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Abstract: Bone fracture healing is an overly complex process in which inflammation, osteogenesis,
and angiogenesis are tightly coupled, and delayed fracture repair is a very common health risk. One
of the major causes of delayed healing is the formation of insufficient vasculature. Precise regulation
of blood vessels in bone and their interplay with especially osteogenic processes has become an
emerging topic within the last years; nevertheless, regulation of angiogenesis in (early) diseased
fracture repair is still widely unknown. Here, we aim to develop an in vitro model for the analysis of
early fracture healing which also enables the analysis of angiogenesis as a main influencing factor.
As smoking is one of the main risk factors for bone fractures and developing a delay in healing,
we model smoking and non-smoking conditions in vitro to analyze diverging reactions. Human
in vitro fracture hematomas mimicking smokers’ and non-smokers’ hematomas were produced and
analyzed regarding cell viability, inflammation, osteogenic and chondrogenic differentiation, and
angiogenic potential. We could show that smokers’ blood hematomas were viable and comparable to
non-smokers. Smokers’ hematomas showed an increase in inflammation and a decrease in osteogenic
and chondrogenic differentiation potential. When analyzing angiogenesis, we could show that
the smokers’ hematomas secrete factors that drastically reduced HUVEC proliferation and tube
formation. With an angiogenesis array and gene expression analysis, we could identify the main
influencing factors: Anpgt1/2, Tie2, and VEGFR2/3. In conclusion, our model is suitable to mimic
smoking conditions in vitro showing that smoking negatively impacts early vascularization of newly
formed tissue.

Keywords: Trauma; bone; fracture repair; smoking; tissue engineering; in vitro; angiogenesis

1. Introduction

Delayed fracture healing is one of the main causes of prolonged hospital stays. It is a
burden for the patient and additionally produces large costs for the health care system [1].
Between 10 and 20% of all long bone fractures show impaired healing or even result
in fracture non-unions. Impaired healing is often associated with the patient’s aberrant
inflammatory status, e.g., caused by smoking, type II diabetes, or medication. Additional
known risk factors are age, gender, or excessive alcohol consumption [2,3]. Smoking is
still one of the main risk factors, and even though negative health risks of smoking are
widely known, it is still a widespread habit in the population [4]. Even in 2020, one in four
Germans aged 15 and older consumed cigarettes on a daily basis (OCED average 16.5%) [5].
Smoking patients not only show higher rates of fracture non-unions and complications, but
also an increased risk of fracture due to lower bone mass [6,7].

Intact vasculature is mandatory for physiological tissue homeostasis by transporting
oxygen, nutrients, and metabolic waste products [8]. The fracturing of the bone leads to
the rupture of the neighboring blood vessels and subsequently the formation of a fracture
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hematoma within the fracture gap. The rupture of the vessels leads to a sudden separa-
tion from the oxygen supply and subsequently a hypoxic environment. Proper fracture
hematoma formation has been reported to be essential for successful bone healing [9].
Primarily, the hematoma leads to a stabilization of the fracture ends [7,8]. However, its
major task is the orchestration of the inflammatory phase of healing, in which the ordered
secretion of proinflammatory cytokines (amongst others, Interleukin (IL)-1β, IL-8, IL-6,
Tumor Necrosis Factor-alpha (TNF-α), C-C motif chemokine ligand 2 (CCL2)) and growth
factors (including Transforming growth factor-beta (TGF-β), Platelet-derived growth factor
(PDGF), Fibroblast growth factor (FGF), Insulin-like growth factor 1 (IGF-I)) by various
resident and invading cells leads to recruitment of first inflammatory and immune cells
followed by mesenchymal stem or osteoprogenitor cells and endothelial (progenitor) cells
to the site of fracture [10]. Revascularization of the newly formed callus is extremely impor-
tant for the ongoing healing process, and insufficient vasculature of the fracture callus is
a major cause for non-unions [11]. Hematomas have been shown to develop angiogenic
as well as osteogenic potential within 3 to 4 days, which can partially be attributed to
the specificity of the fracture microenvironment [12]. During the inflammatory phase,
detailed information about angiogenesis in bone fracture repair is still limited. Several
studies have shown the importance of growth factors of different families such as the
VEGF, FGFs, Angiopoietins, or BMPs, whereas VEGF is by far the best-studied one and of
eminent relevance [13,14]. The growth factor is essential during normal fracture repair by
stimulating endothelial cells to form new vessels, and by assisting in the communication
between the endothelium and the bone [15]. Within the fracture gap, the drop in oxygen
initiates HIF-1α-guided VEGF production, mainly by invading macrophages and adjacent
hypertrophic chondrocytes [16,17].

Treatment to avoid a delay in fracture repair usually combines mechanical stabilization
and biological stimulation using cellular bone matrices, mainly focusing on promoting
osteogenesis. More advanced matrices are also designed to deliver growth factors such as
recombinant human BMP-2, PDGF-BB, or VEGF to the site of fracture. Nevertheless, these
matrices are still not broadly used for therapy [18].

Within this study, we want to analyze the effect of smoking on early fracture repair
in vitro, as it is one of the main risk factors for the development of fracture healing disor-
ders. Cigarette smoke consumption not only interferes with the inflammatory status by,
for instance, increasing oxidative stress and altered cytokine secretion, but also influences
bone metabolism via toxic components of the smoke, oxygenation, altered hormone status,
etc. [6,19]. The vascular system is also severely affected by smoke and smoking is the most
important modifiable risk factor for the development of cardiovascular diseases [20]. Smok-
ing increases oxidative stress in endothelial cells, platelet aggregation, and arteriosclerosis
and reduces the amount of bioavailable nitric oxide, which is associated with a reduction
in the flow-mediated dilation of the vessels [21].

For our analysis, we modified an in vitro fracture hematoma model [22,23] to dis-
play smoking and non-smoking early fracture repair with additional consideration of the
vascular system. We investigated whether our model can be used to recreate previously
published results on the inflammatory status and osteogenic/chondrogenic differentiation
of MSCs in smokers as a more complex representation of early fracture repair. As a manda-
tory contributor to appropriate healing, we further identified if and how angiogenic stimuli
and angiogenesis in smokers are altered. Therefore, smokers’ and non-smokers’ in vitro
hematomas were produced and compared regarding viability, inflammation, osteogenic
potential, and angiogenesis.

2. Materials and Methods
2.1. Culture of SCP-1 Cells

Human immortalized bone marrow-derived mesenchymal stem cell (hB-MSCs) line
SCP-1 was obtained from Prof. Schieker. SCP-1 cells were immortalized by hTERT lentiviral
gene transfer, which prevented senescence by maintaining all essential functions including



Bioengineering 2022, 9, 186 3 of 19

the differentiation ability [24]. A transduced MSC cell line was used in these experiments to
increase comparability and due to the high demand of cells. Cells were cultured in Minimal
Essential Medium Alpha (MEM-α, HiMedia Laboratories, Mumbai, India) containing 5%
Fetal calf serum (FCS, Thermo Scientific, Waltham, MA, USA). The medium was changed
every 3 to 4 days. Cells were subcultured when reaching confluency. For experiments, cells
were used in passages between 4 and 15.

2.2. Preparation of In Vitro Hematomas and Culture

Hematomas were produced following Pfeiffenberger et al. 2019 [22]. Therefore, a
1 × 106 cells/mL cell suspension of SCP-1 cells in clotting medium (MEM-α containing
5% FCS, 1% Penicillin/Streptomycin (P/S, Thermo Scientific, Waltham, MA, USA), 10 mM
calcium chloride (Carl Roth, Karlsruhe, Germany)) was mixed in a 1:1 ratio (120 µL total
volume) with human peripheral blood. Blood was drawn max. At 2 h prior to clot for-
mation and from healthy male volunteers using EDTA monovettes. Both smokers’ and
non-smokers’ blood was drawn from healthy (no secondary disease, healthy BMI) male
volunteers. Smokers were on average 33 years old, non-smokers 31. The mixture was
allowed to coagulate for 1 h at 37 ◦C, humidified atmosphere, 5% CO2. Then, formed clots
were transferred to fresh 96-well plates, and 100 µL culture medium (MEM-α, 5% FCS,
1% P/S) were added. In vitro hematomas were cultured within a hypoxia incubator cham-
ber (STEMCELL Technologies, Vancouver, BC, Canada) filled with a hypoxic gas mixture
(1% O2, 5% CO2, 94% N2 (Westfalen, Münster, Germany)) in a humidified atmosphere for
up to 48 h.

2.3. Simulation of Smoking Conditions In Vitro

For simulation of smoking conditions in vitro, a combination of smokers’ blood and
Cigarette Smoke Extract (CSE) pre-stimulated SCP-1 cells was used. For stimulation of
SCP-1 cells, CSE was prepared as described [25]. A 5% CSE (corresponds to 5 cigarettes per
day) value was used for pre-stimulation as this previously has been shown to significantly
impact the cells’ function [26]. SCP-1 cells were pre-stimulated for 7 days. The medium
was changed every 2 to 3 days. Stimulation was renewed with each medium change.
Experimental setup is further visualized in Figure 1.
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2.4. Life Staining

Hematomas were stained with a 0.1% CalceinAM (Biomol, Hamburg, Germany)
solution in culture medium for 20 min, 37 ◦C, dark. The stain was removed, and in vitro
hematomas were washed with PBS once. Images were taken using an EVOS FL Cell
imaging system. Clot diameters were determined using ImageJ (Bethesda, MD, USA).
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2.5. Histology

For histological analyses, in vitro hematomas were fixed in 4% formaldehyde, em-
bedded in paraffin, cut in 4 µm-thick slices, and mounted on glass slides (Superfrost Plus,
Fisher Scientific, Schwerte, Germany). Sections were stained with hematoxylin–eosin and
Movat pentachrome stains [27] and evaluated using a Leica DM6000B light microscope (Le-
ica, Wetzlar, Germany). Image acquisition was performed using the Diskus Mikroskopische
Diskussion image acquisition software (Carl H. Hilgers, Koenigswinter, Germany).

2.6. Sex-Specific Polymerase Chain Reaction

To determine the ratio of incorporated SCP-1 to blood cells, sex-specific qPCR was
performed as previously described [28]. Since the SCP-1 cells were derived from a female,
all blood donors were male. DNA was isolated via alkaline lysis using a 50 mM sodium
hydroxide solution (98 ◦C, 20 min) followed by neutralization with an equal amount of
100 mM Tris, pH = 8. After isolation, DNA was frozen immediately at −80 ◦C. The total
amount of DNA was determined by detecting UDP Glucuronosyltransferase Family 1
Member A6 (UGT1A6) gene, whereas male DNA content was assessed by detecting y-
chromosomal specific sex-determining region Y (SRY) gene. Sample-specific DNA content
was determined by respective standard curves. PCRs were run in total volumes of 20 µL
containing 10 µL Green Master Mix (2X) High Rox (Biozym, Hessisch Oldendorf, Germany),
1 µL primer forward, 1 µL primer reverse, 7 µL of RNase/DNase-free water, and 1 µL of
template DNA. The cycling program included 15 min initial denaturation at 95 ◦C followed
by 40 cycles of denaturation (95 ◦C, 30 s), primer annealing (60 ◦C, 30 s), and elongation
(72 ◦C, 30 s), and a final elongation (72 ◦C, 15 min). Melting curves of amplified DNA
were recorded to ensure specific amplification only. PCRs were run within a StepOnePlus™
Real-Time PCR System (Thermo Scientific, Waltham, MA, USA) and analyzed using the
StepOne Software v2.3 (Thermo Scientific, Waltham, MA, USA), where cycle threshold (CT)
and baseline were set automatically. Primer details are listed in Table 1. Experiments were
performed for each donor in three technical replicates (N = 5, n = 3) and standard curves
in three biological and technical replicates (N = 3, n = 3). Standard curves and additional
experimental details are shown in Figure S1.

Table 1. Primer details sex-specific polymerase chain reaction.

Target Gene Symbol Primer Forward Primer Reverse Fragment Size TAn
1

UGT1A6 NC_000002.12 TGGTGCCTGAA
GTTAATTTGCT

GCTCTGGCAG
TTGATGAAGTA 209 bp 60 ◦C

SRY NC_000024.10 TGGCGATTAA
GTCAAATTCGC

CCCCCTAGTACCC
TGACAATGTATT 137 bp 60 ◦C

1 TAn: Annealing Temperature.

2.7. Mitochondrial Activity (Resazurin Conversion)

Mitochondrial activity was assessed through Resazurin conversion. In brief, 100 µL
of 0.001% Resazurin working solution (Sigma-Aldrich/Merck, Darmstadt, Germany) was
added per well or in vitro hematoma. After incubation at 37 ◦C, formed Resorufin was
measured at λEx = 544 nm/λEm = 590–10 nm using the Omega plate reader.

2.8. Adenosine Triphosphate Content

Adenosine triphosphate (ATP) content was determined by using the CellTiter-Glo®

2.0 Cell Viability Assay (Promega, Madison, WI, USA) following the manufacturer’s in-
structions. For analysis of 3D cultures, the incubation time was increased to 30 min.
Luminescence was quantified using the Omega plate reader.
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2.9. Lactate Dehydrogenase Release

Release of lactate dehydrogenase (LDH) in the culture supernatant was determined by
CyQUANT™ LDH Cytotoxicity Assay (Thermo Scientific, Waltham, MA, USA) following
the manufacturer’s instructions using 50 µL culture supernatant per technical replicate.

2.10. Enzyme-Linked-Immunosorbent-Assay

Levels of IL-6, TNF-α, and CCL2 in the culture supernatant were determined by
enzyme-linked-immunosorbent-assay (ELISA) following the manufacturer’s instructions
(Peprotech, Hamburg, Germany).

2.11. Alkaline Phosphatase Activity

As a measure for osteogenic differentiation, alkaline phosphatase (ALP) activity, was
determined by conversion of 4-Nitrophenyl phosphate (pNpp) to 4-Nitrophenol (pNp) [29].
A 200 µL measure of pNpp substrate solution (3.5 mM pNpp in 50 mM Glycine, 100 mM
TRIS, 1 mM MgCl2, pH 10.5 (all Carl Roth, Karlsruhe, Germany)) was added per in vitro
hematoma and incubated at 37 ◦C for 1 h. Clots were removed from the solution and
absorbance at λ = 405 nm was measured using the Omega Plate reader. ALP activity was
normalized to mitochondrial activity.

2.12. Gene Expression Analysis

RNA was isolated from a pool of 12 in vitro hematomas per condition using Chloro-
form/Phenol extraction. Prior to RNA isolation, in vitro hematomas were homogenized
in RNA isolation solution using homogenization pestles. cDNA synthesis was performed
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA,
USA) following the manufacturer’s instructions. Reverse transcription-polymerase chain
reactions (RT-PCRs) were conducted using a total reaction volume of 15 µL consisting
of 7.5 µL Red HS Master Mix (Biozym, Hessisch Oldendorf, Germany), 0.75 µL primer
forward and reverse, respectively, 2 µL template cDNA, and 4 µL RNase/DNase free water.
PCRs were run within an Arktik™ Thermocycler (Thermo Scientific, Waltham, MA, USA)
with 2 min, 95 ◦C initial denaturation; between 23 and 40 cycles of 15 s of each denaturation
(95 ◦C), primer annealing (52–64 ◦C), elongation (72 ◦C); and a final elongation step (10 min,
72 ◦C). Detailed information on primers used and the cycling conditions are listed in
Table 2. For visualization, PCRs were applied on 1.8% Agarose (Genaxxon, Ulm, Germany)
gels containing 0.007% ethidium bromide (Carl Roth, Karlsruhe, Germany). Images were
captured with IntasGelDoc (INTAS, Göttingen, Germany) and analyzed using the ImageJ
Gel Analysis Tool. Gene expression results were normalized to housekeeping gene EF1α
and to the expression of the control C1 at 4 h.

Table 2. Primer details and cycling conditions.

Target Primer Forward Primer Reverse Amplicon Size TAn
1 ncycles

2

ALP ACGTGGCTAAGAATGTCATC CTGGTAGGCGATGTCCTTA 476 bp 53 ◦C 40
Angpt1 CGATGGCAACTGTCGTGAGA CATGGTAGCCGTGTGGTTCT 232 bp 60 ◦C 35
BMP2 CCCCCTACATGCTAGACCTGT CACTCGTTTCTGGTAGTTCTTCC 150 bp 60 ◦C 35
BMP4 TGGTCTTGAGTATCCTGAGCG GCTGAGGTTAAAGAGGAAACGA 130 bp 60 ◦C 40
CCL2 CCTTCATTCCCCAAGGGCTC GGTTTGCTTGTCCAGGTGGT 236 bp 60 ◦C 27
EF1α CCCCGACACAGTAGCATTTG TGACTTTCCATCCCTTGAACC 98 bp 56 ◦C 25
FGF-2 GGAGAAGAGCGACCCTCACA TCATCCGTAACACATTTAGAAGCC 141 bp 60 ◦C 30

GM-CSF GAGACACTGCTGCTGAGATGA GAGGGCAGTGCTGCTTGTA 180 bp 64 ◦C 35
IL-6 AACCTGAACCTTCCAAAGATGG TCTGGCTTGTTCCTCACTACT 159 bp 58 ◦C 30

MMP9 TCTATGGTCCTCGCCCTGAA CATCGTCCACCGGACTCAAA 219 bp 60 ◦C 35
Noggin CAGCGACAACCTGCCCCTGG GATCTCGCTCGGCATGGCCC 250 bp 59 ◦C 33

PDGF-BB CCAGGTGAGAAAGATCGAGATTG ATGCGTGTGCTTGAATTTCCG 238 bp 60 ◦C 35
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Table 2. Cont.

Target Primer Forward Primer Reverse Amplicon Size TAn
1 ncycles

2

RUNX2 CTGTGGTTACTGTCATGGCG GGGAGGATTTGTGAAGACGGT 170 bp 60 ◦C 30
SOX9 GAAGGACCACCCGGATTACA GCCTTGAAGATGGCGTTGG 120 bp 60 ◦C 35
TNF-α ATGAGCACTGAAAGCATGATCC GAGGGCTGATTAGAGAGAGGTC 217 bp 59 ◦C 35
VEGFA CTACCTCCACCATGCCAAGT GCAGTAGCTGCGCTGATAGA 109 bp 60 ◦C 30

1 TAn: Annealing Temperature. 2 ncycles: Number of cycles.

2.13. Angiogenesis Array

Human angiogenesis array C1000 (RayBiotech, Peachtree Corners, GA, USA) was
performed following the manufacturer’s instructions, using pooled culture supernatants
collected after 48 h of culture. Chemiluminescent signals were recorded using an IN-
TAS Chemocam (Göttingen, Germany) and analyzed using ImageJ. Obtained data were
normalized to the internal controls.

2.14. Culture of Human Umbilical Vein Endothelial Cells

Human umbilical vein endothelial cells (HUVECs) were cultured in Endothelial Cell
Growth Basal Medium 2 (EBM-2, Peprotech, Hamburg, Germany) supplemented with
2% FCS, 1% Antibiotic/Antimycotic (A/A, PAA Laboratories, Toronto, ON, Canada),
0.5 ng/mL human VEGFA165, 10 ng/mL human FGF-b, 5 ng/mL human Epidermal
growth factor (EGF), 20 ng/mL hRIGF-R3 (all Peprotech, Hamburg, Germany), 22.5 µg/mL
Heparin (Leo Pharma, Bellerup, Denmark), 0.2 µg/mL Hydrocortisone (Pfizer, New York,
NY, USA), and 1 µg/mL L-ascorbic acid (Sigma-Aldrich/Merck, Darmstadt, Germany).
HUVECs were cultured on 0.1% Gelatin (Sigma-Aldrich/Merck, Darmstadt, Germany)-
coated flasks and subcultured when confluent. The medium was changed every 2 to 3 days.
For experiments, cells were used in passages 7 to 10.

2.15. HUVEC Proliferation Assay

HUVECs were seeded on with 0.1% Gelatin-pre-coated 96-well plates. Cells were
stimulated with a 1:1 mixture of culture supernatant and EBM-2. Proliferation was indirectly
assessed after 48 h by means of mitochondrial activity and ATP content as described in
Sections 2.7 and 2.8. Data were normalized to Ctrl (C1) for simplification.

2.16. Tube Formation Assay

48-well plates were coated with 6 µL GeltrexTM (Thermo Scientific, Waltham, MA,
USA) using a thin-layer angiogenesis assay method [30]. A total of 6.5 × 104 HUVECs
were seeded per well and the respective stimuli were added 1:1 diluted in plain EBM-2
to a total volume of 200 µL. Tube formation assays were performed using pooled culture
supernatants. Cells were incubated in humidified atmosphere, 37 ◦C, 5% CO2 for 18 h.
Before microscopy, tubes were stained with 0.1% CalceinAM for 10 min, 37 ◦C. Microscopic
images were captured using an EVOS FL imaging system (Thermo Scientific, Waltham, MA,
USA) and analyzed using the ImageJ angiogenesis analyzer [31]. Data were normalized to
Ctrl (C1) for simplification.

2.17. Statistics

Statistics were made using Graph Pad Prism 8 (San Diego, CA, USA). When comparing
solely two experimental groups, data were compared using non-parametric Mann–Whitney
tests. If more than two experimental groups were compared, non-parametric Kruskal–
Wallis tests followed by Dunns’ multiple comparison tests were performed. The number
of biological replicates (N) and technical replicates (n) is given in the figure legend for
each experiment performed. Levels of significances were defined as * p < 0.05, ** p < 0.01,
*** p < 0.001. Data are shown as box plots showing all data points if not indicated differently.
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3. Results

As described in the materials and methods section, experiments were performed
using blood from non-smokers and smokers paired with SCP-1 cells either pre-stimulated
with CSE or not. As active smokers not only show a diverging blood composition but
also impaired mesenchymal stem cells, two main experimental conditions were defined:
smokers’ blood and CSE-pre-stimulated SCP-1 cells mimicking the smokers’ hematomas
(S) and non-smokers’ blood combined with unstimulated SCP-1 cells mimicking the non-
smokers hematomas (Ctrl). The respective control conditions, combining smokers’ blood
with unstimulated SCP-1 cells (E1) and non-smokers’ blood with pre-stimulated SCP-1
cells (C2), were also measured. As the main part of the manuscript solely focuses on the
two experimental groups, results of the control conditions are displayed in Supplementary
Information (SI) Figures S1 and S2.

3.1. Smokers’ and Non-Smokers’ Hematomas Show Comparable Cell Viability and Survival

First, smokers’ and non-smokers’ hematomas were compared in terms of viability and
stability to allow later comparison of results. As shown in Figure 2, smoker hematomas
showed a slight but not significant increase in mitochondrial activity, whereas no differ-
ences in ATP content and ratio between blood and SCP-1 cells were observed. As expected,
smoker hematomas exhibited a higher release of LDH. In addition, higher clot diame-
ters were detected in smokers’ hematomas. Hematoxylin–eosin and Movat pentachrome
staining of formaldehyde-fixed, paraffin-embedded hematomas showed a comparable
number and distribution of SCP-1 cells in a background of erythrocytes. Additionally,
fibrin as well as spindle cell differentiation of SCP cells in both hematomas from non-
smokers as well as from smokers could be detected (see Figure 2g). In conclusion, smokers’
hematomas were as stable as nonsmokers’ hematomas and thus can be used comparably in
further experiments.

3.2. Smokers’ Hematomas Show Increased Inflammation and Decreased Osteogenic and
Chondrogenic Differentiation Potential

The inflammatory status of hematomas was determined by expression and release
of CCL2, TNF-α, and IL-6. The results are shown in Figure 3. Expression and release
of CCL2 was significantly increased in smoking conditions when compared to control
conditions. Although the amount of secreted TNF-α was surprisingly low, we could detect
an increase in expression of TNF-α after 4 h which persisted until 48 h. IL-6 secretion, as
well as expression, showed a trend towards higher occurrence in smokers’ hematomas;
nevertheless, results were not significant. Summarizing the results, we could show that
smokers’ hematomas show a higher inflammatory status. When comparing the hematoma
control conditions with the respective other mesenchymal stem cell type, one could further
see that the inflammatory status was strongly dependent on the blood donor and not the
pre-stimulation of the SCP-1 cells (see Figure S2).
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Figure 2. Viability of smokers’ (S) and non-smokers’ (Ctrl) in vitro hematomas. With (a) Exemplary
life staining images after 48 h in 1.25× magnification. Scale bars refer to 2000 µm. (b) Hematoma
diameter after 4 and 48 h of incubation. (c) Ratio between SCP-1 cells and blood cells determined by
sex-specific qPCR after 48 h compared to the average after 4 h (4 h Ø). Data are shown as mean ± SEM.
(d) Mitochondrial activity determined by Resazurin conversion. (e) ATP content in the hematomas.
(f) LDH release into the culture supernatant. (d–f) are all represented as Area Under the Curve (AUC)
over the entire cultivation period of 48 h. (g) Representative microphotographs from formaldehyde-
fixed, paraffin-embedded in vitro hematomas: left image (non-smoker, hematoxylin-eosin), high-
lighted SCP-1 cells (arrow); center/right image (smoker, Movat pentachrome), erythrocytes, and
fibrin, higher magnification in right image shows spindle cell differentiation of SCP-1 cells. Images
were recorded in 200× (left and center) and 400× (right image) magnification. Experiments were
performed in N = 5, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3. Influence of smoking conditions on inflammation. With (a) Secretion of CCL2, TNF-α, and
IL-6 after 48 h. N = 5, n = 3. (b) Expression of IL-6, TNF-α, and CCL2. Shown time points are indicated
in graphs. N = 5, n = 2. * p < 0.05, ** p < 0.01, **** p < 0.0001.

As a marker of early osteogenic differentiation, ALP activity was determined after
48 h, as can be seen in Figure 4. ALP activity was significantly downregulated in smokers’
hematomas. In line with this, the expression of osteogenic differentiation markers RUNX2,
ALP, BMP4, and Noggin as well as the chondrogenic differentiation marker SOX9 were all
significantly lower in smokers’ hematomas (comp. Figure 4b). After comparing the control
conditions with the respective other cell type shown in Figure S2, downregulation of factors
in the smokers’ hematomas seems to be a two-sided effect driven by the smokers’ blood
and the pre-stimulation of the SCP-1 cells. Solely BMP2 expression showed no significant
difference in expression between the two groups. In summary, we can conclude that the
hematomas of smokers show a drastic reduction in osteogenic and chondrogenic potential.
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Figure 4. Osteogenic and chondrogenic differentiation potential of smokers’ (S) and non-smokers’
(Ctrl) in vitro fracture hematomas. With (a) ALP activity after 48 h. N = 5, n = 3. (b) Expression
of RUNX2, SOX9, ALP, BMP2, BMP4, and Noggin after 48 h. N = 5, n = 2. * p < 0.05, ** p < 0.01,
**** p < 0.0001.

3.3. Smoking Negatively Affects Angiogenic Stimuli in In Vitro Fracture Repair

The hematomas’ potential to induce angiogenesis under smoking and non-smoking
conditions was analyzed using an angiogenesis array. Results are displayed in Figure 5
Smokers’ hematomas showed a higher release of inflammatory factors; however, the effect
was rather small. The only exception was TNF-α, which was not detectable in culture
supernatants from non-smokers’ hematomas but strongly secreted by smokers’ hematomas.
Of the growth factors EGF, Granulocyte-macrophage colony-stimulating factor (GM-CSF),
and PDGF-BB, only GM-CSF showed increased release in non-smokers’ hematomas when
compared to smokers’ hematomas. Smokers’ hematomas further secreted higher levels of
Tissue inhibitor of metalloproteases (TIMP) 1/2 and lower levels of MMP1 and 9. Surpris-
ingly secretion of VEGF-A, VEGF-D, and Leptin was increased in the smokers’ hematomas,
but VEGFR2/3, Angiopoietin 1/2 (Angpt1/2), and its receptor Tie2 were decreased drasti-
cally. Further secretion of angiogenesis inhibitor endostatin was lower in smokers’ than in
non-smokers’ hematomas. Results of main influencing factors PDGF-BB, VEGFA, Angpt1,
MMP9, and GM-CSF were additionally confirmed by gene expression analysis, whereas
except for GM-CSF all genes were expressed less in the smokers’ hematomas.
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Figure 5. Analysis of angiogenesis-stimulating factors of smokers’ (S) and non-smokers’ (Ctrl) in vitro
fracture hematomas. With (a) Secretion of angiogenic factors determined by angiogenesis array. Data
are displayed normalized to the overall mean of each target. N = 5 (pooled), n = 4. (b) Gene expression
of pro-angiogenic factors VEGFA, Angpt1, MMP9, PDGF-BB, and GM-CSF. N = 5, n = 2. * p < 0.05,
** p < 0.01.

As secretion and expression of pro-angiogenic factors of smokers’ hematomas was
reduced, the angiogenic ability of hematomas was assessed via stimulation of HUVEC cells
with hematomas culture supernatants in a proliferation and tube formation assay. As can be
seen in Figure 6 smokers’ hematomas supernatants were less capable of inducing HUVEC
proliferation, as determined by mitochondrial activity and ATP content. Further HUVEC
tube formation with smokers’ hematomas’ supernatants was diminished. HUVECs build
fewer and shorter tubes and smaller networks (Figure 5b). Fewer junctions and a smaller
mesh area and, in line with that, higher numbers of isolated segments, were detected when
stimulating with smokers’ hematomas’ supernatants. In conclusion, smokers’ hematomas
produced fewer pro-angiogenic factors and were less capable of inducing angiogenesis
in vitro.
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Figure 6. Effect of smokers’ (S) and non-smokers’ (Ctrl) culture supernatant on HUVEC cells. With
(a) Effect on HUVEC proliferation measured by mitochondrial activity and ATP content in N = 5,
n = 3. Both showed as x-fold of Ctrl; (b) Effect on HUVEC tube formation with representative life
staining of formed tubes and number of junctions (as x-fold of Ctrl), Mesh area (as x-fold of Ctrl), and
number of isolated segments. Shown images were recorded in 4× magnification. Scales bars indicate
1000 µm length. N = 3, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

The bone is an overly complex and dynamic organ. It is constantly reshaped by
the balanced activity and presence of the cells found in the tissue. In the case of injury,
precise coordination of reactions is required, which can be easily disturbed when the bone
metabolism is affected by other conditions or habits such as cigarette smoking [32,33]. To
model early fracture repair, we aimed to adapt a recently published in vitro hematoma
model for additionally displaying the vascular system as a mandatory contributor to
appropriate fracture repair [22,34]. By analyzing non-smokers’ and smokers’ hematomas,
we proved the clinical relevance of the model and identified diverging reactions in smokers.

Overall, the viability of smokers’ and non-smokers’ hematomas was comparable,
and CSE pre-stimulation of SCP-1 cells did not affect proliferation (see Figures 1 and S2).
Slightly higher mitochondrial activities in smokers’ hematomas can be explained by oxida-
tive damage due to previously shown CSE-induced ROS production in hMSCs [25] and
smokers’ blood [35]. It must be noted that, due to technical limitations, detection of ROS in
in vitro hematomas was not possible. Increased LDH levels are no reason for concern, as
they are a common phenomenon due to higher tissue damage in smokers [36].
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In vitro hematomas produced with smokers’ blood were larger in size than non-
smokers hematomas, indicating greater clotting and a diverging fibrin structure. It is well
known that smokers tend to have a more rapid clotting of blood, e.g., due to higher fibrino-
gen levels or faster rapid platelet aggregation, increasing the risk of smokers’ developing,
for instance, atherosclerosis or thrombosis. In previous in vitro studies, the coagulation
structure of smokers was described as reticular with some areas of plaque formation [37],
and, upon acute CSE stimulation, formed clots were higher in clot strength [38]. Histologic
analyses showed no difference in the overall amount of fibrin between smokers’ and non-
smokers’ in vitro hematomas; however the possibility to visualize fibrin organization using
routine histology is limited. Further investigations are needed to determine whether the
fibrin structure is altered and how the clot architecture finally affects fracture repair.

In both of our models, smokers’ and non-smokers’ in vitro hematomas showed high
levels of cytokine secretion and expression, nicely reflecting the inflammatory phase of
healing [22]. One general contributor to inflammation in the here described system is the
hypoxic environment, which we and others could previously show drastically increased
inflammation in comparable model systems [23,39]. Smokers’ hematomas exhibited a
higher and prolonged inflammatory state as compared to non-smokers’ hematomas (see
Figures 1 and 4a). This is not surprising, as in vivo smokers suffer from constant tissue
hypoxia due to higher carbon monoxide levels reducing overall oxygen binding to erythro-
cytes [40]. The resulting oxidative stress is contributing to inflammation, represented by
increased synthesis of inflammatory cytokines such as CCL2 [41]. Within the course of our
experiments, we could detect that the higher inflammatory state mainly resulted from the
blood used and not from the pre-stimulation of the SCP-1 cells (see Figure S2). This is con-
sistent with previous studies showing a chronically inflamed state of the blood of smokers
by higher cytokine levels e.g., IL-6, IL-8, and carcinoembryonic antigen (CEA) [42], and a
higher number of immune cells, especially monocytes, granulocytes, and leukocytes [42,43].

Within our in vitro hematomas, smoking affected the osteogenic ability as seen by a
decrease in ALP activity, and lowered expression of all osteogenic/chondrogenic differenti-
ation markers after 48 h of incubation. Additionally, in our model, both CSE pre-stimulation
and smokers’ blood contributed to diminished differentiation (see Figure S2). Results are
in line with our previous studies showing that osteogenesis in CSE-stimulated MSCs is
diminished through ROS formation [25]. Remarkably, a reduction in osteogenic potential
was observed despite the presence of antioxidants such as albumin and glutathione in
blood, which can partially neutralize formed ROS [44]. When analyzing fracture callus and
non-union tissue, Kloen et al. showed a decreased availability of BMPs and their inhibitors
including Noggin within the non-union group, pointing out that smokers’ hematomas
showed early signs of delayed healing [45]. Furthermore, smokers’ higher inflammatory
status can negatively influence osteogenesis. Lu et al. reported that bone remodeling
in mice was diminished by inflammation and following NF-kB activation by decreasing
osteoblastic differentiation and increasing osteoclast formation [46].

In respect to angiogenesis, smokers’ hematomas secreted lower levels of MMPs and
higher levels of TIMPs, whereas VEGFA and D release were enlarged. Contrarily, secretion
of VEGFR2/3 receptor, Angpt1 and 2, and their receptor Tie2 was reduced in smokers’
hematomas. The most studied and important endothelial stimulus is undoubtedly VEGF.
VEGF family members exert their action via binding to VEGF-Receptors (VEGFRs) on
the cell surface. VEGFRs are receptor tyrosine kinases and ligand binding triggers the
phosphorylation of intracellular tyrosine residues which can activate various signaling
pathways including phospholipase Cγ (PLCγ)–ERK1/2 pathway, the Pi3K-AKT-mTOR
pathway, and SRC and small GTPases [47]. Mainly expressed in endothelial cells, VEGFRs
are also expressed in monocytes, macrophages, hematopoietic stem cells, and MSCs, which
explains their presence in our fracture hematomas [48,49]. Whereas VEGFR1/2 expression
in MSCs increased under hypoxic conditions and can be related to osteoblastic differen-
tiation [50], within the growth plate of bones VEGFD was found to bind to VEGFR3 in
osteoblasts, suggesting a role in intramembranous bone formation [51]. Due to the lack of
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endothelial cells, decreased detection of VEGFRs within our model may rather indicate
a decrease in osteogenic differentiation as in angiogenesis. In endothelial cells, VEGFR
signaling contributes to endothelial cell survival, proliferation, and migration, and can
increase vascular permeability. It is therefore associated with vessel sprouting and initial an-
giogenic events [52,53]. In bone, VEGF also directly stimulates endothelial cells to generate
osteogenic stimuli through an angiocrine effect and is therefore crucial for endothelial–
bone communication [54]. During fracture repair, VEGF is an essential growth factor. Its
inhibition in mice delayed fracture repair and resulted in insufficient vasculature [55,56].
Mice which were exposed to cigarette smoke showed lower protein levels of VEGF and
vWF in fracture calluses combined with higher rates of fracture non-unions [56]. In our
smokers’ hematomas, we detected a slight reduction in VEGFA expression correlating to
the previously highlighted study. Nevertheless, especially the secretion of VEGFD was
higher in smokers’ blood hematomas, whereas VEGFA secretion could be additionally
promoted by CSE pre-stimulation (see Figure S3). In literature, serum levels of VEGF in
smokers have been described as both increased and decreased. Köttstrofer et al. reported
reduced VEGFA and M-CSF concentrations in smokers [57], whereas Ugur et al. showed
the opposite [58]. Although VEGF is so crucial in angiogenesis, massive VEGF production
may also be associated with increased bone resorption and immature vessel formation [59].
Further sufficient vasculature does not only rely on VEGF alone. Wang et al. show that in
an arthritis model under inflammatory conditions higher VEGFA levels were detected. De-
spite these elevated VEGFA levels, the mice were suffering from delayed healing, reflecting
our results [60].

In contrast to VEGF, which induces vessel sprouting and early angiogenesis, an-
giopoietins, especially Angpt1, are described to be important modulators in angiogenic
maturation and development [61]. Both Angpt1 and 2 bind to the receptor Tie-2, whereas
Angpt1 acts as an agonist and Angpt2 as an antagonist [62]. Angpt1 leads to maturation
and stabilization of the microvasculature [63] and has been described to positively influ-
ence osteogenesis [64]. In contrast, Angpt2 in the presence of VEGFA leads to vascular
sprouting [65]. Angpt1 levels are described as fairly constant, whereas Angpt2 expression
fluctuates and can be induced by hypoxia [66] or inflammatory mediators, e.g., throm-
bin [67], which makes its expression likely within the fracture environment. Within growing
bone, Angpt1 and 2 are co-expressed with VEGFA mainly in osteoblasts [68]. Within a
sheep delayed fracture healing model, both Angpt1 and 2 are downregulated [69]. In bone
defects in rabbits, endogenous Angpt2 promoted vascularization and osteogenesis via
autophagy, leading to a faster regeneration [70]. Lower levels of Angiopoietins and Tie2 in
smokers are therefore likely to be an important part of the observed reduced angiogenic
potential of smokers’ hematomas.

Additionally, also the reduction in MMPs and the increase in TIMPs in smokers’
early fracture repair point out the reduced ability for matrix remodeling and therefore
angiogenesis. MMPs are involved in leveling the path for the ingrowth of new blood
vessels but also help in callus remodeling and increase the bioavailability of different
growth factors stored in the ECM [71]. This also represents the major limitation of the
here-presented model which allows investigation of the influence of the fracture hematoma
on the endothelium in a single-sided mode and not vice versa. However, osteogenesis,
angiogenesis, and inflammation are highly interdependent and it is known that also the
endothelium stimulates osteogenesis, for instance via endothelial Notch, which has been
shown to promote both angiogenesis and osteogenesis [72]. However, an improved version
of the model is required to consider such a direct interaction. Higher TIMP1 levels were
also detected in a sheep delayed fracture healing model [69]. In contrast, in non-union
patients, lower TIMP1 and TIMP2 levels, but similar MMP9 levels, were detected as in
normal fracture repair, but results were obtained 1 to 24 weeks after fracture and therefore
not ultimately comparable with our model [73]. The exact mechanism behind the reduced
angiogenesis still needs to be established in more detail. In summary, our model showed
that increased inflammation and reduced osteogenic potential seem to dysregulate early
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angiogenesis in smokers by increased VEGF levels but decreased Angpt1/2 and its receptor
Tie-2 as well as reduced potential for in matrix remodeling. Therefore, our smokers’
hematomas show already in this early stage of fracture repair obvious signs for a potential
delay in healing. Thus, our model system could function as a drug-testing system to
facilitate fracture healing in smokers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering9050186/s1, Figure S1: Standard curves for sex-
specific normalization of different cell types; Figure S2: Cellular viability, cytokine secretion, and
gene expression—all conditions; Figure S3: Angiogenesis—all conditions.
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(RT–) PCR (Reverse transcription–) Polymerase chain reaction
A/A Antibiotic/Antimycotic
ALP Alkaline Phosphatase
Angpt Angiopoietin1/2
ATP Adenosine triphosphate
BMP Bone morphogenetic protein
CCL C-C motif chemokine ligand
cDNA Complementary DNA
CEA Carcinoembryonic antigen
CSE Cigarette smoke extract
Ctrl Non-smokers’ in vitro hematomas
CT Cycle threshold
DNA Desoxyribonucleic acid
EBM-2 Endothelial Cell Growth Basal Medium 2
EGF Epidermal growth factor
EGM-2 Endothelial Cell Growth Medium 2
ELISA Enzyme-linked-immunosorbent-assay
FCS Fetal calf serum
FGF Fibroblast growth factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
hBMSCs human bone marrow-derived mesenchymal stem cells
HUVECs Human umbilical vein endothelial cells
IGF Insulin-like growth factor
IL Interleukin
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LDH Lactate dehydrogenase
MEM-α Minimal Essential Medium Alpha
P/S Penicillin/Streptomycin
PDGF Platelet-derived growth factor
PLCγ Phospholipase Cγ

pNp 4-Nitrophenol
pNpp 4-Nitrophenyl phosphate
RNA Ribonucleic acid
ROS Reactive oxygen species
RUNX2 Runt-related transcription factor 2
S Smokers’ in vitro hematomas
SRY y-chromosomal specific gene sex-determining region Y
TGF-β Transforming growth factor beta
TIMP Tissue inhibitor of metalloproteases
TNF-α Tumor necrosis factor-alpha
UGT1A6 UDP Glucuronosyltransferase Family 1 Member A6
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor

References
1. Hernandez, R.K.; Do, T.P.; Critchlow, C.W.; Dent, R.E.; Jick, S.S. Patient-related risk factors for fracture-healing complications in

the United Kingdom General Practice Research Database. Acta Orthop. 2012, 83, 653–660. [CrossRef] [PubMed]
2. Claes, L.; Recknagel, S.; Ignatius, A. Fracture healing under healthy and inflammatory conditions. Nat. Rev. Rheumatol. 2012, 8,

133–143. [CrossRef] [PubMed]
3. Gortler, H.; Rusyn, J.; Godbout, C.; Chahal, J.; Schemitsch, E.H.; Nauth, A. Diabetes and Healing Outcomes in Lower Extremity

Fractures: A Systematic Review. Injury 2018, 49, 177–183. [CrossRef] [PubMed]
4. Ehnert, S.; Aspera-Werz, R.H.; Ihle, C.; Trost, M.; Zirn, B.; Flesch, I.; Schröter, S.; Relja, B.; Nussler, A.K. Smoking Dependent Alter-

ations in Bone Formation and Inflammation Represent Major Risk Factors for Complications Following Total Joint Arthroplasty. J.
Clin. Med. 2019, 8, 406. [CrossRef]

5. Anteil der Raucher an der Bevölkerung ausgewählter OECD-Länder in den Jahren 2009 bis 2019. Available online: https:
//de.statista.com/statistik/daten/studie/214300/umfrage/anteil-der-raucher-an-der-bevoelkerung-ausgewaehlter-laender/
(accessed on 13 April 2022).

6. Abate, M.; Vanni, D.; Pantalone, A.; Salini, V. Cigarette smoking and musculoskeletal disorders. Muscles Ligaments Tendons J. 2013,
3, 63. [CrossRef]

7. Pearson, R.G.; Clement, R.; Edwards, K.; Scammell, B.E. Do smokers have greater risk of delayed and non-union after fracture,
osteotomy and arthrodesis? A systematic review with meta-analysis. BMJ Open 2016, 6, e010303. [CrossRef]

8. Laschke, M.W.; Vollmar, B. Vascularization, Regeneration and Tissue Engineering. Eur. Surg. Res. 2018, 59, 230–231. [CrossRef]
9. Marsell, R.; Einhorn, T.A. The biology of fracture healing. Injury 2011, 42, 551–555. [CrossRef]
10. Devescovi, V.; Leonardi, E.; Ciapetti, G.; Cenni, E. Growth factors in bone repair. Chir. Organi Mov. 2008, 92, 161–168. [CrossRef]
11. Bahney, C.S.; Hu, D.P.; Miclau, T.; Marcucio, R.S. The Multifaceted Role of the Vasculature in Endochondral Fracture Repair. Front.

Endocrinol. 2015, 6, 4. [CrossRef]
12. Schmidt-Bleek, K.; Schell, H.; Lienau, J.; Schulz, N.; Hoff, P.; Pfaff, M.; Schmidt, G.; Martin, C.; Perka, C.; Buttgereit, F.; et al. Initial

immune reaction and angiogenesis in bone healing. J. Tissue Eng. Regen. Med. 2014, 8, 120–130. [CrossRef] [PubMed]
13. Jain, R.K. Molecular regulation of vessel maturation. Nat. Med. 2003, 9, 685–693. [CrossRef] [PubMed]
14. Stegen, S.; van Gastel, N.; Carmeliet, G. Bringing new life to damaged bone: The importance of angiogenesis in bone repair and

regeneration. Bone 2015, 70, 19–27. [CrossRef] [PubMed]
15. Hu, K.; Olsen, B.R. Osteoblast-derived VEGF regulates osteoblast differentiation and bone formation during bone repair. J. Clin.

Investig. 2016, 126, 509–526. [CrossRef] [PubMed]
16. Komatsu, D.E.; Hadjiargyrou, M. Activation of the transcription factor HIF-1 and its target genes, VEGF, HO-1, iNOS, during

fracture repair. Bone 2004, 34, 680–688. [CrossRef] [PubMed]
17. Stefanowski, J.; Lang, A.; Rauch, A.; Aulich, L.; Köhler, M.; Fiedler, A.F.; Buttgereit, F.; Schmidt-Bleek, K.; Duda, G.N.; Gaber,

T.; et al. Spatial Distribution of Macrophages During Callus Formation and Maturation Reveals Close Crosstalk Between
Macrophages and Newly Forming Vessels. Front. Immunol. 2019, 10, 2588. [CrossRef]

18. Govoni, M.; Vivarelli, L.; Mazzotta, A.; Stagni, C.; Maso, A.; Dallari, D. Commercial Bone Grafts Claimed as an Alternative to
Autografts: Current Trends for Clinical Applications in Orthopaedics. Materials 2021, 14, 3290. [CrossRef]

19. Tibuakuu, M.; Kamimura, D.; Kianoush, S.; DeFilippis, A.P.; Al Rifai, M.; Reynolds, L.M.; White, W.B.; Butler, K.R.; Mosley,
T.H.; Turner, S.T.; et al. The association between cigarette smoking and inflammation: The Genetic Epidemiology Network of
Arteriopathy (GENOA) study. PLoS ONE 2017, 12, e0184914. [CrossRef]

20. Bhatnagar, A. Environmental Cardiology. Circ. Res. 2006, 99, 692–705. [CrossRef]

http://doi.org/10.3109/17453674.2012.747054
http://www.ncbi.nlm.nih.gov/pubmed/23140093
http://doi.org/10.1038/nrrheum.2012.1
http://www.ncbi.nlm.nih.gov/pubmed/22293759
http://doi.org/10.1016/j.injury.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29162268
http://doi.org/10.3390/jcm8030406
https://de.statista.com/statistik/daten/studie/214300/umfrage/anteil-der-raucher-an-der-bevoelkerung-ausgewaehlter-laender/
https://de.statista.com/statistik/daten/studie/214300/umfrage/anteil-der-raucher-an-der-bevoelkerung-ausgewaehlter-laender/
http://doi.org/10.32098/mltj.02.2013.03
http://doi.org/10.1136/bmjopen-2015-010303
http://doi.org/10.1159/000492372
http://doi.org/10.1016/j.injury.2011.03.031
http://doi.org/10.1007/s12306-008-0064-1
http://doi.org/10.3389/fendo.2015.00004
http://doi.org/10.1002/term.1505
http://www.ncbi.nlm.nih.gov/pubmed/22495762
http://doi.org/10.1038/nm0603-685
http://www.ncbi.nlm.nih.gov/pubmed/12778167
http://doi.org/10.1016/j.bone.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25263520
http://doi.org/10.1172/JCI82585
http://www.ncbi.nlm.nih.gov/pubmed/26731472
http://doi.org/10.1016/j.bone.2003.12.024
http://www.ncbi.nlm.nih.gov/pubmed/15050899
http://doi.org/10.3389/fimmu.2019.02588
http://doi.org/10.3390/ma14123290
http://doi.org/10.1371/journal.pone.0184914
http://doi.org/10.1161/01.RES.0000243586.99701.cf


Bioengineering 2022, 9, 186 17 of 19

21. Conklin, D.J.; Schick, S.; Blaha, M.J.; Carll, A.; DeFilippis, A.; Ganz, P.; Hall, M.E.; Hamburg, N.; O’Toole, T.; Reynolds, L.; et al.
Cardiovascular injury induced by tobacco products: Assessment of risk factors and biomarkers of harm. A Tobacco Centers of
Regulatory Science compilation. Am. J. Physiol. Heart Circ. Physiol. 2019, 316, H801–H827. [CrossRef]

22. Pfeiffenberger, M.; Bartsch, J.; Hoff, P.; Ponomarev, I.; Barnewitz, D.; Thöne-Reineke, C.; Buttgereit, F.; Gaber, T.; Lang, A. Hypoxia
and mesenchymal stromal cells as key drivers of initial fracture healing in an equine in vitro fracture hematoma model. PLoS
ONE 2019, 14, e0214276. [CrossRef] [PubMed]

23. Rinderknecht, H.; Ehnert, S.; Braun, B.; Histing, T.; Nussler, A.K.; Linnemann, C. The Art of Inducing Hypoxia. Oxygen 2021, 1,
46–61. [CrossRef]

24. Böcker, W.; Yin, Z.; Drosse, I.; Haasters, F.; Rossmann, O.; Wierer, M.; Popov, C.; Locher, M.; Mutschler, W.; Docheva, D.; et al.
Introducing a single-cell-derived human mesenchymal stem cell line expressing hTERT after lentiviral gene transfer. J. Cell. Mol.
Med. 2008, 12, 1347–1359. [CrossRef] [PubMed]

25. Aspera-Werz, R.H.; Ehnert, S.; Heid, D.; Zhu, S.; Chen, T.; Braun, B.; Sreekumar, V.; Arnscheidt, C.; Nussler, A.K. Nicotine and
Cotinine Inhibit Catalase and Glutathione Reductase Activity Contributing to the Impaired Osteogenesis of SCP-1 Cells Exposed
to Cigarette Smoke. Oxidative Med. Cell. Longev. 2018, 2018, 3172480. [CrossRef]

26. Sreekumar, V.; Aspera-Werz, R.; Ehnert, S.; Strobel, J.; Tendulkar, G.; Heid, D.; Schreiner, A.; Arnscheidt, C.; Nussler, A.K.
Resveratrol protects primary cilia integrity of human mesenchymal stem cells from cigarette smoke to improve osteogenic
differentiation in vitro. Arch. Toxicol. 2018, 92, 1525–1538. [CrossRef]

27. Garvey, W.; Fathi, A.; Bigelow, F.; Carpenter, B.; Jimenez, C. Improved Movat pentachrome stain. Stain Technol. 1986, 61, 60–62.
[CrossRef]

28. Häussling, V.; Aspera-Werz, R.H.; Rinderknecht, H.; Springer, F.; Arnscheidt, C.; Menger, M.M.; Histing, T.; Nussler, A.K.; Ehnert,
S. 3D Environment Is Required In Vitro to Demonstrate Altered Bone Metabolism Characteristic for Type 2 Diabetics. Int. J. Mol.
Sci. 2021, 22, 2925. [CrossRef]

29. Häussling, V.; Deninger, S.; Vidoni, L.; Rinderknecht, H.; Ruoß, M.; Arnscheidt, C.; Athanasopulu, K.; Kemkemer, R.; Nussler,
A.K.; Ehnert, S. Impact of Four Protein Additives in Cryogels on Osteogenic Differentiation of Adipose-Derived Mesenchymal
Stem Cells. Bioengineering 2019, 6, 67. [CrossRef]

30. Faulkner, A.; Purcell, R.; Hibbert, A.; Latham, S.; Thomson, S.; Hall, W.L.; Wheeler-Jones, C.; Bishop-Bailey, D. A thin layer
angiogenesis assay: A modified basement matrix assay for assessment of endothelial cell differentiation. BMC Cell Biol. 2014,
15, 41. [CrossRef]

31. Carpentier, G.; Berndt, S.; Ferratge, S.; Rasband, W.; Cuendet, M.; Uzan, G.; Albanese, P. Angiogenesis Analyzer for ImageJ—A
comparative morphometric analysis of “Endothelial Tube Formation Assay” and “Fibrin Bead Assay”. Sci. Rep. 2020, 10, 11568.
[CrossRef]

32. Salhotra, A.; Shah, H.N.; Levi, B.; Longaker, M.T. Mechanisms of bone development and repair. Nat. Rev. Mol. Cell Biol. 2020, 21,
696–711. [CrossRef] [PubMed]

33. Florencio-Silva, R.; Sasso, G.R.d.S.; Sasso-Cerri, E.; Simões, M.J.; Cerri, P.S. Biology of Bone Tissue: Structure, Function, and
Factors That Influence Bone Cells. Biomed Res. Int. 2015, 2015, 421746. [CrossRef] [PubMed]

34. Pfeiffenberger, M.; Hoff, P.; Thöne-Reineke, C.; Buttgereit, F.; Lang, A.; Gaber, T. The in vitro human fracture hematoma model—A
tool for preclinical drug testing. Altex 2020, 37, 561–578. [CrossRef] [PubMed]

35. Barbieri, S.S.; Zacchi, E.; Amadio, P.; Gianellini, S.; Mussoni, L.; Weksler, B.B.; Tremoli, E. Cytokines present in smokers’ serum
interact with smoke components to enhance endothelial dysfunction. Cardiovasc. Res. 2011, 90, 475–483. [CrossRef]

36. Rao, K.; Babu, S.G.; Shetty, U.A.; Castelino, R.L.; Shetty, S.R. Serum and salivary lactate dehydrogenase levels as biomarkers of
tissue damage among cigarette smokers. A biochemical study. Stomatologija 2017, 19, 91–96.

37. Pretorius, E.; Oberholzer, H.M.; van der Spuy, W.J.; Meiring, J.H. Smoking and coagulation: The sticky fibrin phenomenon.
Ultrastruct. Pathol. 2010, 34, 236–239. [CrossRef]

38. Barua, R.S.; Sy, F.; Srikanth, S.; Huang, G.; Javed, U.; Buhari, C.; Margosan, D.; Ambrose, J.A. Effects of Cigarette Smoke Exposure
on Clot Dynamics and Fibrin Structure. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 75–79. [CrossRef]

39. Taylor, C.T.; Doherty, G.; Fallon, P.G.; Cummins, E.P. Hypoxia-dependent regulation of inflammatory pathways in immune cells.
J. Clin. Investig. 2016, 126, 3716–3724. [CrossRef]

40. Jensen, J.A.; Goodson, W.H.; Hopf, H.W.; Hunt, T.K. Cigarette smoking decreases tissue oxygen. Arch. Surg. 1991, 126, 1131–1134.
[CrossRef]

41. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte Chemoattractant Protein-1 (MCP-1): An Overview. J. Interferon
Cytokine Res. 2009, 29, 313–326. [CrossRef]

42. Elisia, I.; Lam, V.; Cho, B.; Hay, M.; Li, M.Y.; Yeung, M.; Bu, L.; Jia, W.; Norton, N.; Lam, S.; et al. The effect of smoking on chronic
inflammation, immune function and blood cell composition. Sci. Rep. 2020, 10, 19480. [CrossRef] [PubMed]

43. Jayasuriya, N.A.; Kjaergaard, A.D.; Pedersen, K.M.; Sørensen, A.L.; Bak, M.; Larsen, M.K.; Nordestgaard, B.G.; Bojesen, S.E.;
Çolak, Y.; Skov, V.; et al. Smoking, blood cells and myeloproliferative neoplasms: Meta-analysis and Mendelian randomization of
2·3 million people. Br. J. Haematol. 2020, 189, 323–334. [CrossRef] [PubMed]

44. Roche, M.; Rondeau, P.; Singh, N.R.; Tarnus, E.; Bourdon, E. The antioxidant properties of serum albumin. FEBS Lett. 2008, 582,
1783–1787. [CrossRef]

http://doi.org/10.1152/ajpheart.00591.2018
http://doi.org/10.1371/journal.pone.0214276
http://www.ncbi.nlm.nih.gov/pubmed/30947253
http://doi.org/10.3390/oxygen1010006
http://doi.org/10.1111/j.1582-4934.2008.00299.x
http://www.ncbi.nlm.nih.gov/pubmed/18318690
http://doi.org/10.1155/2018/3172480
http://doi.org/10.1007/s00204-017-2149-9
http://doi.org/10.3109/10520298609110708
http://doi.org/10.3390/ijms22062925
http://doi.org/10.3390/bioengineering6030067
http://doi.org/10.1186/s12860-014-0041-5
http://doi.org/10.1038/s41598-020-67289-8
http://doi.org/10.1038/s41580-020-00279-w
http://www.ncbi.nlm.nih.gov/pubmed/32901139
http://doi.org/10.1155/2015/421746
http://www.ncbi.nlm.nih.gov/pubmed/26247020
http://doi.org/10.14573/altex.1910211
http://www.ncbi.nlm.nih.gov/pubmed/32521037
http://doi.org/10.1093/cvr/cvr032
http://doi.org/10.3109/01913121003743716
http://doi.org/10.1161/ATVBAHA.109.195024
http://doi.org/10.1172/JCI84433
http://doi.org/10.1001/archsurg.1991.01410330093013
http://doi.org/10.1089/jir.2008.0027
http://doi.org/10.1038/s41598-020-76556-7
http://www.ncbi.nlm.nih.gov/pubmed/33173057
http://doi.org/10.1111/bjh.16321
http://www.ncbi.nlm.nih.gov/pubmed/31875952
http://doi.org/10.1016/j.febslet.2008.04.057


Bioengineering 2022, 9, 186 18 of 19

45. Kloen, P.; Doty, S.B.; Gordon, E.; Rubel, I.F.; Goumans, M.-J.; Helfet, D.L. Expression and Activation of the BMP-Signaling
Components in Human Fracture Nonunions. JBJS 2002, 84, 1909–1918. [CrossRef] [PubMed]

46. Lu, Y.; Di, Y.P.; Chang, M.; Huang, X.; Chen, Q.; Hong, N.; Kahkonen, B.A.; Di, M.E.; Yu, C.; Keller, E.T.; et al. Cigarette
smoke-associated inflammation impairs bone remodeling through NFκB activation. J. Transl. Med. 2021, 19, 163. [CrossRef]
[PubMed]

47. Simons, M.; Gordon, E.; Claesson-Welsh, L. Mechanisms and regulation of endothelial VEGF receptor signalling. Nat. Rev. Mol.
Cell Biol. 2016, 17, 611–625. [CrossRef] [PubMed]

48. Olsson, A.-K.; Dimberg, A.; Kreuger, J.; Claesson-Welsh, L. VEGF receptor signalling? In control of vascular function. Nat. Rev.
Mol. Cell Biol. 2006, 7, 359–371. [CrossRef]

49. Maes, C. Role and Regulation of Vascularization Processes in Endochondral Bones. Calcif. Tissue Int. 2013, 92, 307–323. [CrossRef]
50. Mayer, H.; Bertram, H.; Lindenmaier, W.; Korff, T.; Weber, H.; Weich, H. Vascular endothelial growth factor (VEGF-A) expression

in human mesenchymal stem cells: Autocrine and paracrine role on osteoblastic and endothelial differentiation. J. Cell. Biochem.
2005, 95, 827–839. [CrossRef]

51. Orlandini, M.; Spreafico, A.; Bardelli, M.; Rocchigiani, M.; Salameh, A.; Nucciotti, S.; Capperucci, C.; Frediani, B.; Oliviero, S.
Vascular Endothelial Growth Factor-D Activates VEGFR-3 Expressed in Osteoblasts Inducing Their Differentiation. J. Biol. Chem.
2006, 281, 17961–17967. [CrossRef]

52. Peng, Y.; Wu, S.; Li, Y.; Crane, J.L. Type H blood vessels in bone modeling and remodeling. Theranostics 2020, 10, 426–436.
[CrossRef] [PubMed]

53. Cébe-Suarez, S.; Zehnder-Fjällman, A.; Ballmer-Hofer, K. The role of VEGF receptors in angiogenesis; complex partnerships. Cell.
Mol. Life Sci. 2006, 63, 601. [CrossRef] [PubMed]

54. Liu, Y.; Berendsen, A.D.; Jia, S.; Lotinun, S.; Baron, R.; Ferrara, N.; Olsen, B.R. Intracellular VEGF regulates the balance between
osteoblast and adipocyte differentiation. J. Clin. Investig. 2012, 122, 3101–3113. [CrossRef] [PubMed]

55. Street, J.; Bao, M.; deGuzman, L.; Bunting, S.; Peale, F.V., Jr.; Ferrara, N.; Steinmetz, H.; Hoeffel, J.; Cleland, J.L.; Daugherty, A.;
et al. Vascular endothelial growth factor stimulates bone repair by promoting angiogenesis and bone turnover. Proc. Natl. Acad.
Sci. USA 2002, 99, 9656–9661. [CrossRef]

56. Chang, C.-J.; Jou, I.M.; Wu, T.-T.; Su, F.-C.; Tai, T.-W. Cigarette smoke inhalation impairs angiogenesis in early bone healing
processes and delays fracture union. Bone Jt. Res. 2020, 9, 99–107. [CrossRef]

57. Köttstorfer, J.; Kaiser, G.; Thomas, A.; Gregori, M.; Kecht, M.; Domaszewski, F.; Sarahrudi, K. The influence of non-osteogenic
factors on the expression of M-CSF and VEGF during fracture healing. Injury 2013, 44, 930–934. [CrossRef]

58. Ugur, M.G.; Kutlu, R.; Kilinc, I. The effects of smoking on vascular endothelial growth factor and inflammation markers: A
case-control study. Clin. Respir. J. 2018, 12, 1912–1918. [CrossRef]

59. Helmrich, U.; Di Maggio, N.; Güven, S.; Groppa, E.; Melly, L.; Largo, R.D.; Heberer, M.; Martin, I.; Scherberich, A.; Banfi, A.
Osteogenic graft vascularization and bone resorption by VEGF-expressing human mesenchymal progenitors. Biomaterials 2013,
34, 5025–5035. [CrossRef]

60. Wang, C.; Ying, J.; Nie, X.; Zhou, T.; Xiao, D.; Swarnkar, G.; Abu-Amer, Y.; Guan, J.; Shen, J. Targeting angiogenesis for fracture
nonunion treatment in inflammatory disease. Bone Res. 2021, 9, 29. [CrossRef]

61. Staton, C.A.; Valluru, M.; Hoh, L.; Reed, M.W.R.; Brown, N.J. Angiopoietin-1, angiopoietin-2 and Tie-2 receptor expression in
human dermal wound repair a.and scarring. Br. J. Dermatol. 2010, 163, 920–927. [CrossRef]

62. Maisonpierre, P.C.; Suri, C.; Jones, P.F.; Bartunkova, S.; Wiegand, S.J.; Radziejewski, C.; Compton, D.; McClain, J.; Aldrich, T.H.;
Papadopoulos, N.; et al. Angiopoietin-2, a natural antagonist for Tie2 that disrupts in vivo angiogenesis. Science 1997, 277, 55–60.
[CrossRef] [PubMed]

63. Yancopoulos, G.D.; Davis, S.; Gale, N.W.; Rudge, J.S.; Wiegand, S.J.; Holash, J. Vascular-specific growth factors and blood vessel
formation. Nature 2000, 407, 242–248. [CrossRef] [PubMed]

64. Choi, H.; Jeong, B.-C.; Hur, S.-W.; Kim, J.-W.; Lee, K.-B.; Koh, J.-T. The Angiopoietin-1 Variant COMP-Ang1 Enhances BMP2-
Induced Bone Regeneration with Recruiting Pericytes in Critical Sized Calvarial Defects. PLoS ONE 2015, 10, e0140502. [CrossRef]
[PubMed]

65. Holash, J.; Wiegand, S.J.; Yancopoulos, G.D. New model of tumor angiogenesis: Dynamic balance between vessel regression and
growth mediated by angiopoietins and VEGF. Oncogene 1999, 18, 5356–5362. [CrossRef] [PubMed]

66. Kelly, B.D.; Hackett, S.F.; Hirota, K.; Oshima, Y.; Cai, Z.; Berg-Dixon, S.; Rowan, A.; Yan, Z.; Campochiaro, P.A.; Semenza, G.L.
Cell Type–Specific Regulation of Angiogenic Growth Factor Gene Expression and Induction of Angiogenesis in Nonischemic
Tissue by a Constitutively Active Form of Hypoxia-Inducible Factor 1. Circ. Res. 2003, 93, 1074–1081. [CrossRef] [PubMed]

67. Huang, Y.-Q.; Li, J.-J.; Hu, L.; Lee, M.; Karpatkin, S. Thrombin induces increased expression and secretion of angiopoietin-2 from
human umbilical vein endothelial cells. Blood 2002, 99, 1646–1650. [CrossRef] [PubMed]

68. Horner, A.; Bord, S.; Kelsall, A.W.; Coleman, N.; Compston, J.E. Tie2 ligands angiopoietin-1 and angiopoietin-2 are coexpressed
with vascular endothelial cell growth factor in growing human bone. Bone 2001, 28, 65–71. [CrossRef]

69. Lienau, J.; Schmidt-Bleek, K.; Peters, A.; Haschke, F.; Duda, G.N.; Perka, C.; Bail, H.J.; Schütze, N.; Jakob, F.; Schell, H. Differential
regulation of blood vessel formation between standard and delayed bone healing. J. Orthop. Res. 2009, 27, 1133–1140. [CrossRef]

http://doi.org/10.2106/00004623-200211000-00001
http://www.ncbi.nlm.nih.gov/pubmed/12429748
http://doi.org/10.1186/s12967-021-02836-z
http://www.ncbi.nlm.nih.gov/pubmed/33882954
http://doi.org/10.1038/nrm.2016.87
http://www.ncbi.nlm.nih.gov/pubmed/27461391
http://doi.org/10.1038/nrm1911
http://doi.org/10.1007/s00223-012-9689-z
http://doi.org/10.1002/jcb.20462
http://doi.org/10.1074/jbc.M600413200
http://doi.org/10.7150/thno.34126
http://www.ncbi.nlm.nih.gov/pubmed/31903130
http://doi.org/10.1007/s00018-005-5426-3
http://www.ncbi.nlm.nih.gov/pubmed/16465447
http://doi.org/10.1172/JCI61209
http://www.ncbi.nlm.nih.gov/pubmed/22886301
http://doi.org/10.1073/pnas.152324099
http://doi.org/10.1302/2046-3758.93.BJR-2019-0089.R1
http://doi.org/10.1016/j.injury.2013.02.028
http://doi.org/10.1111/crj.12755
http://doi.org/10.1016/j.biomaterials.2013.03.040
http://doi.org/10.1038/s41413-021-00150-4
http://doi.org/10.1111/j.1365-2133.2010.09940.x
http://doi.org/10.1126/science.277.5322.55
http://www.ncbi.nlm.nih.gov/pubmed/9204896
http://doi.org/10.1038/35025215
http://www.ncbi.nlm.nih.gov/pubmed/11001067
http://doi.org/10.1371/journal.pone.0140502
http://www.ncbi.nlm.nih.gov/pubmed/26465321
http://doi.org/10.1038/sj.onc.1203035
http://www.ncbi.nlm.nih.gov/pubmed/10498889
http://doi.org/10.1161/01.RES.0000102937.50486.1B
http://www.ncbi.nlm.nih.gov/pubmed/14576200
http://doi.org/10.1182/blood.V99.5.1646
http://www.ncbi.nlm.nih.gov/pubmed/11861279
http://doi.org/10.1016/S8756-3282(00)00422-1
http://doi.org/10.1002/jor.20870


Bioengineering 2022, 9, 186 19 of 19

70. Yin, J.; Gong, G.; Sun, C.; Yin, Z.; Zhu, C.; Wang, B.; Hu, Q.; Zhu, Y.; Liu, X. Angiopoietin 2 promotes angiogenesis in
tissue-engineered bone and improves repair of bone defects by inducing autophagy. Biomed. Pharmacother. 2018, 105, 932–939.
[CrossRef]

71. Colnot, C.; Thompson, Z.; Miclau, T.; Werb, Z.; Helms, J.A. Altered fracture repair in the absence of MMP9. Development 2003, 130,
4123–4133. [CrossRef]

72. Ramasamy, S.K.; Kusumbe, A.P.; Wang, L.; Adams, R.H. Endothelial Notch activity promotes angiogenesis and osteogenesis in
bone. Nature 2014, 507, 376–380. [CrossRef] [PubMed]

73. Henle, P.; Zimmermann, G.; Weiss, S. Matrix metalloproteinases and failed fracture healing. Bone 2005, 37, 791–798. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.biopha.2018.06.078
http://doi.org/10.1242/dev.00559
http://doi.org/10.1038/nature13146
http://www.ncbi.nlm.nih.gov/pubmed/24647000
http://doi.org/10.1016/j.bone.2005.06.015
http://www.ncbi.nlm.nih.gov/pubmed/16199217

	Introduction 
	Materials and Methods 
	Culture of SCP-1 Cells 
	Preparation of In Vitro Hematomas and Culture 
	Simulation of Smoking Conditions In Vitro 
	Life Staining 
	Histology 
	Sex-Specific Polymerase Chain Reaction 
	Mitochondrial Activity (Resazurin Conversion) 
	Adenosine Triphosphate Content 
	Lactate Dehydrogenase Release 
	Enzyme-Linked-Immunosorbent-Assay 
	Alkaline Phosphatase Activity 
	Gene Expression Analysis 
	Angiogenesis Array 
	Culture of Human Umbilical Vein Endothelial Cells 
	HUVEC Proliferation Assay 
	Tube Formation Assay 
	Statistics 

	Results 
	Smokers’ and Non-Smokers’ Hematomas Show Comparable Cell Viability and Survival 
	Smokers’ Hematomas Show Increased Inflammation and Decreased Osteogenic and Chondrogenic Differentiation Potential 
	Smoking Negatively Affects Angiogenic Stimuli in In Vitro Fracture Repair 

	Discussion 
	References

