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HIF-stabilization prevents delayed fracture healing 1 

One Sentence Summary: We here provide evidence for a promising preventive approach to enhance bone 2 

regeneration capacities and potentially to overcome compromised bone healing conditions by combining 3 

DFO and MIF – as potent HIF-stabilizers. 4 
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Abstract  31 

The initial phase of fracture healing decides on success of bone regeneration and is characterized by 32 

an inflammatory milieu and low oxygen tension (hypoxia). Negative interference with or prolongation of 33 

this fine-tuned initiation phase will ultimately lead to a delayed or incomplete healing such as non-unions 34 

which then requires an effective and gentle therapeutic intervention. Common reasons include a 35 

dysregulated immune response, immunosuppression or a failure in cellular adaptation to the inflammatory 36 

hypoxic milieu of the fracture gap and a reduction in vascularizing capacity by environmental noxious 37 

agents (e.g. rheumatoid arthritis, smoking). The hypoxia-inducible factor (HIF)-1α is responsible for the 38 

cellular adaptation to hypoxia, activating angiogenesis and supporting cell attraction and migration to the 39 

fracture gap. Here, we hypothesized that stabilizing HIF-1α could be a cost-effective and low-risk 40 

prevention strategy of fracture healing disorders. Therefore, we combined a well-known HIF-stabilizer – 41 

deferoxamine (DFO) – and a less known HIF-enhancer – macrophage migration inhibitory factor (MIF) – 42 

to synergistically induce improved fracture healing. Stabilization of HIF-1α enhanced calcification and 43 

osteogenic differentiation of MSCs in vitro. In vivo, the application of DFO with or without MIF during the 44 

initial healing phase accelerated callus mineralization and vessel formation in a clinically relevant mouse-45 

osteotomy-model in a compromised healing setting. Our findings provide support for a promising preventive 46 

strategy towards bone healing disorders in patients with a higher risk due to e.g. delayed neovascularization 47 

by accelerating fracture healing using DFO and MIF to stabilize HIF-1α. 48 

49 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 3, 2020. ; https://doi.org/10.1101/2020.07.02.182832doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.02.182832


3 

 

Introduction 50 

Fracture healing combines temporal and spatial fine-tuned and tightly regulated regenerative 51 

processes, which lead to a complete restoration of the broken bone without scar formation. However, a 52 

minimum of 10 % of patients with fractures suffer from fracture healing disorders such as delayed or 53 

incomplete healing (non-unions) leading to immobility, pain, a loss in quality of life, and generate an 54 

economic burden for the society (1, 2). While trauma severity and location can determine the healing success 55 

(3), several risk factors have been described to potentially impair the fracture healing process such as age 56 

and lifestyle including obesity, alcohol abuse, and smoking (4). Of note, smoking is supposed to reduce 57 

vessel formation and to stimulate adverse immune reactions (5). Furthermore, chronic inflammatory 58 

diseases, such as rheumatoid arthritis (RA) or systemic lupus erythematosus, have been related to fracture 59 

healing disorders (6-8). Patients with fracture healing disorders often require several further revision 60 

surgeries. Apart from surgical intervention, local delivery of recombinant human (rh)BMP-2 into the 61 

fracture gap has been demonstrated in clinical studies to be effective (9, 10). However, several adverse 62 

effects in humans strongly restrict the clinical implementation of this approach (11) and alternative strategies 63 

or preventive measures are lacking.  64 

If a fracture is stabilized such that inter-fragmentary movements can occur, secondary bone healing 65 

is initiated leading to bone regeneration via an endochondral ossification process bridging the fracture gap. 66 

Endochondral bone healing can be divided into five phases: i) initial pro-inflammatory phase, ii) anti-67 

inflammatory phase; iii) fibrocartilaginous or soft callus phase; iv) woven bone or hard callus phase; and v) 68 

the remodeling phase leading to the bone restitution in form and function according to the mechanical strain 69 

(12). The shift from pro- to anti-inflammatory phase is a requirement for angiogenic and pro-osteogenic 70 

processes during the initial phase of fracture healing and determine the subsequent regeneration cascades 71 

(6, 13). This shift is essential for the initiation of bone reconstruction involving the recruitment of i) 72 

monocytes/macrophages, clearing the inflammatory scene and paving the path for revascularization, ii) pre-73 

osteoblasts and mesenchymal stromal cells (MSCs) as basic component of bone reconstruction, iii) 74 

fibroblasts, which are required for early callus formation and bone matrix formation, and iv) endothelial 75 
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cells (ECs) for neovascularization (14, 15). Crucial elements for successful bone healing are balanced 76 

control and termination of the pro-inflammatory cascade (16), proper mesenchymal differentiation and 77 

cartilage formation, controlled invasion of vessels (17) as well as a sufficient mechanical stabilization (18-78 

21).  79 

The hypoxic and inflammatory conditions in the fracture hematoma result from the disruption of 80 

vessels, accumulation of inflammatory cells, increased cell death of e.g. erythrocytes and the lack of 81 

nutrients, oxygen, high lactate and low pH – a cytotoxic environment which has to be down-regulated to 82 

maintain regenerative cells. The oxygen tension within the fracture site is reduced over the first week after 83 

trauma being accompanied by a reduction (50%) of blood flow (22-27). Therefore, cellular adaptation 84 

mechanisms towards hypoxia are strongly activated – such as the hypoxia inducible factor (HIF) signaling 85 

pathway. Both, HIF-1 and HIF-2 are essential for cells to survive hypoxic conditions and to aim at increasing 86 

the oxygen supply while reducing oxygen consumption (28). While HIF-1β is constitutively expressed, HIF-87 

1α is oxygen-dependently activated and stabilized at less than 5% oxygen (29). HIF-1α is then translocated 88 

to the nucleus, where it heterodimerizes with HIF-1β, binds to its target sequences (hypoxia-responsive 89 

elements), and activates genes necessary for cellular hypoxic adaptation (29, 30). Under normoxic 90 

conditions, HIF-1α is hydroxylized by the oxygen- and iron-dependent prolyl-hydroxylase domain (PHD) 91 

enzyme/protein and degraded by cellular proteasomes.  92 

We have previously examined fracture hematomas obtained from immunologically restricted patients 93 

and found reduced osteogenic differentiation due to reduced runt-related transcription factor 2 (RUNX2) 94 

expression, exaggerated immune reactions (interleukin IL-8, C-X-C chemokine receptor type 4 CXCR4), 95 

and high expression of HIF1A but inadequate expression of target genes (31). We also found higher numbers 96 

of monocytes/macrophages, natural killer T (NKT) cells and activated T cells within fracture hematomas of 97 

immunologically restricted patients accompanied by higher levels of IL-6, IL-8, tumor necrosis factor 98 

(TNF)α and chemokines (e.g. Eotaxin) (32). In order to increase target gene expression, HIF-1α can be 99 

chemically stabilized by different factors, which either inhibit the O2-sensing PHD such as deferoxamine 100 
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(DFO) or directly interfere with the downstream effects after translocation to the nucleus e.g. the 101 

macrophage-migration inhibitory factor (MIF) (33, 34). 102 

Here, we initially performed a single center retrospective study to investigate the risk factors for 103 

fracture healing disorders in a Charité-located patient cohort and to determine the clinical need to 104 

preventively support and accelerate fracture healing. Furthermore, we comprehensively systematically 105 

reviewed the available literature to delineate the potential of our drafted therapeutic approach of promoting 106 

fracture healing using DFO. To this end, we summarized several studies which demonstrated the efficacy 107 

of DFO to promote bone fracture healing in a variety of animal models (mouse, rat, rabbit) focusing on 108 

different kinds of bone defects. Experimentally, we conducted in vitro studies on osteogenesis, which 109 

supported the enhancing effect of HIF-1α stabilization on osteogenic differentiation of MSCs and its 110 

counteracting efficacy against e.g. glucocorticoid (GC)-induced inhibition of osteogenesis. Moreover, we 111 

tested the combination of MIF and DFO in a mouse-osteotomy-model of compromised bone healing 112 

conditions in order to evaluate their preventive capability to counteract delayed bone healing in this 113 

clinically relevant model. Thus, our study provides evidence for a promising preventive strategy to 114 

accelerate fracture healing by applying potent HIF-stabilizers during initial fracture treatment in patients at 115 

risk that may finally help to minimize bone healing disorders.  116 

 117 

118 
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Results  119 

Fracture healing disorders in a single-center patient cohort – A retrospective study  120 

 Fracture healing disorders are associated with the incidence of several different risk factors e.g. age, 121 

gender, fracture location, comorbidities of medications. Therefore, we investigated the main risk factors for 122 

fracture healing disorders in a single-center retrospective study at the Center for Musculoskeletal Surgery, 123 

Charité-Universitätsmedizin Berlin to get a more precise view of the patient’s need for a therapeutic support 124 

and acceleration of fracture healing. To this end, we screened data from inpatients treated in the hospital 125 

during 2012 (fig. S1). Finally, 79 cases fulfilling inclusion criteria were included in the study (table S1), as 126 

well as 178 controls matched for age and fracture location while patients aged < 18 years, having open 127 

fractures or metastases close to the fracture location were excluded.  128 

First, we performed a descriptive statistical analysis to compare the two groups based on the collected 129 

parameters such as body mass index (BMI), gender, alcohol abuse (repeated consumption of alcohol per 130 

week), smoking, glucocorticoid and NSAID treatment as well as diagnosed comorbidities as RA, 131 

osteoporosis, arterial hypertension and diabetes type 2 (table S2). The average BMI of the two groups was 132 

similar. Comparing the control and case group, we found more male patients (53.2% vs. 44.9%) than female 133 

patients (46.8% vs. 55.1%) to be affected by fracture healing disorders. Interestingly, alcohol abuse was 134 

more often present in the control group as compared to the case group (14.4% vs 2.7%) which was the 135 

opposite for smoking (28.1% vs. 37.8%). Regarding medications, a higher number of patients with fracture 136 

healing disorders were continuously treated with glucocorticoids (6.3% vs. 1.6%) and NSAIDs (7.6% vs. 137 

2.7%) as compared to controls. Although the frequencies of osteoporosis and diabetes type 2 were 138 

comparable within both groups, the incidences of RA (6.3% vs. 0.5 %) and arterial hypertension (43% vs. 139 

33.5%) were higher in the case group. To select potentially relevant factors, an univariable logistic 140 

regression was performed (Table 1) using a significance level of 0.15 resulting in the selection of smoking, 141 

RA and arterial hypertension for detailed analysis via multivariable logistic regression. Age and gender, 142 

parameters well-known to be associated with a poor fracture healing outcome, were additionally included 143 

in the subsequent multivariable logistic regression. Statistical analysis using multivariable logistic 144 
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regression showed a high significance for RA (P = 0.028) and a trend for smoking (P = 0.075) to be 145 

associated with fracture healing disorders such as non-unions.  146 

Table 1: Univariable and multivariable logistic regression. 147 

 Univariable Multivariable 

 Omnibus 

test 
P-value 5 4 3 2 

Age 0.597 0.597* 0.118 0.202 - - 

Gender 0.219 0.219* 0.148 - - - 

BMI 0.212 -     

Alcoholism 0.657 -     

Smoking 0.131 0.129 0.065 0.063 0.048 0.075 

Rheumatoid 

Arthritis 
0.006 0.022 0.057 0.047 0.040 0.028 

Glucocorticoids 0.725 -     

NSAIDs 0.336 -     

Osteoporosis 0.813 -     

Arterial 

Hypertension 
0.143 0.142 0.085 0.058 0.137 - 

Diabetes Type 2 0.908 -     

Deferoxamine as potent target for fracture healing disorders – A systematic literature review 148 

We have previously found that immunologically restricted patients (including e.g. autoimmune 149 

disease) show a disturbed response to hypoxia in the fracture hematoma (31). Therefore, we hypothesized 150 

that HIF-stabilization can accelerate fracture healing in those patients. The inhibition of iron-dependent 151 

PHDs by iron chelators or competitors activates HIF-mediated pathways such as angiogenesis and 152 

osteogenesis. The iron chelator DFO is well-known from in vitro and in vivo studies to stabilize HIF (35, 153 

36).  154 

Given this background, we performed a systematic literature review to delineate existing preclinical 155 

studies on the effectiveness and efficiency of DFO in fracture healing. In detail, we asked the question 156 

whether the local application of DFO in the fracture gap enhanced bone formation (µCT; histomorphometry) 157 

during fracture healing in animal models with normal or disturbed fractures of long-bones or Ossa 158 

irregularia (mandibula or zygomatic arch). The complete search strategy can be found in figure S2 and S3. 159 
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We included 20 studies for a descriptive analysis. A meta-analysis was not applicable due to the variability 160 

of studies, the variety of models and the information provided (e.g. data values not given; confidential 161 

intervals not indicated). Nevertheless, all included studies demonstrated the efficacy of DFO to promote 162 

bone fracture healing in a variety of animal models (mouse, rat, rabbit) with different bone defects (Table 163 

2). In these studies, DFO was applied in varying doses (in mouse: 20 µl of 200 µM – 400 µM) either once 164 

or repetitively by local injection directly into the bone defect/gap or by loading onto a scaffold implanted 165 

into the bone defect/gap to counteract a delayed healing or non-union. DFO treatment resulted in a strong 166 

promotion of angiogenesis/vessel formation and bone regeneration independent of the species, model and 167 

evaluation methods (22-39).  168 

Table 2: Systematic literature review on the potential of DFO to accelerate bone formation/healing. 169 

S
p

ec
ie

s 

B
o

n
e 

Model 
Application Route & 

Concentration 

Bone/vessel 

formation 
Refs. 

S
p

ra
g
u

e-
D

aw
le

y
 r

at
s 

O
ss

a
 i

rr
eg

u
la

ri
a
 Mandibular distraction 

osteogenesis 

Local injection every other day 

(5 doses); DFO = 200 µM 
+++ (37-39) 

Mandibular osteotomy or 

distraction + 

Radiation 

Local injection every other day 

(5 doses); DFO = 200 µM 
+++ (40-46) 

Zygomatic arch critical-size 

bone defect 

Local injection every other day 

(> 20 doses); DFO = 200 μM 
+++ (47) 

L
o

n
g

 b
o

n
es

 

Segmental femur defects 

(wire) 

Application onto scaffold; 

DFO = 400 µM 
+++ (48) 

Tibial non-union model 
Application onto scaffold; 

DFO = 1 mg/kg 
+++ (49) 

Femoral drilling hole model 
Application onto scaffold; 

DFO = 1 mg/ml 
+++ (36) 

Tibia cortical drilling + 

hindlimb unloading 

Local injection every other day 

(2-5 doses); DFO = 200 µmol/l 
+++ (50) 

Femoral drilling hole 

+ ovariectomy 

Application onto scaffold; 

DFO = 2 µg 
+++ (51) 

C
5

7
B

L
/6

 

m
ic

e 

Distraction osteogenesis 

in tibia (plate) 

Local injection every other day 

(6 doses); DFO = 200 µM 
+++ (35) 

Stabilized femur 

fracture model (pin) 

Local injection every other day 

(5 doses); DFO = 200 µM 
+++ (52) 

N
Z

W
 

ra
b

b
it

s Segmental radius bone defects 
Application onto scaffold 

DFO = 2 mM 
+++ (53) 

Mid-shaft ulnar defect 
Application onto scaffold 

DFO = 200 µM 
+++ (54) 

NZW – New Zealand White rabbits 170 

Based on the published data, we concluded that a single injection of DFO might be sufficient to 171 

enhance fracture healing under compromised conditions. In addition, we asked if the effect of DFO can be 172 
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increased by combination with MIF which we have shown to further enhance HIF activity, especially in 173 

immune cells and endothelial cells (55).   174 

Combining DFO and MIF to enhance in vitro calcification of hMSCs  175 

 To evaluate the potential of MIF and DFO as enhancer of bone formation in vitro, different 176 

concentrations alone and in combination were tested in an osteogenic differentiation assay of bone marrow 177 

derived human (h)MSCs. High concentrations of Dexamethasone (Dex; 10-3 M) were used as a technical in 178 

vitro model to strongly induce delayed calcification while 10-8 M Dex was the respective control which is 179 

usually included in the osteogenic medium (OM). Large differences in calcification were observed after 4 180 

weeks under normoxic conditions and used further titration experiments (fig. S4; fig. S5; Fig. 1). Normoxic 181 

conditions represented the inadequate adaptation to hypoxia as mentioned before. Varying concentrations 182 

of MIF and DFO alone and in combination were examined for their effect on hMSC calcification. The 183 

application of DFO alone showed significant increases in calcification after 4 weeks at 62.5, 125, 250 and 184 

500 µM which was also observed at 250 and 500 ng/ml MIF (fig. S5A, B). A double normalization to both 185 

controls (10-3 M and 10-8 M Dex) revealed that MIF alone did not enhance calcification (Fig. 1A), while 186 

DFO alone already showed mean increases between 43% - 45.9% (Fig. 1B). The combination of MIF and 187 

DFO led to a significant increase in calcium deposition when using 50 ng/ml MIF + 125 µM DFO and 100 188 

ng/ml MIF + 125 µM DFO with a mean increase of 61.7% to 86.7% for both groups (fig. S5C; Fig. 1C).  189 

 190 

Figure 1: In vitro studies on the effect of MIF and DFO on hMSC calcification. Double normalization of OD values 191 

(Dex 10-3 M = 0 %; Dex 10-8 M = 100 %) for selected MIF (A), DFO (B) and MIF/DFO (C) concentrations. Asterisks 192 

above and below the bars indicate significant differences as compared to the respective control. Bar graphs show 193 

mean ± SEM and individual data points. One sample t-test was used to determine the statistical significance; P-values 194 

are indicated with #P < 0.07; *P < 0.05; **P < 0.01; ***P < 0.001. Exemplary images of Alizarin red staining in 96 195 

well are displayed before quantification. 196 
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The effect of MIF and DFO on in vivo bone formation in a delayed healing model 197 

 Based on the results from the systematic review and our in vitro experiments, we tested MIF and 198 

DFO, both alone and in combination in an experimental delayed healing model using a modified mouse-199 

osteotomy which results in a local blockage of angiogenesis and results in a delayed bone healing due to 200 

insertion of an absorbable bovine Col-I scaffold (ACS) in the osteotomy gap (56). We previously 201 

demonstrated that this model features a disturbance in cell invasion, vessel formation and consecutively 202 

bone formation when compared to empty-gap controls at 2 and at 3 weeks after osteotomy (56). The 203 

osteotomy gap (0.7 mm) was introduced in the femur of 12 weeks old female C57BL/6N mice. A stable 204 

fixation of the osteotomized bone was obtained using an external fixator.  205 

Bone formation was significantly intensified in the DFO and MIF/DFO treated groups as measured 206 

by bone volume fraction at 3 weeks post-osteotomy (Fig. 2A; fig. S6A). We confirmed our finding by 207 

histological evaluation quantifying Movat’s pentachrome staining (Fig. 2B, C; fig. S6B, C). As a result, we 208 

observed increased levels in total mineralized bone tissue in the fracture area and in the fracture gap in all 209 

treatments groups after 2 weeks (Fig. 2C). Interestingly, MIF also significantly induced total bone formation 210 

especially in the fracture gap at 2 weeks when compared to the corresponding ACS control, while in the 211 

other groups mineralized bone formation was more pronounced within the gap (Fig. 2C). Of note, we 212 

observed a higher cartilage content in the MIF and DFO group at 2 weeks as compared to the ACS control, 213 

while MIF/DFO exhibited similar amounts of cartilage. These differences were not present at 3 weeks, since 214 

animals with only ACS show a delayed endochondral ossification (between week 2 and 3; fig. S6C) (56). 215 

However, the complete bridging of the fracture gap with cartilage and mineralized bone was observed in 216 

50% of DFO and MIF/DFO mice additionally indicating an acceleration of the endochondral ossification 217 

process (fig. S7). Interestingly, bridging between cortices was more often observable in the MIF/DFO 218 

treated group (50%) (fig. S7). Finally, DFO and MIF/DFO led to a higher recruitment of osterix (Osx)+ 219 

osteoprogenitors/osteoblasts to the fracture gap at 2 weeks (Fig. 2D, E). In addition, Osx+ cells were more 220 

present at day 3 in the DFO group and day 7 in MIF group (fig. S6D). Taken together, these data suggest 221 
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that both DFO and MIF/DFO accelerated the endochondral ossification process during the fracture healing 222 

in our delayed healing mouse-osteotomy-model. 223 

 224 

Figure 2: Bone regeneration in a delayed healing model after single dose of MIF or/and DFO. (A) MicroCT 225 

quantification at 2 weeks and at 3 weeks post-osteotomy normalized to the median of the ACS group (indicated as 226 

dotted line = 1). Bone volume fraction = bone volume/callus volume. Representative 3D microCT reconstructions at 227 

week 3. (B) Representative images of Movat’s pentachrome staining for each group at week 2. yellow – mineralized 228 

bone/scaffold; green – cartilage; magenta – bone marrow. (C) Histomorphometry of Movat’s pentachrome staining 229 

using ImageJ. Data were normalized to the median of the ACS group (indicated as dotted line = 1). (D) Representative 230 

images of immunofluorescence staining of Osterix (Osx) and its quantification. White dotted lines indicate cortices. 231 

Schematic bone indicates alignment of images. Scale bars indicate 200µm. Data are shown as box plots with the 232 

median as horizontal line, interquartile range as boxes, minimum/maximum as whiskers and individual data points. 233 

Wilcoxon signed rank test was applied to determine difference against the ACS control group (hypothetical value = 1) 234 

and Kruskal Wallis test with Dunn’s multiple comparison test was used to compare groups. #P < 0.07; *P < 0.05. 235 
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Vessel formation is increased by HIF-stabilization     236 

 Revascularization is crucial for bone regeneration, tightly regulated by the microenvironment and 237 

appears in two waves at day 7 and day 21 (17, 57). CD31+ endothelial progenitors enter the fracture gap 238 

during the initial phase of fracture healing (until day 7) (57). DFO is known to strongly promote 239 

revascularization by the induction of vascular endothelial growth factor (VEGF) expression, a target gene 240 

of HIF-1α (34). Therefore, we analyzed the osteotomy site in our delayed healing model for the presence of 241 

CD31+ Emcn+ vessels. At week 2 and 3, we found significantly more CD31+ Emcn+ vessels in the fracture 242 

gap of the treatment groups compared to the ACS control group while cell invasion was more pronounced 243 

at week 2 and comparable to the ACS control group at week 3 (Fig. 3A-C). Pixel intensity analysis revealed 244 

elevated Emcn and CD31 expressions in the DFO and MIF/DFO group at week 2 indicating a higher 245 

appearance of CD31+ and Emcn+ cells and a higher vascular formation (Fig. 3D-F). Interestingly, MIF alone 246 

also induced the expression of CD31 in the fracture gap at week 2 compared to the ACS group (Fig. 3E). 247 

However, expression levels were comparable between all groups at week 3. When examining earlier 248 

timepoints (day 3 and 7), we observed a comparable appearance of CD31+ endothelial progenitors in all 249 

groups but the DFO group (fig. S8A). In the DFO group, we observed a reduced number of CD31+ 250 

endothelial progenitors at day 7, which was in line with the overall low cell number (DAPI) in the fracture 251 

gap during the early stage (fig. S8A). Moreover, immunofluorescence images indicated a pronounced 252 

invasion of CD31+ endothelial progenitors in the region adjacent to the fracture gap (fig. S8B). We conclude 253 

from our data that MIF, DFO as well as the combined MIF/DFO enhanced and accelerated revascularization 254 

to a considerably higher extent than the corresponding control group as seen at week 2 and 3.   255 
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 256 

Figure 3: Revascularization in a delayed healing model under MIF, DFO and MIF/DFO treatment. (A-C) 257 

Quantified CD31+Emcn+ stained areas (A) and cell numbers per area (C) normalized to the median of the ACS group 258 

(indicated as dotted line = 1) and (B) corresponding representative images for week 2 and 3 (N = 6-8). (D, E) Pixel 259 

based intensity analysis of Emcn (D) and CD31 (E) in the fracture gap normalized to the median of the ACS group 260 

(indicated as dotted line = 1) and (F) representative images of the combined staining for ACS and MIF/DFO at week 261 

2. (N = 6-8). White dotted lines indicate cortices. Schematic bone indicates alignment of images. Scale bars = 200µm. 262 

Data are shown as box plots with the median as horizontal line, interquartile range as boxes, minimum/maximum as 263 

whiskers and individual data points. Wilcoxon signed rank test was applied to determine difference against the ACS 264 

control group (hypothetical value = 1) and Kruskal Wallis test with Dunn’s multiple comparison test was used to 265 

compare groups. *P < 0.05; **P > 0.01. 266 

267 
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DFO and MIF/DFO lead to enhanced presence of macrophages and TRAP+ cells 268 

Macrophages are essential during fracture healing and we have previously reported the crosstalk 269 

between macrophages and vessel especially during the early phase (56, 57). Since the treatment with both 270 

DFO and MIF/DFO resulted in an enhanced and accelerated endochondral ossification (Fig. 2) and 271 

revascularization (Fig. 3), we further asked whether DFO and MIF/DFO contribute to an increased 272 

macrophage invasion. Therefore, we analyzed the osteotomy area for the presence of F4/80+ cells at 3 days, 273 

7 days, 2 weeks and 3 weeks post-surgery. We observed a higher appearance of these cells in the DFO group 274 

at day 3 indicating a faster recruitment to the fracture gap, while at day 7 the number was observably reduced 275 

as compared to day 3 and the corresponding control (ACS) (Fig. 4A, B). No differences were found between 276 

the other groups. Furthermore, we observed a more pronounced presence of tartrate-resistant acid 277 

phosphatase (TRAP)+ cells in the DFO and MIF/DFO group at week 2 than in the ACS group, which was 278 

significantly reduced in the MIF group at week 3 when compared to the ACS and DFO group (Fig. 4C, D). 279 

TRAP is a well-known marker of osteoclasts but can be also found on activated macrophages (58). In 280 

addition, quantifications of the scaffold area after 2 and 3 weeks indicated a significant reduction of the 281 

ACS in the osteotomy gap of both the DFO group (at week 2 and 3) and the MIF/DFO group (at week 2) 282 

(fig. S9).  283 

Together, these results suggest that both DFO and MIF/DFO promote recruitment of macrophages or 284 

local proliferation during the early phase (day 3) and a pronounced expression of TRAP (osteoclast 285 

differentiation) thereby supporting the bone regeneration process by providing the space for 286 

revascularization.   287 

 288 

 289 
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 290 

Figure 4: Presence of F4/80+ macrophages and TRAP+ cells within the fracture gap. (A) Quantified F4/80+ area in 291 

the gap after 3, 7 days and 2, 3 weeks normalized to the median of the ACS group (indicated as dotted line = 1; day 3, 292 

7: N = 3-4; week 2, 3: N = 6-8). (B) Representative images for DFO and MIF/DFO at day 3. White dotted lines 293 

indicate cortices. Schematic bone indicates alignment of images. (C) Quantification of TRAP+ area at week 2 and 3 294 

normalized to the median of the ACS group (indicated as dotted line = 1) and (D) representative images. Scale bars 295 

= 200µm. Data are shown as box plots with the median as horizontal line, interquartile range as boxes, 296 

minimum/maximum as whiskers and individual data points. Wilcoxon signed rank test was applied to determine 297 

difference against the ACS control group (hypothetical value = 1) and Kruskal Wallis test with Dunn’s multiple 298 

comparison test was used to compare groups. #P < 0.07; *P < 0.05.  299 

Polyglycerol sulfate-based hydrogels as a potential releasing system for DFO 300 

Our results provide evidence for a beneficial effect of DFO in fracture healing and in combination 301 

with MIF. In order to delineate a therapeutic option for fracture healing disorders based on HIF-stabilization 302 

for e.g. patients with a delayed healing potential due to immunological and/or angiogenic constraints (31, 303 

59), we evaluated the potential of an appropriate delivery/release system. Based on the observation that the 304 

fracture hematoma obtained from immune-suppressed patients revealed an upregulated inflammatory 305 

profile during the initial phase of fracture healing , we tested dendritic polyglycerol sulfate (dPGS)-based 306 

polyethylene glycol-dicyclooctyne (PEG-DIC) hydrogels, which have been developed to act anti-307 

inflammatory (31, 32, 60-62). In addition, we used non-sulfated dendritic polyglycerol (dPG)-based PEG-308 

DIC hydrogels as control and potential alternative. Release of DFO from dPG-based hydrogels was slower 309 
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compared to dPGS-based hydrogels over an observation span of 9 days (Fig. 5A). Supernatants from the 310 

release assay were transferred to HEK 293 cells, and protein was collected after 24h. Western blot analysis 311 

still indicated the functionality of the released DFO to stabilize HIF-1α (Fig. 5B). hMSCs were co-cultivated 312 

for 2 weeks with the DFO-loaded hydrogels and calcification was analyzed by Alizarin red staining (Fig. 313 

5C, D). Unexpectedly, dPGS-based hydrogels seemed to have an inhibitory effect on in vitro hMSC 314 

calcification independent of DFO loading. Thus, we concluded that the combination of DFO with dPG-315 

based hydrogels could be a beneficial approach regarding fracture healing. Moreover, a single dose 316 

application/injection proved to be a promising alternative.  317 

 318 

Figure 5: Release studies of DFO from a polyglycerol sulfate-based hydrogel (dPGS) and a polyglycerol-based 319 

hydrogel (dPG). (A) DFO release studies from the hydrogels measured over 9 days. Data is shown as mean ± SD (N 320 

= 6). Two-way ANOVA with Bonferroni posttest was performed to determine significant differences. ***P < 0.001. 321 

(B) Western blot for HIF-1α and β-actin from HEK 293 cells treated with supernatants from the release experiments. 322 

(C, D) Alizarin staining was performed to determine the effect of the hydrogels and the released DFO on hMSC 323 

calcification at 2 weeks. (N = 6-11). OM = osteogenic medium/control. Exemplary images of Alizarin red staining in 324 

24 well are displayed. Data are shown as box plots with the mean ± SEM and individual data points. Wilcoxon signed 325 

rank test was applied to determine difference against the OM control group (hypothetical value = 1) and Kruskal 326 

Wallis test with Dunn’s multiple comparison test was used to compare groups. *P < 0.05. 327 

328 
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Discussion  329 

Patients with fracture healing disorders often require further surgeries, experience substantial pain 330 

and suffer from prolonged functional impairments. While fracture healing is usually completed within 3 to 331 

4 months, non-unions are identified if healing does not succeed after 9 months (no radiological bridging of 332 

fragments is visible; (1, 2). Current treatment modalities of non-union include surgical revision, autologous 333 

bone grafting or local stimulation of healing by e.g. rhBMP-2 for local delivery into the fracture gap. 334 

However, several adverse effects have been reported with BMP-2 and thus clinical usage is strongly 335 

restricted (63). Preventive measures for patients potentially at risk do not yet exist. Therefore, strategies that 336 

would allow to treat patients with a probable lack in their healing capability early on would be highly 337 

desirable. Our single-center retrospective study identified specifically patients with dysregulation of the 338 

immune system (e.g. RA) or disturbed capacities in angiogenesis (e.g. smoking) as being at high risk to 339 

experience a non-union (Table 1), which is in agreement with other reports (6, 64). Induction of regenerative 340 

processes within the initial phase of fracture healing depends on an adequate cellular adaptation to the 341 

hypoxic microenvironment of the fracture gap (31). Therefore, we hypothesized that stabilization of HIF-342 

1α could be an effective approach for the prevention of fracture healing disorders. Based on a systematic 343 

literature review, we identified DFO as stimulatory factor in bone regeneration for both a variety of clinical 344 

bone healing settings (including mandibular defects and critical size defects) and across various species and 345 

models (mouse, rat, rabbit) (Table 2). In vitro, we could demonstrate the effect of a single-dose application 346 

of DFO alone and DFO in synergy with MIF to counteract a GC-induced inhibition of calcification during 347 

osteogenic differentiation of hMSCs. Finally, we could demonstrate in an in vivo proof-of-concept 348 

experiment that DFO alone or in synergy with MIF can prevent delayed bone healing in a locally impaired 349 

healing model that uses a bovine Col I scaffold in a mouse-osteotomy.  350 

Since GCs negatively affect bone metabolism, it is not surprising that GCs have also been reported 351 

to negatively affect bone healing (65). Although GCs are essential for osteogenic differentiation at low 352 

concentrations, high GC concentrations inhibit osteogenic differentiation and proliferation while favoring 353 

adipogenesis (66-71). Therefore, we selected the potent GC dexamethasone to effectively inhibit in vitro 354 
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calcification of hMSCs as an in vitro model for disturbed bone synthesis to test the ability of HIF–stabilizers 355 

to re-establish osteogenic differentiation within the present study (Fig. 1). Of note, beside its stabilizing 356 

effect on HIF-1α, DFO directly influences hMSC differentiation via beta-catenin signaling cascades (72). 357 

Interestingly, Cobalt(II) chloride, another HIF-stabilizer also increased osteogenic differentiation as 358 

recently reported (73). Nevertheless, the counteracting potential of DFO for GC-induced inhibition of 359 

osteogenic differentiation as shown in the present study, has not been reported, yet.  360 

However, the ability of MIF, the natural counter-regulator of GC action, to support hypoxia-mediated 361 

HIF-1α stabilization has been shown independently by two groups (33, 74). The in vitro findings presented 362 

here demonstrate that the impact of MIF alone is not sufficient to overcome the high-dose GC–mediated 363 

suppression of osteogenic differentiation. However, MIF – in combination with DFO – synergistically 364 

enhanced the counteracting potential of DFO on hMSC calcification (Fig. 1). Taken together, DFO and its 365 

combination with MIF re-established osteogenic-induced hMSC calcification in a high-dose GC in vitro 366 

model for disturbed bone synthesis. 367 

When analyzing HIF stabilizers/enhancers in an in vivo model of delayed healing using a mouse-368 

osteotomy-model, we clearly demonstrated that application of DFO alone or in combination with MIF 369 

enhanced mineralized callus formation after 14 and 21 days (Fig. 2). This is in line with several previous 370 

reports on DFO administered in rat- or mouse-osteotomy-models of Ossa irregularia (mandibula or 371 

zygomatic arch) and long bones (femur or tibia) (35-48, 50, 53, 54, 56, 75, 76). All studies showed a strong 372 

positive effect of DFO on bone and vessel formation although the application routes and concentrations 373 

differed. Most comparable to our present work are the studies of Wan et al. and Yao et al. using the mouse-374 

osteotomy-model with medullary pin fixation, but with day-wise repeated local injections of 200 µM DFO 375 

(35, 77). In the study presented here, our hypothesis was that a single dose of DFO alone or in combination 376 

with MIF is sufficient to accelerate bone formation. Indeed, we could verify our hypothesis by providing 377 

evidence for the enhanced mineralized bone formation at later time points (14 and 21 days; Fig. 2). Although 378 

the combination with MIF was supposed to further enhance the DFO-mediated enhancement of callus 379 

mineralization and bone formation, we assume that the DFO effect alone is strong enough and, therefore, 380 
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masks the potential additional effect of MIF. However, comparing the histomorphometric results on 381 

mineralized bone formation endosteal or intracortical, MIF alone and in combination with DFO showed 382 

significantly more mineralized bone in the endosteal compartment after 14 days (Fig. 2) indicating a pivotal 383 

role for MIF alone during fracture healing. Ondara et al. described higher expression levels of MIF during 384 

the fracture healing process, which has been also described in other regenerative processes such as wound 385 

healing (78, 79). MIF deficient mice showed impaired fracture healing caused by a reduced number of 386 

osteoclasts and increased osteoid production (80). In our hands, MIF, DFO and MIF/DFO strongly enhanced 387 

revascularization much faster than in the control group as shown by the ingrowth of CD31hi Emcnhi ECs into 388 

the osteotomy gap (week 2 vs. 3; Fig. 3). Kusumbe et al. described these cells to be part of a bone tissue 389 

specific vessel subtype linking angiogenesis and bone formation via Notch and HIF-1 α signaling and 390 

located the CD31hi Emcnhi ECs to the bone surfaces and into the growth plate (81, 82). Moreover, stabilizing 391 

HIF by hypoxia or DFO leads to an induction of VEGF expression in different cell types being the major 392 

driver of vascularization also during fracture healing (37, 52, 76).  393 

In addition, we observed an accelerated recruitment of macrophages and osteoclast activity based on 394 

TRAP activity in the DFO and MIF/DFO group (Fig. 4). DFO strongly supported resorption of biomaterial 395 

by enhancing osteoclast activity (75), while MIF is well-known to promote osteoclastogenesis by interacting 396 

with the RANKL pathway (80, 83-85). Furthermore, macrophages play a pivotal role during the whole 397 

fracture healing process. Most importantly they promote vascularization and angiogenesis by degrading 398 

ECM, which supports the release of angiogenic factors (86, 87). Very recently, we have demonstrated the 399 

close interconnection between macrophages and vessel formation during fracture healing (57). 400 

Finally, we propose dPG as a release system to apply DFO, which may not interfere with the healing 401 

process. The advantage of synthetic, biodegradable hydrogels such as dPG is the possibility to adjust the 402 

properties of the hydrogel to the specific requirements of the fracture gap. We found that the combination 403 

of DFO with dPG could be a promising approach (Fig. 5). However, further studies are needed to optimize 404 

the delivery system by further modifications (88). Until today, no appropriate delivery system has been 405 

approved clinically.  406 
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In summary, our data provides convinving evidence on the potential of DFO to accelerate bone 407 

healing by enhancing mineralization and vessel formation. In addition, MIF alone used at a concentration 408 

of 100 ng/ml rather showed inhibitory properties in the regeneration process. The additional effect of MIF 409 

on top of the DFO effect was only seen for a few outcomes – e.g. vessel formation. Therefore, it can be 410 

supposed that MIF acts concentration-dependent, and further studies on the dosage finding are needed. Here, 411 

we showed that the combination of HIF-stabilizers can counteract delayed fracture healing. DFO is 412 

approved by the FDA, commercially available (e.g. Desferal® by Novartis AG) and listed on World Health 413 

Organization's List of Essential Medicines. We consider DFO as suitable for rapid clinical translation to 414 

improve fracture healing and to be used as preventive strategy to avoid bone healing disorders in patients at 415 

high risk (e.g. RA and smoking). Therefore, we are currently striving to start a multi-centric confirmatory 416 

study with the long-term goal of clinical translation.  417 

Limitations 418 

In the present study, hMSCs were isolated via migration from the bone marrow although normal 419 

protocols recommend density gradient centrifugation. We see increased cell numbers that can be an 420 

indication for higher heterogeneity in the following cell culture, which can influence the experimental 421 

outcomes. Density gradient centrifugation also has disadvantages such as the loss of smaller cell populations 422 

including high proliferative hMSCs. Moreover, there are varying protocols for density gradient 423 

centrifugation provided in the literature which does not guarantee reproducibility (89). Furthermore, there 424 

is strong evidence in the literature that freshly isolated hMSCs differ from isolated and cultivated hMSCs 425 

in their transcriptome and secretome indicating that conclusion from in vitro studies should be translated 426 

carefully towards in vivo assumptions (90). In the present study, the in vitro studies were rather used as a 427 

tool to get insights for further in vivo studies than investigating specific pathways.  428 

For the in vitro studies on DFO/MIF in our GC-induced delayed calcification assay, all hMSCs were 429 

expanded and cultivated in monolayer under normoxic condition which does not parallel the normal bone 430 

marrow niche, particularly 3D and hypoxia (91, 92). Moreover, a heterogenic population of hMSCs was 431 

used for the assays while distinct subpopulations can be influenced differently by the treatments (93). In 432 
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addition, high dexamethasone concentrations were required to mimic significant inhibitory effects of GCs 433 

in vitro. Those concentrations do not resemble clinically used dosages.  434 

Additionally, it should be taken into account that the present study was conducted in mice, and the 435 

interpolation to the human is limited. In general, in orthopedic research rodents as well as large animal 436 

models are most commonly used. Mice are favored for basic research questions due to the possibility of 437 

genetical modifications. In contrast, sheep or pigs are preferred for translational approaches, and rats are 438 

more often used for pharmacological interventions and toxicological studies. Most animal species show 439 

slight analogies to the human bone macro- and microstructure. Main differences between mice and humans 440 

comprise permanent opening of the growth plate in the epiphyses of long bones leading to a lifelong skeletal 441 

modeling, the lack of a Haversian system and low cancellous bone content at the epiphyses of long bones 442 

(94, 95). Here, a mouse-osteotomy-model was used which does not completely heal within a time period of 443 

21 days (osteotomy gap 0.7 mm) in the control group. Thus, an improvement in the healing process can be 444 

seen in treated groups. This model only works in female mice since the bone healing process is slower in 445 

females than in males (96). However, it is not always possible to determine the exact time frames for every 446 

phase during the fracture healing process which makes the interpretation much more complex and might 447 

impact especially small differences. This might be a reason why the proposed beneficial effect of MIF is 448 

not visible indicating a more technical and methodical challenge rather than a biological non-function.  449 

450 
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Materials and Methods 451 

Single-center retrospective study 452 

In cooperation with the Center for Musculoskeletal Surgery, Charité-Universitätsmedizin Berlin, 453 

patient files from patients who were once stationary treated in the hospital during 2012 were screened for 454 

ICD-10 classifications M 84.0 (malunion of fracture), M 84.1 (nonunion of fracture) or M 84.2 (delayed 455 

union of fracture). Impairment was confirmed by x-rays and patient information as well as patient’s history. 456 

Ethical approval for the search algorithm and evaluation sheet was provided by the local ethics committee 457 

(EA1/349/13). Due to the retrospective character and anonymization, no consent by the included patients 458 

was needed. The selected patient files were additionally reviewed by orthopedic experts before inclusion in 459 

the study. Therefore, x-rays and patient information as well as history were re-analyzed in detail. Exclusion 460 

criteria were age < 18 years, open fractures and metastases close to the fracture location. Collected data 461 

included age, sex, birthday, body height and weight, and fracture related patient’s history including cause, 462 

treatment location and complications. In addition, information on lifestyle (e.g. alcoholism, smoking), 463 

comorbidities and medications were gathered. The BMI was calculated based on body height and weight. 464 

For statistical analysis, the modelling was performed based on univariable and multivariable logistic 465 

regression using SPSS V. 22. The first model was built to determine the potential influence of each variable 466 

on the fracture healing outcome. The second model served to identify potential confounding factors and 467 

verify the independent contribution of variables to the fracture healing outcome.  468 

Systematic literature review 469 

For the systematic literature review the following search terms were used for a Pubmed based search: 470 

(“deferoxamine”[Tiab] OR “DFO”[Tiab] OR “DFX” [Tiab] OR “PHD inhibitor”[Tiab]) AND 471 

(“fracture”[Tiab] OR “fracture healing”[Tiab] OR “bone healing”[Tiab] OR “bone regeneration”[Tiab] OR 472 

“bone formation”[Tiab] OR “osteotomy”[Tiab]) - Filters activated: Publication date to 2019/02/28. Google 473 

scholar was searched in addition with the terms: deferoxamine, bone healing, fracture. The detailed search 474 

strategy is comprehensively explained in figure S2 following the PRISMA guidelines and recommendations 475 

from Syrf and Syrcle.  476 
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Study design – In vitro and in vivo studies 477 

The overall hypothesis of the study was that the local application of MIF/DFO in long bone fractures 478 

enhances new bone formation (osteoinduction) and can be used to accelerate fracture healing for the 479 

treatment and prevention of fracture healing disorders. For the in vitro studies, the endpoints were previously 480 

defined by hMSC calcification (Alizarin red staining). For the in vivo study the primary endpoint was the 481 

bone formation rate (bone volume/total volume) as measured via ex vivo µCT after 2 weeks. Additional 482 

endpoints were defined by histomorphometry. Four time points were determined for additional endpoint 483 

measurements. The healing outcome was investigated via ex vivo µCT and histology at day 14 and 21. Two 484 

operated animals were excluded due to infection in the osteotomy gap and one animal was partially excluded 485 

(only included for ex vivo µCT) due to an oblique fixation. 486 

In vitro studies using hMSCs were performed as proof of concept and possibility to determine an 487 

adequate concentration of DFO/MIF to be used in vivo. hMSCs were used from 4 to 6 different donors 488 

(biological replicates) in at least triplicates per experiment and condition (technical replicates). Data was 489 

only excluded if donors failed to differentiate as indicated by a positive control that was carried out on every 490 

plate. Only hMSCs that passed characterization were used. Calcification was measured via Alizarin red 491 

staining as selected prospectively.  492 

 For the in vivo study, power analysis was performed prior to animal tests (nQuery) to determine the 493 

animal number with the results to use a minimum of 6 animals to attain worthwhile results and was provided 494 

in detail with the animal experiment application. All analyses were performed blinded for the experimenter 495 

by randomly numbering the animals. Animals were randomized for pairs and treatment groups, although 496 

animals in one cage were treated with the same substances.  497 

hMSC cultivation and calcification assay 498 

Bone marrow was collected from patients undergoing total hip replacement at the Center for 499 

Musculoskeletal Surgery, Charité-Universitätsmedizin Berlin. Samples were registered and distributed by 500 

the “Tissue Harvesting” Core Facility of the Berlin Institute of Health Center for Regenerative Therapies 501 

(BCRT) (table S3). Written consents were gathered from all patients. All protocols were approved by the 502 
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local ethics committee (EA1/012/13) and performed according to the Helsinki Declaration. hMSC isolation, 503 

expansion and full characterization (FACS, differentiation) was performed as described previously (56, 97). 504 

Expansion was done with DMEM plus GlutaMAX (Thermo Fischer Scientific), 10% FCS (PAA 505 

Laboratories), 1% Penicillin-Streptomycin (Thermo Fischer Scientific) at 37°C in 5% CO2 atmosphere (app. 506 

18% O2). Cells were used within passage 4-7. For the calcification assay, hMSCs were transferred to a 96-507 

well plate with a density of 1x104 cells/well, cultivated for 24 h and treated with osteogenic medium (OM) 508 

consisting of DMEM, 10% FCS, 1% Penicillin-Streptomycin, 10 mM β-glycerophosphate, 10-8 M 509 

dexamethasone water-soluble and 0.1 mM L-ascorbic acid-2-phosphate (Sigma Aldrich). Dexamethasone, 510 

Deferoxamine mesylate salt (DFO; Sigma Aldrich) and MIF (lab own production) were supplemented in 511 

different concentrations to the medium. Medium was changed weekly. For the release studies OsteoDiff 512 

(Miltenyi Biotech) was used supplemented with 1% Penicillin-Streptomycin. For Alizarin red staining cells 513 

were fixed with 4% formaldehyde (15 min RT; Carl Roth), washed twice with PBS and stained with 0.5 % 514 

Alizarin Red (Sigma Aldrich) in H2Odest (pH 4) for 10 min at RT followed by 4 washing steps with H2Odest 515 

and application of 10% cetylpyridinium chloride solution (AppliChem) for 30 min at RT. Supernatants were 516 

transferred to a new 96 well plate and measured with a Synergy HT plate reader (BioTek Instruments) at a 517 

wavelength of 562 nm (reference wavelength 630 nm) for quantification.  518 

Animals, housing and osteotomy 519 

Female C57BL/6N mice (12 weeks; body weight 20 – 25 g; Charles River Laboratories) were housed 520 

in the Charité animal facility (FEM; semi-sterile - outside the SPF barrier) in pairs in Euro standard Type II 521 

clear-transparent plastic cages and kept under obligatory hygiene standards monitored according to the 522 

FELASA standards. Nesting material was provided in sufficient amount while pipes and houses were 523 

withdrawn after osteotomy to avoid possible entanglement with the used external fixator. Food and water 524 

were available ad libitum and the temperature was (20 ± 2 °C) controlled with a 12 h light/dark period and 525 

a humidity of 45-50%.  526 
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All experiments were carried out with ethical permission according to the policies and principles 527 

established by the Animal Welfare Act, the National Institutes of Health Guide for Care and Use of 528 

Laboratory Animals, and the National Animal Welfare Guidelines, the ARRIVE guidelines and were 529 

approved by the local legal representative animal rights protection authorities (Landesamt für Gesundheit 530 

und Soziales Berlin: G 0111/13, 0039/16). Pain management and osteotomy were performed as described 531 

in detail previously (56, 57, 98, 99). In short, for analgesia a buprenorphine injection (0.1 mg/kg; Temgesic, 532 

RB Pharmaceuticals Limited) s.c. was given prior to the surgery and Tramadol (0.1 mg/ml; Drops, 533 

Grünenthal GmbH) was applied with the drinking water for the first 3 post-operative days. Anesthesia was 534 

conducted with isoflurane and O2 supplementation and mice were prepared with eye ointment (Bayer 535 

Pharma AG) and clindamycin s.c. (0.02 ml; Ratiopharm GmbH). Osteotomy with an external fixator 536 

(MouseExFix, RISystem) was performed at the left femur creating a 0.70 mm osteotomy gap with a Gigli 537 

wire saw. The osteotomy gap was filled with PBS-soaked ACS (control; Lyostypt, B. Braun) or MIF and/or 538 

DFO solved in PBS applied on the ACS (treatment groups; 100 ng/ml and/or 250 µM, respectively) (56, 539 

98). After skin closure, mice received warmed NaCl (0.2 ml) s.c returned to their cages with a prepared nest 540 

and an infrared radiator. Animals were euthanized via cervical dislocation after 3, 7, 14 and 21 days in deep 541 

anesthesia (no deep pain perception) after intracardial blood collection. Osteotomized femora were collected 542 

and either fixed with 4% paraformaldehyde (PFA; Electron Microscopy Sciences) for 6-8 h at 4°C.  543 

Ex vivo micro computed tomography (µCT)  544 

PFA-fixed femora were treated with an ascending sucrose solution (10%, 20%, 30%) for 24 h, 545 

respectively at 4°C. Scanning of 191 slices was performed after removal of the pins and external fixator 546 

with an isotropic voxel size of 10.5 μm (70 KVp, 114 μA; SCANCO µCT Viva 40), aligned scan axis along 547 

the diaphyseal axis of the femora and 3D reconstruction and analyses were performed using the provided 548 

software package as described previously and applying a fixed global threshold of 240 mg HA/cm3 for the 549 

automatic 3D callus tissue analysis (56, 98). Nomenclature and analysis were conducted in accordance with 550 

published recommendations (100).  551 
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Histology and immunofluorescence  552 

After µCT scanning, femora were cryo-embedded without decalcification according to the Kawamoto 553 

et al. method (101). For Movat’s pentachrome staining slices (7 µm) were air dried for 30 min, fixed with 554 

4 % PFA for 10 min and washed with H2Odest for 5 min. The staining procedure was conducted using a 555 

protocol already been published (56, 102). The staining results allowed to distinguish between different 556 

tissues: mineralized bone or mineralized cartilage appear yellow, hyaline cartilage green, cytoplasm reddish, 557 

cell nuclei blue-black and the surrounding muscles are colored in reddish. When combined with Von Kossa 558 

staining – the following staining steps were conducted before the Movat’s pentachrome staining: 3% (w/v) 559 

silver nitrate solution (10 min), washing step with H2Odest, sodium carbonate formaldehyde solution (2 min), 560 

washing step with tap water, 5% (w/v) sodium thiosulphate solution (5 min), washing step with tap water 561 

and H2Odest. Images were taken with a light microscope (Leica) in a 2.5x magnification and the program 562 

Axiovision (Carl Zeiss Microscopy). The Acid Phosphatase, Leukocyte (TRAP) Kit (Sigma Aldrich) was 563 

used to stain for TRAP. Manufacturer’s instructions were followed, and pictures were taken with a light 564 

microscope (Leica).  565 

For immunofluorescence staining the following primary antibodies: CD31/PECAM-1 (goat 566 

polyclonal unconjugated, AF2628, R&D Systems, 1:100), Emcn (V.7C7 unconjugated, sc-65495, 1:100), 567 

F4/80 (Cl:A3-1 unconjugated, MCA497G, 1:400), Osx (rabbit polyclonal, sc-22536-R, 1:200) and 568 

secondary antibodies (all Thermo Fischer Scientific; 1:500): anti-rat conjugated AF594 (A21209), anti-569 

rabbit conjugated AF488 (A21206), anti-rat conjugated AF647 (A21247), anti-goat conjugated AF647 570 

(A21447) or anti-goat A568 (A11057) were used. Staining procedure was performed in a wet section as 571 

published earlier (56, 57). Pictures were taken with a fluorescence microscope BZ 9000 (Keyence). Image 572 

analysis was performed with ImageJ (56, 57, 98). 573 

DFO release assay 574 

In order to measure the DFO concentration in the supernatant we established the method described 575 

by Fielding and Brunström 1964 (103). The method is based on the ability of DFO to bind iron and therefore 576 
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reduces ferric chloride (Fe3+) to ferrioxamine (red-brown compound). Measurements were taken including 577 

all components (citric acid and Na2HPO4) and a ferric chloride concentration of 1.5 mg/100 ml at a 578 

wavelength of 450 nm (Synergy HT plate reader, BioTek Instruments). Release kinetic experiments were 579 

performed in PBS. Hydrogel formation was performed as described in detail before (104). 100 µl of 20% 580 

dPG or dPGS were mixed with 10.000 µM DFO and polymerized for 1h at 37°C. For release kinetic and 581 

transfer assay 200 µl PBS were added and supernatants were collected every 24h. For transfer assay to HEK 582 

293 cells supernatant was collected after 24h and mixed with normal expansion medium (1:10). HEK 293 583 

were treated for 24h before collecting protein and performing HIF-1α western blot as described before (105). 584 

For co-cultivation with hMSCs, hydrogels were polymerized in 24-well transwell inserts (Sarstedt; 585 

polyethylene terephthalate membrane with 8 µm pore size). After polymerization, hydrogels were treated 586 

for 12h with osteogenic medium at 37°C for equilibration and transferred to a 24-well plate seeded with 587 

hMSCs. Co-cultivation was performed for 14 days with supplementation of osteogenic medium. Alizarin 588 

red staining was used to visualize calcification of hMSCs.  589 

Statistical analysis 590 

Statistical analysis was carried out with GraphPad Prism V.8 software. All values from in vitro assays 591 

were expressed as the mean ± SD or SEM when measured in > duplicates and all values from animal 592 

experiments are depicted as median ± ranges (box and whiskers plot with individual data points). Kruskal 593 

Wallis test with Dunn’s multiple comparison test and Wilcoxon-signed rank test were applied in case of 594 

lack of Gaussian distribution that was tested before via Kolmogorov-Smirnov test. A p-value <0.05 was 595 

considered as statistically significant. In some cases, statistical trends are indicated with a hashtag (#) when 596 

biologically relevant.  597 

  598 
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Supplementary Materials 924 

 925 

1. Retrospective study - Detailed information and additional data 926 

 927 

 928 

Figure S6: Search strategy of the retrospective study including inclusion and exclusion criteria.  929 

 930 

 Table S1: Detailed characterization of the 79 included cases. 931 

 Total number in % 

ICD-10 classification   

M 84.0 12 15.2 

M 84.1 61 77.2 

M 84.2 6 7.6 

Fracture localisation   

Humerus 15 19.0 

Radius, ulna 12 15.2 

Femur 20 25.3 

Tibia, fibula 11 13.9 

Clavicle 7 8.9 

Scaphoid 5 6.3 

Vertebrae 4 5.1 

Os sacrum 1 1.3 

Patella 1 1.3 

Metatarsal 3 3.8 
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Table S2: Descriptive analysis. 933 

 Controls in % Cases in % 

Age   

18 - 39 26.2 30.4 

40 - 59 36.9 34.2 

> 60 36.9 35.4 

Gender   

male 44.9 53.2 

female 55.1 46.8 

BMI   

< 20 9.9 6.5 

20 - 25 40.7 41.6 

> 25 49.4 51.9 

Alcohol abuse   

no 85.6 97.3 

yes 14.4 2.7 

Smoking   

no 71.9 62.2 

yes 28.1 37.8 

Glucocorticoids   

no 97.3 93.7 

continuously 1.6 6.3 

temporarly 1.1 0 

NSAIDs   

no 84.5 86.1 

continuously 2.7 7.6 

ASS-100 mg 12.8 6.3 

Rheumatoid Arthritis   

no 99.5 93.7 

yes 0.5 6.3 

Osteoporosis   

no 90.8 89.9 

yes 9.5 10.1 

Arterial Hypertension   

no 66.5 57.0 

yes 33.5 43.0 

Diabetes Type 2   

no 88.1 88.6 

yes 11.9 11.4 

 934 
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2. Systematic literature review – Search strategy 936 

 937 

 938 

Figure S7: Search strategy of the systematic literature review in accordance with the PRISMA 939 

guidelines and recommendations from Syrf and Syrcle.  940 
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 942 

Figure S8: Flow diagram of the systematic literature review resulting in the inclusion of 20 studies. 943 

  944 

3. In vitro and in vivo studies – Additional data 945 

 946 

 947 

Figure S9: In vitro model pre-testing. Determination of the conditions and testing period of the 948 

calcification assay for further titration experiments under normoxic conditions (N = 4-6; > triplicates).  Bar 949 

graphs show mean ± SEM and individual data points.    950 
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 952 

Figure S10: Titration of different MIF and DFO concentrations alone (A, B) and in combination (C). 953 

hMSCs were cultivated under normoxia for 4 weeks with addition of osteogenic medium (OM). OD values 954 

gained after Alizarin red staining were normalized to Dex 10-3 M (N = 4-6; > triplicates). Bar graphs show 955 

mean ± SEM and individual data points. One sample t-test was used to determine statistical significance 956 

towards the hypothetical value of 1. p-values are indicated with #P < 0.07; *P < 0.05. 957 
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 958 

Figure S11: Bone regeneration in a delayed healing model after single dose of MIF or/and DFO – 959 

additional data. (A) MicroCT quantification of total volume and bone volume at 2 weeks and at 3 weeks 960 

post-osteotomy normalized to the median of the ACS group (indicated as dotted line = 1). (B) Representative 961 

images of Movat’s pentachrome staining for each treatment group. yellow- mineralized bone/scaffold; 962 

green – cartilage; magenta – bone marrow. Representative images for #MIF/DFO, 3 weeks of von Kossa 963 

combined with Movat’s pentachrome staining to show the distinction between mineralized bone and 964 

residual scaffold. (C) Histomorphometry of Movat’s pentachrome staining using ImageJ. Data were 965 

normalized to the median of the ACS group (indicated as dotted line = 1). (D) Quantification of Osx staining 966 

at 3, 7 days and 3 weeks. Data are shown as box plots with the median as horizontal line, interquartile 967 

range as boxes, minimum/maximum as whiskers and individual data points. Wilcoxon signed rank test was 968 

applied to determine difference against the ACS control group (hypothetical value = 1) and Kruskal Wallis 969 

test with Dunn’s multiple comparison test was used to compare groups. #P < 0.07; *P < 0.05. 970 
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 972 

Figure S12: Results of two qualitative scores that were performed with all slides (Movat’s pentachrome 973 

staining) by 3 independent experimenters. Score criteria are specified in the graphs. Mean score I focused 974 

in the intracortical area indicating a bridging between the cortices. Mean score II focus in the filling of the 975 

fracture gap/ bone marrow area between cortices. The qualitative score was aimed to underline subjective 976 

findings and the quantification via histomorphometry. 977 

 978 

 979 

 980 

Figure S13: Revascularization in a delayed healing model under MIF, DFO and MIF/DFO treatment – 981 

additional data. (A) Quantification CD31+ stained areas and cell numbers per area normalized to the 982 

median of the ACS group (indicated as dotted line = 1) and (B) corresponding representative images for 983 

day 3 and 7 (N = 3-4). White dotted lines indicate cortices. Schematic bone indicates alignment of images. 984 

Scale bars = 200µm. Data are shown as box plots with the median as horizontal line, interquartile range 985 

as boxes, minimum/maximum as whiskers and individual data points. Wilcoxon signed rank test was applied 986 

to determine difference against the ACS control group (hypothetical value = 1) and Kruskal Wallis test with 987 

Dunn’s multiple comparison test was used to compare groups. 988 

 989 
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 991 

Figure S14: Presence of F4/80+ macrophages and TRAP+ cells within the fracture gap – additional data. 992 

(A) Quantified total scaffold areas and (B) in the gap after 2 and 3 weeks normalized to the median of the 993 

ACS group (indicated as dotted line = 1). (N = 6-8). Data are shown as box plots with the median as 994 

horizontal line, interquartile range as boxes, minimum/maximum as whiskers and individual data points. 995 

Wilcoxon signed rank test was applied to determine difference against the ACS control group (hypothetical 996 

value = 1) and Kruskal Wallis test with Dunn’s multiple comparison test was used to compare groups. *P 997 

< 0.05.  998 

 999 

Table S3: List of hMSCs that were used in the study. 1000 

 1001 

 1002 

 1003 

Donor Age Gender Cultivation condition Characterization Experiments 

1 52 female 

Expansion in normal medium:  

DMEM plus GlutaMAX, 10% FCS, 

1% Penicillin-Streptomycin 

 

Osteogenic medium:  

DMEM plus GlutaMAX, 10% FCS, 

1% Penicillin-Streptomycin, 

 10 mM β-glycerophosphate, 

10-8 M dexamethasone, 0.1 mM L-

ascorbic acid-2-phosphate + plastic adherent 

+ osteogenic/adipogenic 

differentiation 

+ CD13, CD44, CD90, CD105 

- CD45, CD14, CD19 

 

MIF/DFO titration 

2 77 female 

3 70 female 

4 76 male 

5 73 female 

6 69 female 

7 48 male 

8 75 female 

9 82 male 

10 56 female 

11 66 male 

12 69 female 

Expansion in normal medium:  

DMEM plus GlutaMAX, 20% 

StemMACS, 10% (v/v) FCS, 1% 

Penicillin-Streptomycin  

 

Osteogenic medium:  

StemMACS OsteoDiff Medium, % 

Penicillin-Streptomycin 

 

DFO release experiments 

13 57 male 

14 84 female 

15 65 male 

16 71  female 

17 75 female 

19 78 male 

20 61 female 

21 63 male 

22 77  male 

23 63 male 
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