respectively. Mice were bilaterally ovariectomized by
ligation of the oviduct and removal of the ovary as described previously [28]. After 8 weeks, femur
osteotomy was performed as described previously [39]. Briefly, an osteotomy gap was created using a
0.4 mm Gigli saw (RISystem, Davos, Switzerland) at the mid-shaft of the diaphysis of the right femur
and stabilized using an external fixator (axial stiffness 3 N/mm, RISystem).

4.1.3. Cytokine and Chemokine Analyses in Blood Plasma and Fracture Hematoma

To investigate the effects of estrogen-deficiency on the systemic and local early immune responses
after fracture (6 h: sham 5 and OVX 7 mice; 1 day: sham 8 and OVX 6 mice; 2 days: sham 5 and
OVX 5 mice; 3 days: sham 6 and OVX 5 mice), we assessed cytokine and chemokine concentrations
in blood plasma and the fracture hematoma by multiplex immunoassay and enzyme-linked
immunosorbent assay (ELISA). In addition, pre-fracture blood samples were taken by punctuation
of the vena facialis from 6 sham and 5 OVX mice directly before surgery. Cardiac blood was collected
in plasma microvettes and centrifuged at 14,000 rpm and 4 ◦C for 10 min. The harvested fracture
hematoma was lysed in lysis buffer containing protease inhibitors (10 mM Tris pH 7.5, 10 mM NaCl,
0.1 mM EDTA, 0.5% Triton-X 100, 0.02% NaN3, 0.2 mM phenylmethylsulfonyl fluoride; and Halt
Protease and Phosphate Inhibitor Single-Use Cocktail, Thermo Fisher Scientific, Waltham, MA, USA).
Total fracture hematoma protein concentration was determined using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). Using a customized mouse Multiplex Cytokine Kit (ProcartaPlex;
eBioscience, Frankfurt, Germany), plasma and fracture hematoma concentrations of IL-6, IL-1β, IL-13,
IL-10, IL-4, CXCL-1, MCP-1, MIP-1α, INF-γ and TNF-α were determined. The plasma and fracture
hematoma levels of Mdk were determined using Midkine ELISA (Cellmid Limited, Sydney, Australia),
according to the manufacturer’s protocol.

4.2. Evaluation of The Inflammatory Response to Fracture in Humans

4.2.1. Clinical Study Design

This study was approved by the Ethical Committee of the University Medical Center Ulm and
conducted in accordance with the declaration of Helsinki. In total, 26 patients (age: 32–97 years,
mean: 75 years) with metaphyseal/diaphyseal fractures of long bones (femur, tibia, humerus, radius,
ulna) treated surgically at the University Medical Center Ulm between January 2016 and January
2018 were included. All patients gave written consent to be enrolled in the study. Exclusion criteria
were polytrauma, pregnancy, bone diseases except primary osteoporosis, intake of bisphosphonates
or parathyroid hormone, rheumatoid arthritis, open fractures grade 3 or 4 according to Tscherne and
Oestern, hepatic or nephritic insufficiency, cancer, intake of steroids, intake of immunosuppressive
medication, chemotherapy in the last 3 months and artificial ventilation after surgery. In further
subgroup analyses, patients with femur fracture (AO-31 A1/A2/A3/B2; n = 19) were assigned to
two groups at d0: male fracture patients (n = 6, age: 32–97 years, mean: 69 years) and female fracture
patients after menopause (n = 13, age: 57–87 years, mean: 78 years). Furthermore, 20 healthy volunteers
(10 males aged 24–57, mean: 37; 10 females aged 27–87 years, mean: 47 years) donated one blood
sample each as controls.

4.2.2. Blood Samples

Peripheral venous blood was obtained from each patient (n = 26) at 1–24 h after the fracture event
(day 0). From seven patients, peripheral venous blood was also obtained 14 ± 1 days after the fracture



Int. J. Mol. Sci. 2018, 19, 2070 12 of 17

event (day 14). Furthermore, from four patients, peripheral venous blood was obtained 42 ± 2 days
after the fracture event (day 42). Blood samples were centrifuged to obtain serum and stored at −80 ◦C
until analysis. CRP was analyzed using a routine clinical chemistry analyzer, Dimension RxL (Dade
Behring) in accordance with the manufacturer’s protocol. A value below 5 mg/L is considered to
be normal.

4.2.3. ELISAs

Mdk (Cellmid Ltd) and IL-6 (Quantikine, R&D Systems, Minneapolis, MN, USA) ELISAs were
performed according to the manufacturers’ instructions. Samples were determined in duplicate.
To avoid interassay variability influencing the results, samples from fracture patients and control
subjects were randomly assigned to the ELISA plates.

4.3. Evaluation of The Effects of Fracture Sera on Human MSCs In Vitro

4.3.1. Cell-Culture Experiments

Human bone marrow-derived MSCs were obtained from Lonza (Basel, Switzerland). Cells were
cultivated in α-MEM supplemented with 10% human serum, 1% penicillin/streptomycin and 1%
L-glutamine (all Thermo Fisher Scientific) at 37 ◦C under 5% CO2. Cells were seeded at 10,000 cells
per well in 24-well plates. For induction of osteogenic differentiation, medium was supplemented
with 10 mM β-glycerophosphate and 0.2 mM ascorbate. Osteogenic differentiation was conducted
for 10 days. As experimental groups, cells were cultured with pooled serum from 3–4 male control
subjects/female control subjects/male fracture patients day 0/female fracture patients after menopause
day 0. Mdk-Ab was applied as described previously [31]. Subsequently, cells were fixed and stained
for alkaline phosphatase as described previously [63] or total RNA was isolated. Experiments were
performed in duplicates or triplicates at least three times.

4.3.2. qPCR

Cells were lysed in commercially available RLT lysis buffer (Qiagen, Hilden, Germany)
containing 10 µL/mL β-mercaptoethanol (Merck, Darmstadt, Germany). Lysates were homogenized
with QIAshredder columns and total RNA was isolated using the RNeasy Mini kit (both Qiagen). DNA
digestion was performed using the RNase-free DNase kit (Qiagen). All steps were conducted according
to the manufacturer′s protocols. For real-time PCR, the SensiFAST™ SYBR® Hi-ROX One-Step Kit
(Bioline, Luckenwalde, Germany) was used according to the manufacturer’s instructions. The PCR
protocol was 45 ◦C for 10 min, 95 ◦C for 2 min, 40 cycles with 95 ◦C for 5 s, 60 ◦C for 15 s and 72 ◦C
for 15 s. For melting-curve analysis, the procedure was 60 ◦C for 1 min and heating in 0.15 ◦C steps
up to 95 ◦C. The relative amount of RNA was calculated using the ∆∆Ct (cycle threshold) method:
The Ct values from the fracture patient samples were normalized to the mean Ct values of the
control subject samples of the same sex (∆Ct) and the reference gene (∆∆Ct, Gapdh). The relative

mRNA expression was calculated by the term: PCR Efficiency (gene of interest) ∆Ct (gene of interest)

PCR Efficiency (reference gene)∆Ct (reference gene) . The PCR

efficiencies of the different primer pairs were calculated using the software LinRegPCR as published
previously [64]. Primer sequences were as follows: ALPL for: 5′-CCTCGGAAGACACTCTGACC-3′,
rev: 5′-CCACCAAATGTGAAGACGTG-3′; IBSP for: 5′-CGAGGGGGAGTACGAATACA-3′,
rev: 5′-AGGTTCCCCGTTCTCACTTT-3′; RUNX2b for: 5′-GCAGTTCCCAAGCATTTCAT-3′,
rev: 5′-CACTCTGGCTTTGGGAAGAG-3′; BGLAP for: 5′-GGCAGCGAGGTAGTGAAGAG-3′,
rev: 5′-CTCCCAGCCATTGATACAGG-3′; COL1 for: 5′-TGACCTCAAGATGTGCCACT-3′, rev:
5′-ACCAGACATCCCTCTTGTCC-3′; GAPDH for: 5′-GCGACAACATCCAGGGTATC-3′, rev:
5′-GAAGATGGTGATGGGATTTC-3′.
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4.4. Statistical Analysis

Results are presented as the mean and standard deviation. Statistical analysis was performed
using GraphPad Prism 7 software (GrapdPad Software, Inc., La Jolla, CA, USA). Normal distribution
of all data was tested by the Shapiro-Wilk normality test. Experimental in vivo data were analyzed
for significance either by Student’s t-test when sham and OVX groups were compared or by one-way
analysis of variance (ANOVA) with post-hoc Fischer’s LSD when three or more time points were
compared. The results of the clinical study were analyzed with Student′s t-test or ANOVA with
post-hoc Fisher’s LSD dependent on the number of analyzed groups. Correlations between age and
Mdk serum levels were identified by Pearson’s correlation analysis. The level of significance was set at
p ≤ 0.05. The number of samples for each experiment is indicated in the figure legends and tables.

5. Conclusions

In conclusion, our study demonstrated increased Mdk levels after fracture in OVX mice and
female fracture patients after menopause. Because Mdk is a negative regulator of bone formation,
this might contribute to impaired osteoporotic fracture healing. Confirming this, our in vitro data
showed increased osteogenic differentiation of human MSCs treated with serum of female fracture
patients after Mdk-Ab treatment, indicating that Mdk might be a target to particularly improve
osteoporotic bone repair in female fracture patients after menopause.

6. Patents
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Abbreviations

ANOVA Analysis of variance
ALPL Alkaline phosphatase
BCA Bicinchoninic acid
BGLAP Bone gamma-carboxyglutamate protein
COL1 Collagen-1
CRP C-reactive protein
Ctl Control
CXCL-1 Chemokine (C-X-C motif) ligand-1
ELISA Enzyme-linked immunosorbent assay
Fx Fracture
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
IBSP Integrin-binding sialoprotein
IL Interleukin
MCP-1 Monocyte chemoattractant protein-1
Mdk Midkine
Mdk-Ab Midkine-antibody
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MIP-1α Macrophage inflammatory protein-1α
MSC Mesenchymal stem cell
ND Non-detected
OVX Ovariectomized
qPCR Quantitative polymerase chain reaction
RNA Ribonucleic acid
RUNX2 Runt-related transcription factor 2
TNF-α Tumor necrosis factor-α
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