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Abstract: Many cells in the human body strongly react on decreased oxygen concentrations, generally
defined as hypoxia. Therefore, inducing hypoxia in vitro is essential for research. Classically, hypoxia
is induced using a hypoxia chamber, but alternative methods exist that do not require special equip-
ment. Here, we compared three different methods to induce hypoxia without a hypoxia chamber:
the chemical stabilization of HIF-1α by CoCl2, the decrease in pericellular oxygen concentrations by
increased media height, and the consumption of oxygen by an enzymatic system. Hypoxia induction
was further analyzed within three different cell culture systems: 2D (adherent) osteoprogenitor cells,
monocytic (suspension) cells, and in a 3D in vitro fracture hematoma model. The different methods
were analyzed within the scope of fracture healing regarding inflammation and differentiation. We
could show that all three induction methods were feasible for hypoxia induction within adherent
cells. Increased media heights did not stimulate a hypoxic response within suspension cells and in
the 3D system. Chemical stabilization of HIF-1α showed limitations when looking at the expression
of cytokines in osteoprogenitors and monocytes. Enzymatic reduction of oxygen proofed to be most
effective within all three systems inducing inflammation and differentiation.
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1. Introduction

During recent years, cell culture in medical and basic research has evolved towards
more complex systems aiming at a more accurate simulation of the in vivo situation.
Aspects of the development are the transition from 2D to 3D environments, the inclusion
of different cell types within one system, or the reconstitution of interactions between
organs in vitro for example in chip systems [1]. The availability of oxygen in vivo must
be taken into consideration for different tissues as well, and adjusted in different cell
culture systems accordingly because the oxygen tension has a crucial influence on cellular
behavior in vivo [2]. The lack of oxygen, known as hypoxia, is not only detrimental
(e.g., in cancers [3]) but may also be beneficial for health. For example in bone, low
oxygen is important in stem cell niches, where hypoxia favors stem cell maintenance and
proliferation [4]. Hypoxia is also one of the main drivers of early fracture healing. Due
to fracturing of the bone, blood vessels rupture and the oxygen supply is capped from
the surrounding soft tissue resulting in local hypoxia. Moreover, a fracture hematoma is
formed within the fracture gap [5,6]. The hematoma acts as scaffold for the recruitment
of first inflammatory and immune cells and later osteoprogenitor cells [7]. Cells are
attracted by the secretion of a specific cytokine and growth factor profile, which is pro-
inflammatory during early stages (e.g., TNF-α, IL-1β, IL-6, CCL2) and later switches to an
anti-inflammatory environment due to maturation of the hematoma (IL-10, TGF-β, VEGFA,
BMP-2/4) favoring differentiation of osteoprogenitors and revascularization [8,9].
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In conventional cell culture incubators, pericellular oxygen concentrations reach
approximately 18.6% (141 mmHg) due to the humidified atmosphere and the enrichment
with 5% CO2, which does not correspond to the physiological tissue oxygen levels in vivo
(physioxia) [10]. Oxygen levels within specific tissues vary drastically and are dependent
on the oxygen supply due to vascularization and in vivo diffusion rates [11]. It is proposed
that physioxia varies between 2 and 9% (3 to 70 mmHg) in healthy tissue. Therefore, it
must be mentioned that although culturing cells in room air is still the gold standard and
often considered as normoxic control, this environment is hyperoxic for most cell types.
Considering the cellular sensitivity to oxygen, obtained results may be considerably biased.

Within bone, partial oxygen pressure (pO2) is dependent on the location and ranges
between 50 mmHg in the periosteum to 13 mmHg in extravascular bone marrow [12]. Per
exact definition, hypoxic environments are characterized by a reduction in oxygen tension
compared to physiological conditions. Nevertheless, in literature levels below 2% oxygen
are often generally defined as hypoxic [13,14].

Cells sense low oxygen concentrations by hypoxia-inducible factors (HIFs) with HIF-
1α being the best-studied and most important one. Whereas HIF-1α is constitutively
expressed in various cell types, the well-known HIF-2α has a distinct other expression
pattern and is mainly expressed during embryonic development and in adult vascular
endothelial cells [15,16]. Under normoxia, HIF-1α is hydroxylated by prolyl hydroxy-
lase domain proteins (PHDs), which mark it for ubiquitinylation by Von-Hippel-Lindau
E3 Ligase (VHL) and subsequent proteasomal degradation [17]. Because PHDs require
molecular oxygen, hypoxic conditions prevent HIF-1α from being hydroxylated. HIF-1α
forms a nuclear transcription complex with constitutively expressed HIF-1β and various
other co-factors, which can enhance the expression of genes at hypoxia response elements
(HRE) [17,18]. Hypoxia responsive genes are for instance involved in proliferation (IGF),
angiogenesis (VEGF), erythropoiesis (EPO), anaerobic glucose metabolism (PGK1), or
inflammation (TNF-α, NF-κB) [19,20].

In vitro, oxygen tensions can be modulated, and hypoxia can be induced via different
methods. The most straight forward one is the usage of hypoxia incubators or cham-
bers filled with a gas mixture with a defined amount of oxygen (for hypoxia~1–2% O2).
However, this method requires special equipment, e.g., a hypoxia incubator and a special
gas mixture that needs to be stored appropriately in a gas cabinet. Therefore, alternative
methods to induce hypoxia have been developed: (i) Pericellular oxygen concentrations in
conventional cell culture are determined by the cellular oxygen consumption-ability and
the oxygen diffusion rate which is determined by the height of the applied medium [9].
Depending on the oxygen consumption, the pO2 can therefore be reduced by raising
the culture medium height [21]. (ii) Oxygen levels can as well be reduced enzymatically.
A system described by Mueller et al., uses glucose oxidase (GOX) to consume oxygen
within the culture medium. Via the addition of catalase (CAT), the produced H2O2 can
be converted to H2O, thereby consuming 1/2 O2 per cycle [22]. (iii) Very popular are also
hypoxia mimetics like cobalt chloride (CoCl2) or desferrioxamine, which do not affect
oxygen tension but chemically stabilize HIF-1α. Hypoxia mimetics are mainly classified
into iron chelators, iron competitors, and 2 oxoglutarate (2OG) analogs. By competing with
iron ions, CoCl2 can inhibit the PHDs responsible for HIF-1α hydroxylation, and therefore
enable its stabilization [23]. The different methods for induction of hypoxia in vitro are
summarized in Figure 1.

In this study, we aim to compare hypoxia induction methods which do not require
additional equipment, therefore without using the hypoxia chamber, in 2D monolayer of
osteoprogenitor cells and monocytic suspension culture as well as in the 3D co-culture
approach of an in vitro fracture hematoma model. Successful hypoxia induction will
be monitored within the scope of fracture healing. Besides monitoring HIF-1α protein
levels and pericellular oxygen concentrations, chemokine and cytokine production and
differentiation will be used as readouts for successful hypoxia induction. By comparing
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different methods we want to highlight challenges, limitations and applicability of the
tested methods also in relation to different cell types and culture system.
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Figure 1. Methods for hypoxia induction in vitro. Only hypoxia mimetics, media height and
GOX/CAT system were tested within the study (red border). With CoCl2: Cobalt chloride, PHD:
Prolyl hydroxylase domain proteins, HIF-1: Hypoxia-inducible factor 1, VHL: Von Hippel–Lindau
E3 Ligase, GOX: Glucose oxidase, CAT: Catalase.

2. Materials and Methods
2.1. Ethics Statement

All experiments were performed in accordance to the declaration of Helsinki. Ex-
periments with primary human cells (osteoblasts and blood) were ethically approved by
the ethics committee of the medical faculty of the University of Tuebingen (ethical vote
for osteoblasts: 536/2016BO2 approved 03.08.2016, for blood: 844/2020BO2 approved
21 October 2020).

2.2. Culture of Osteogenic Cells as Representatives for 2D Culture

Human immortalized bone marrow derived mesenchymal stem cell (hB-MSCs) line
SCP-1 were obtained from Prof. Schieker [24]. Cells were cultured in Minimal Essential
Medium Alpha (MEM-alpha) supplemented with 5% fetal bovine serum (FCS).

The osteogenic progenitor cell line SaOS-2 (DSMZ # ACC 243) was cultured in RPMI
1640 Medium with 5% FCS.

Primary human osteoblasts (hOBs) were isolated and expanded as previously de-
scribed [25]. After Collagenase digestion hOBs were expanded in culture medium (DMEM,
5% FCS, 1% Penicillin/Streptomycin (P/S), 50 µM L-ascorbate-2-phosphate, 50 µM β-
glycerol-phosphate) until passages 2 or 3.

Cells were cultivated at 37 ◦C, 5% CO2, humidified atmosphere. Medium was changed
every 3–4 days. Cells were subcultured when confluent [26]. Cells were regularly tested
negative for mycoplasma (MycoAlertTM Mycoplasma Detection Kit, LT07-118, Lonza,
Basel, Switzerland).

2.3. Culture of THP-1 Cells as Representatives for Suspension Culture

The human monocytic suspension cell line THP-1 (DSMZ # ACC 16) was cultured
in RPMI 1640 Medium with 5% FCS (37 ◦C, 5% CO2, humidified atmosphere). Medium
was changed every 3–4 days. Cell density was kept between 0.2–1 × 106 cells/mL. Cells
were regularly tested negative for mycoplasma (MycoAlertTM Mycoplasma Detection Kit,
LT07-118, Lonza, Basel, Switzerland).
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2.4. Preparation and Culture of Human In Vitro Fracture Hematoma Models

In vitro fracture hematomas were prepared following a protocol previously pub-
lished [27]. Briefly, as representative for hB-MSCs served SCP-1 cells, derived from a
female donor [24]. Whole blood was drawn from healthy volunteers. For sex-specific PCR,
only blood of male donors was used. Briefly, freshly collected human whole blood was
mixed in a 1:1 ratio (60 µL each) with a 1 × 106 SCP-1 cells/mL suspension containing
10 mM CaCl2 in non-adherent 96-well plates. Coagulation was induced by incubation
for 1 h at 37 ◦C, 5% CO2, humidified atmosphere. Afterwards, clots were transferred to
new plates and cultured up to 96 h in MEM-alpha supplemented with 5% FCS and 1%
P/S (37 ◦C, 5% CO2, humidified atmosphere). If in vitro hematomas were cultivated for
longer than 48 h, medium was partially changed (25 µL) daily to maintain secreted factors,
thereby also refreshing the respective stimuli.

2.5. Hypoxia Induction
2.5.1. Cobalt Chloride (CoCl2)

For chemical hypoxia induction, usual growth medium was supplemented with 0.1 M
(adherent cells) or 0.4 M (in vitro hematomas) CoCl2 (Sigma-Aldrich/Merck, Darmstadt,
Germany) [28].

2.5.2. Glucose Oxidase (GOX)/Catalase (CAT)

Enzymatic induction of hypoxia was introduced by combination of the two enzymes
glucose oxidase and catalase as previously described [22]. According to the original
publication and our own optimization, GOX (G6125-10KU, Sigma, St. Louis, MO, USA,)
was diluted 1:10,000 (w/v) and CAT (C30-100MG (23100 U/mg) Sigma, St. Louis, MO,
USA) was diluted 1:5000 (v/v) in the respective culture media.

2.5.3. Medium Height

For 2D monolayer cultures media heights were adjusted according to Camp et al. [21].
Media heights used, associated volumes and predicted oxygen concentrations are listed in
Table 1. Experiments with in vitro fracture hematomas and for establishment of medium
height were performed in 96-well plates, experiments for RNA isolation in six-well plates.

Table 1. Media heights, associated volumes in 96-well plates and 6-well plates, and the predicted pO2 [21].

Medium Height Associated Volume (96-Well Plate) Associated Volume (6-Well Plate) Predicted pO2

2 mm 66.7 µL 2 mL 58%
3 mm 100.0 µL 3.135 mL 21%

4.3 mm 137.6 µL 4.085 mL 10%
5.4 mm 172.8 µL 5.13 mL 6.2%
7.5 mm 250.0 µL n/a <2%
10 mm 333.3 µL n/a <2%

n/a—not applicable.

Due to their intrinsic height, increased media height for the in vitro hematomas
was only analyzed for 300 µL medium which is comparable to the 250 µL used in the
2D cultures.

2.6. Assessment of Changes in Oxygen Concentrations by Means of Hypoxia IT Dye

ImageIT dyes were used as fluorescent probes for detection of low oxygen tensions.
The dyes only develop fluorescence when oxygen concentrations decrease below 5%. Signal
intensity thereby increases with decreasing oxygen levels. Oxygen concentrations below 2%
can be generally considered as hypoxic [13]. The non-accumulating Image IT red hypoxia
reagent (Thermo Scientific, Waltham, MA, USA) was directly added into the medium of
adherent cells in a final concentration of 10 µM.
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Suspension cells and 3D cultured cells were loaded with 1 mM of the accumulating
ImageIT (Thermo Scientific, Waltham, MA, USA) green hypoxia reagent for 30 min before
inducing hypoxic conditions. In both cases changes in fluorescence were detected with
a FLUOstar Omega Plate Reader (BMG Labtech, Ortenberg, Germany). Additionally,
after 2 h microscopy images were taken using a fluorescence microscope (EVOS FL, life
technologies, Darmstadt, Germany) if not indicated differently.

2.7. Life-Dead Staining

Cells were stained with 0.1% Calcein-AM and 0.03% propidium iodide in culture
medium for 20 min. Afterwards images were taken in 10×magnification in GFP and RFP
channel using the EVOS FL fluorescence microscope.

2.8. Resazurin Conversion Assay

Mitochondrial activity was assessed by resazurin conversion. Briefly, 100 µL of a
0.0025% resazurin solution was added to cells/in vitro hematomas. After, incubation at
37◦C resorufin was quantified via its fluorescence (λex = 544 nm and λem = 590–10 nm)
with the FLUOstar Omega Plate Reader.

2.9. Alkaline Phosphatase (ALP) Activity Assay

For determining alkaline phosphatase activity, osteogenic cells and in vitro hematomas
were washed with PBS and transferred to new 96-well plates before incubating with 200
µL ALP substrate solution (1 mg/mL pNPP, 50 mM glycine, 1 mM MgCl2, 100 mM TRIS;
pH 10.5) at 37 ◦C for 1 h. After incubation working solution was briefly centrifuged to
remove impurities. Formation of pNP was determined photometrically (λ = 405 nm) using
the FLUOstar Omega plate reader from 75 µL working solution.

2.10. Semiquantitative Reverse-Trasncription (RT) PCR

RNA was isolated by phenol/chloroform extraction and quantified by spectropho-
tometry. In vitro fracture hematomas were pooled (n ≥ 12) and homogenized using
homogenization pestles (SLG, Gauting, Germany) prior to the isolation. Up to 2.5 µg RNA
was transcribed into cDNA using a First Strand cDNA Synthesis Kit (Thermo Scientific,
Waltham, MA, USA). Semi quantitative PCRs were performed using Red HS master mix
(Biozym, Hessisch Oldendorf, Germany). Cycling conditions for each primer set were
optimized to range in the logarithmic phase of amplification. Used primers and cycling
conditions are listed in Table 2. 18s, HPRT or GAPDH were used as internal references.
PCR products were separated on 1.8% Agarose gels with 0.0007% ethidium bromide and
visualized using an INTAS GelDoc system (INTAS, Göttingen, Germany). Densiometric
analysis was performed using the ImageJ gel analysis tool.

Table 2. Primer specificities for semi-quantitative RT-PCR.

Target Accession Number Primer Forward
(5′ to 3′)

Primer Reverse
(3′ to 5′)

Amplicon
Size TAnnealing

Cycle
Number

RUNX2 NM_001015051.3 CGGCAAAATGAGCGACGTG CACCGAGCACAGGAAGTTG 268 bp 64 ◦C 40
VEGFA NM_001204384.1 CTACCTCCACCATGCCAAGT GCAGTAGCTGCGCTGATAGA 109 bp 60 ◦C 30
HIF-1a NM_001530.3 CTGAGGGGACAGGAGGATCA GTGGCAACTGATGAGCAAGC 408 bp 60 ◦C 35
CCL2 NM_002982.3 CCTTCATTCCCCAAGGGCTC GGTTTGCTTGTCCAGGTGGT 236 bp 60 ◦C 35
CCL5 NM_002985.2 ATCCTCATTGCTACTGCCCTC GCCACTGGTGTAGAAATACTCC 135 bp 60 ◦C 35
CCL7 NM_006273.3 CTTGCTCAGCCAGTTGGGATT CCACTTCTGTGTGGGGTCAG 183 bp 60 ◦C 35
CCL8 NM_005623.2 ACTTGCTCAGCCAGATTCAGTT CCCATCTCTCCTTGGGGTCA 185 bp 60 ◦C 35

GM-CSF NM_000758.3 GAGACACTGCTGCTGAGATGA GAGGGCAGTGCTGCTTGTA 180 bp 64 ◦C 40
MCSF NM_000757.5 AAGTTTGCCTGGGTCCTCTC CCACTCCCAATCATGTGGCT 289 bp 60 ◦C 40
TNF-α NM_000594.3 ATGAGCACTGAAAGCATGATCC GAGGGCTGATTAGAGAGAGGTC 217 bp 56 ◦C 35

GAPDH NM_002046.4 GTCAGTGGTGGACCTGACCT AGGGGTCTACATGGCAACTG 420 bp 56 ◦C 25
HPRT NM_000194.2 CCCTGGCGTCGTGATTAGTG GAGCACACAGAGGGCTACAA 190 bp 56 ◦C 25

18s RNA NR_003286 GGACAGGATTGACAGATTGAT AGTCTCGTTCGTTATCGGAAT 111 bp 56 ◦C 25
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2.11. Western Blot

Protein lysates for Western blot analysis were obtained by lysis of cells in ice-cold
radio immunoprecipitation assay buffer (RIPA) with protease and phosphatase inhibitors.
After quantification with micro Lowry, 30 µg of protein was applied on 12% sodium
dodecyl sulfate polyacrylamide gels (SDS-PAGES) and separated by size. Proteins were
blotted onto nitrocellulose membranes by tank blotting. Membranes were blocked with
5% bovine serum albumin (BSA) and incubated with primary antibody (HIF-1α: BD
Bioschcienes 610958, HPRT: Santa Cruz Biotechnology, sc-376938; β-actin: Cell Signaling
Technology, 4970) followed by HRP conjugated secondary antibody (Anti-Mouse IgG HRP-
linked Antibody: 7076, Cell Signaling Technology, Anti-Rabbit IgG HRP-linked Antibody:
Santa Cruz Biotechnology, 7074). Signals were detected by chemiluminescence using an
ECL substrate solution and were detected with a charge-couple device camera (INTAS,
Göttingen; Germany). Densitometric analysis was performed using the ImageJ (Version
1.52, NIH, Bethesda, MD, USA) analysis tool.

2.12. Enzyme Linked Immunosorbent Assay (ELISA)

Secretion of cytokines IL-1β, TNF-α and CCL2 was quantified in undiluted culture
supernatants using mini ABTS-ELISA kits (Peprotech, Hamburg, Germany) following the
manufacturer’s instructions.

2.13. Statistics

Results are represented either as bar or as line diagrams showing mean ± SEM of at
least three independent experiments performed in triplicates. Statistics were made using
Graph Pad Prism 8 (San Diego, CA, USA). Data were compared using non-parametric
Kruskal–Wallis tests following Dunns’ multiple comparison or two way ANOVAs following
Sidak’s multiple comparison tests if not indicated differently. Significance levels for all
tests were defined as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results
3.1. Confirmation of Hypoxia Induction in Osteogenic Cells

Accumulation of HIF-1α is the main cellular response to hypoxic conditions [29]. To
prove induction of hypoxia osteogenic cells were treated with the three different hypoxia
induction methods: increased medium height, enzymatic consumption of oxygen and
CoCl2. For the induction with medium height different medium heights were tested
ranging from 2 mm (Ctrl) to 10 mm. As a readout for the induction of hypoxia cells
were stained with the Image-IT™ hypoxia reagent which reversibly reacts to low oxygen
concentrations. Here, medium heights up to 10 mm were used which is as low as 5 mmHg.
Results are shown in Figure 2. The hypoxia dye (Figure 2a) showed strong fluorescence at
5.4 mm medium height. Before, only very low fluorescence could be observed. At higher
medium height the cell number started to decrease which resulted in lower fluorescence.
The GOX/CAT system also strongly induced fluorescence of the hypoxia reagent. After
2 h of hypoxia induction both CoCl2 and GOX/CAT strongly induced HIF-1α protein
levels (Figure 2b), showing a strong cellular reaction to hypoxia. The three different tested
medium heights did not lead to an increase in HIF-1α protein levels.

3.2. Effect of Different Hypoxia Induction Methods on Chemokine Release in Osteogenic Cells

Hypoxia is strongly present in the fracture gap. There hypoxia induces chemokine
release by osteogenic cells for attraction of immune cells. To test the functional outcome
of the different hypoxia induction methods osteogenic cells were treated with hypoxic
conditions for 24 h and the gene expression of relevant cytokines and chemokines was
analyzed (Figure 3). For the test of increased medium height 5.4 mm (MH) was chosen as
it showed increased fluorescence with the hypoxia reagent but did not reduce viability of
the cells (Figure 2a).
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Figure 2. Effect of different hypoxia induction methods in osteogenic cells. SaOS-2 cells were
cultivated in common aerobic conditions without additional stimulus (Ctrl), with increased medium
height, the enzymatic GOX/CAT system, and 0.1 mM CoCl2. (a) Depiction of oxygen levels by
Image-IT Hypoxia reagent after 3 h incubation, scale bar 200 µm. Images are pseudo-colored with
Fire using the ImageJ software (see legend). CoCl2 does not reduce oxygen level. (b) HIF-1α protein
level after 2 h of hypoxia induction with an exemplary image of one blot. Data are presented as
mean ± SEM (N = 3, n = 3).
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Figure 3. Comparison of chemokine release from osteogenic cells by different hypoxia induction
methods. Osteogenic cells were cultivated in common aerobic culture conditions without additional
stimulus (Ctrl), with increased medium height (MH, 5.4 mm), 0.1 mM CoCl2 and the enzymatic
GOX/CAT system. Gene expression of cytokines (a) CCL2, (b) CCL5, (c) CCL8 and (d) GM-CSF was
analyzed after 24 h (N ≥ 3, n = 2). Statistics were made using non-parametric Kruskal–Wallis Tests
with * p < 0.05, ** p < 0.01, *** p < 0.001. Data are shown as mean ± SEM.

The GOX/CAT system induced cytokine expression of all analyzed cytokines (CCL2,
CCL5, CCL8, and GM-CSF, Figure 3a–d). CCL2 was also induced by medium height and
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CoCl2, nevertheless the increase was not significantly with CoCl2. CCL5 expression is
significantly induced by the enzymatic system but not significantly by CoCl2 or medium
height. CCL8, however, is only induced by the enzymatic system and reduced by CoCl2.
GM-CSF is induced by medium height, by CoCl2 and by the enzymatic system but not
significantly by CoCl2. CoCl2 does not lead to a significant expression induction of any
cytokine, it just shows a trend of induction.

3.3. Induction of Hypoxia in Suspension Cells

THP-1 cells were used for testing the three alternative hypoxia induction methods
with suspension cells. Changes in pO2 were followed by staining with the irreversible
accumulating Green Image-IT ™ hypoxia reagent and gene expression of hypoxia-inducible
genes was analyzed by RT-PCR. Results are displayed in Figure 4.
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Figure 4. Hypoxia induction in THP-1 suspension cells by different hypoxia induction methods.
Cells were cultured in common aerobic culture conditions without additional stimulus (Ctrl), with
0.1 mM CoCl2 or the GOX/CAT system. (a+b) Analysis of pO2 in response to different media heights
and GOX/CAT system with green Image-IT™ hypoxia reagent. (a) Microscopy images were taken
after 6 h. Scale bar 200 µm. (b) Accumulation of dye was followed by kinetic measurement over
360 min (N = 3, n = 3). (c) HIF-1α protein level after 2 h of hypoxia induction with exemplary image
of one blot (N = 2, n = 2). (d) Expression of cytokines CCL2, CCL5, CCL8, GM-CSF, TNF-α and growth
factor VEGFA after 24 h (N = 3, n = 4). Statistics were made using non-parametric Kruskal–Wallis
Tests with * p < 0.05, ** p < 0.01, **** p < 0.0001. Data are shown as mean ± SEM.
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Microscopy images after 6 h showed development of fluorescence with the GOX/CAT
system whereas no fluorescence could be observed in cells treated with the different
medium heights. The corresponding time course fluorescence measurement showed an
increase in fluorescence over a time of 6 h for GOX/CAT but no change in fluorescence for
the different medium heights (Figure 4b).

GOX/CAT and CoCl2 both lead to an increase in HIF-1α protein levels compared to
the control after 2 h of stimulation but GOX/CAT showed a more pronounced increase.

Treatment with the enzymatic system led to very pronounced increase of expression
of the analyzed cytokines CCL2, TNF-α, CCL5, CCL8, GM-CSF, and also the growth factor
VEGFA after 24 h whereas chemically stabilization of HIF-1α by CoCl2 could not increase
the expression of the analyzed targets to that extend. Only pro-inflammatory cytokines
TNFα and CCL2 showed an increasing trend due to stimulation with CoCl2.

3.4. Induction of Hypoxia in In Vitro Fracture Hematomas

To evaluate the different hypoxia induction methods also in an appropriate 3D system,
in vitro fracture hematomas were chosen. Hypoxia is one of the main drivers of early
fracture healing and results mainly from rupturing of the surrounding blood vessels and
the resulting separation from blood supply. Hypoxia induction of the three methods was
evaluated by means of expression profiles of HIF-1α regulated genes VEGFA and RUNX2,
which are the key transcription factors during early fracture healing. As can be seen in
Figure 5, chemical stabilization of HIF-1α as well as enzymatic hypoxia induction signifi-
cantly induced expression of VEGFA and RUNX2. Media height stimulated hematomas
did not show any increase in expression of HIF-1α regulated genes, but a significant in-
crease in mitochondrial activity after 48 h in comparison to all other stimulations which
indicated increased proliferation of SCP-1 cells (Supplementary Figure S1). Interestingly,
control hematomas also showed an increase in expression of hypoxia regulated genes.
Nevertheless, the effect was less prominent and the expression seemed delayed by about
24 h (Supplementary Figure S1a).
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Figure 5. Comparison of different hypoxia induction methods in in vitro fracture hematomas. In vitro
hematomas were cultivated in common aerobic culture conditions without additional stimulus (Ctrl),
with increased medium height (MH), 0.4 mM CoCl2 and the enzymatic GOX/CAT system. Gene
expression was analyzed for targets VEGFA and RUNX2 after 24 h (N = 3, n ≥ 3). Statistics were
made using non-parametric Kruskal–Wallis Tests with * p < 0.05, **** p < 0.0001. Data are shown as
mean ± SEM.

Based on the previously shown expression profiles (Figure 5), for analysis of functional
effects of hypoxia on the in vitro fracture hematomas solely the enzymatic system was
chosen. Clots cultivated in “normoxia” and hypoxia were compared also over the course of
96 h incubation time. Hypoxia significantly reduced mitochondrial activity as can be seen
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in Figure 6b. This could be attributed to reduced amounts of SCP-1 cells, as can be seen in
the life dead staining images (Figure 6a). Figure 6d showed secretion of proinflammatory
cytokines TNF-α and IL-1β during earlier time points and generally higher levels of CCL2
by the enzymatic system. It further induced osteogenic differentiation monitored by ALP
activity (Figure 6c).
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Figure 6. Functional effects of enzymatically induced hypoxia (GOX/CAT) in in vitro hematomas in comparison to
common aerobic culture conditions without additional stimulus (Ctrl). (a) Live–dead staining images from control and
GOX/CAT stimulated hematomas after 96 h of incubation in 10x magnification. Arrows are indicating dead cells (red).
(b) mitochondrial activity determined by resazurin conversion (N = 4, n = 3). (c) Alkaline phosphatase (ALP) activity (N = 3,
n = 3). (d) Secretion of proinflammatory cytokines IL-1β, CCL2, and TNF-α (N = 4, n = 3). Statistics were made using
non-parametric Sidak’s multiple comparison tests with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Significance
indicators in (b,c) and (d) show significances between GOX/CAT and non-stimulated samples at the same time point. Data
are shown as mean ± SEM.

All in all, stimulation with the enzymatic system led to the development of the charac-
teristic phases of healing, starting with an inflammatory phase followed by a differentiation
phase and seems therefore an appropriate system.

4. Discussion

In this work, we compared the induction of hypoxia using three different easy and
simple systems in osteogenic (adherent) cells, monocytic (suspension) cells, and in vitro
fracture hematomas (3D system).

Hypoxia is a strong biological regulator being involved in several cellular processes
and diverse pathogenic processes [30–33]. In bone, hypoxic conditions are important to
maintain stem cell features in bone marrow [34]. Furthermore, during fracture, hypoxia
is one of the main characteristics of the fracture hematoma, driving the inflammatory
response and thus the healing process [35].
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For in vitro research, the standard procedure to induce hypoxia is the reduction of
oxygen in the culture environment (1–5% compared to 18%), which subsequently leads to
a reduction in the pericellular oxygen tension. However, the usage of hypoxia chambers or
incubators has several disadvantages and pitfalls. One major limitation is, that the envi-
ronmental oxygen concentration not necessarily corresponds to the oxygen concentration
at the cellular level [36]. Thus, we here describe three alternative methods to induce or
mimic hypoxia without reducing environmental oxygen concentrations with the additional
major advantage that they do not require special equipment. An increase of the medium
height reduces the partial oxygen pressure at the cellular site, initially driven by the cells’
oxygen consumption [21]. CoCl2 has long been known as a strong inducer of HIF-1α in
cellular systems mimicking the cellular response to hypoxia to a certain extent. The glucose
oxidase/catalase system reduces the oxygen in cultures by its enzymatic consumption [22].
Table 3 summarizes the advantages and disadvantages of the three alternative hypoxia
induction systems and in comparison to induction with a hypoxia chamber.

CoCl2 and the enzymatic system induced stabilization of HIF-1α protein in our cell
culture systems. In contrast, the increased media heights failed to induce HIF-1α in
osteogenic cells within 2 h, did not show an effect in monocytic cells and on the in vitro
fracture hematomas. Because the cellular response to hypoxia is known to depend on the
drop in oxygen not on hypoxia per se, the rather slow decrease of pericellular oxygen
concentrations may not promote a strong HIF-1α response. Potentially, increased medium
heights may therefore be used to adjust pericellular oxygen tension in cell cultures to
prevent hyperoxia present when cultured in standard culture conditions (room air).

Chemical induction of hypoxia with CoCl2 led to a stabilization of HIF-1α protein
in osteogenic cells, and to a lesser extent also in monocytic cells. However, it did not
significantly induce cytokine expression. This highlights the necessity for “real hypoxia”.
It has to be proposed that a higher concentration of CoCl2 may be necessary in monocytic
suspension cells [37], which is in line with our observations in the 3D culture system.
Our data show that reactions to hypoxia in osteogenic cells (2D culture), monocytic cells
(suspension culture) and in vitro fracture hematomas (3D culture) were most successful
using the enzymatic system. From in vitro and in vivo experiments well known hypoxia
related induction of chemokines in osteogenic [38,39] and monocytic [40] cells was seen.
Functional responses in in vitro fracture hematomas (VEGFA, RUNX2) were also similar to
results obtained in an equine fracture hematoma model using an hypoxia chamber [27] as
well as patient and in vivo data [41,42]. Additionally, all cytokines were stronger induced
by GOX/CAT and in the osteogenic cells also by the increased media heights, than when
just stabilizing HIF-1α by CoCl2.

Introducing chemical and enzymatic hypoxia inducers can affect cellular functions
apart from inducing hypoxia. For instance, cobalt chloride has been shown to induce
cellular apoptosis in an hypoxia independent manner when supplemented in higher
doses [37,43]. When using the enzymatic system, ratios between catalase and glucose oxi-
dase have to be established properly. Misbalance between the two enzymes can lead to an
excess H2O2 production which, if not intentionally chosen, further stimulates inflammatory
conditions [44]. When osteoprogenitors were stimulated with H2O2 alone, we did not
observe any effects on the expression of various cytokines, indicating that the effect of the
enzymatic system in our experiment was mainly related to the resulting hypoxia and that
the carefully selected enzymatic system did not produce excessive ROS (Supp. Figure S2).
Because the enzymes loose functionality over time, to maintain the hypoxic environment,
medium has to be changed on a regular basis [22].

The induction of VEGFA in the control conditions in the in vitro fracture hematomas
shows that hypoxia is already internally induced in the 3D structure as already found
in other 3D structures [45]. Uneven distribution of oxygen is a general problem of non-
vascularized 3D cultures, that also occurs when working with hypoxia chambers [46]. Thus,
for 3D structures, chemical inducers or the enzymatic system may be the better choice than
increasing the medium height or reducing environmental oxygen.
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Promising results in hypoxia induction can also be achieved by combining two hypoxia
induction methods. In a similar setup to our 3D model, Pfeiffenberger et al. used a hypoxic
environment (1% O2) in combination with the alternative chemical prolylhydroxylase
inhibitor DFO (desferrioxamine) to promote the hypoxic response as it was not strong
enough with either the hypoxic environment or the chemical inducer alone [47]. In our
set-up, the enzymatic system alone was sufficient for a pronounced hypoxic response of
the cells.

Similarly, elevated medium heights alone are not sufficient to induce strong hypoxia,
they can be preferably used to support other hypoxia induction methods. A combination of
the increased medium height with reduced environmental oxygen enhanced the reduction
in pericellular oxygen levels [48]. Alternatively, a combination of medium height and CoCl2
also effectively induces chemokine expression in osteogenic cells (Supp. Figure S2) thus
allowing for induction of “real hypoxia” in combination with a strong HIF-1α response.

Another factor to consider when selecting a method for hypoxia induction is the
possibility of intermittent hypoxia (preconditioning/hypoxia with reoxygenation phases).
Intermittent hypoxia was shown to be more effective in inducing inflammation in mono-
cytic cells and preconditioning to moderate hypoxia improves tissue regeneration processes
and tolerance to stronger hypoxic conditions [49,50]. In principle, the induction of inter-
mittent hypoxia is possible with all methods. In hypoxia chambers and with increased
medium heights intermittent hypoxia has to be tightly controlled by oxygen measurements
as the change in pericellular oxygen concentrations is rather slow. For all other induc-
tion methods (partial) medium changes are needed which allow a fast onset of hypoxia,
where the enzymatic system has the advantage of an onset of hypoxia in less than two
minutes [51].

When looking at the feasibility of the different induction methods for usage in ani-
mal models, reduction of environmental oxygen and chemical inducers are the common
methods. The chemical inducers have the advantage that they can be applied locally thus
enabling usage, e.g., in a fracture hematoma where they showed strong positive effects
on angiogenesis induction, thus promotion of fracture healing [52]. To our knowledge the
enzymatic system was not yet tested in animal models.

Table 3. Overview of different in vitro hypoxia induction methods.

Medium Height Cobalt Chloride GOX/CAT 1 Hypoxia Chamber

Assay principle
Lowered local oxygen
concentration due to

reduced gas exchange

Blocking of HIF-1α
degradation

Consumption of (all) oxygen
by enzymatic system

Lowered environmental
oxygen concentration

Lowered oxygen
concentration Yes No Yes Yes

Approx. induction time 2 Up to several hours Immediate stabilization ~20 to 60 min [22] ~4 to 24 h [53]

Ability to monitor pO2 Yes No Yes Yes

2D Culture Yes Yes Yes Yes

Suspension Culture No Yes Yes Yes

3D Culture Limited Yes Yes Yes

Animal models No Yes No data available Yes

Advantages Easy Easy “Real” hypoxia
Easy Most natural system

Disadvantages

Slow induction of hypoxia (no
sharp drop in pO2)

High amounts of medium needed
Inter-plate differences

Problems in 3D-cultures

Only mimicking of hypoxia
Chemical needs to be added

Can be toxic

Enzymatic homeostasis can
be disturbed

Side products of enzymatic
reaction

Much equipment needed
Slow onset of hypoxia

Limited space in incubator

Costs for 100 96-well
plates 3

RPMI+5% FCS: ≈ 58 €
Depending on medium costs

(x1.7 of normal medium costs at
5.4 mm)

≈ 41 €
≈ 4.50 € (getting less with

more plates because GOX is
cheaper than CAT)

Depending on chamber
system and gas

Gas: ≈ 100 €
Chamber: 1300 €–>25,000 €

Literature Camp and Capitano, 2007 [21] Al Okail et al. 2010 [28] Mueller et al. 2009 [22]

1 Glucose oxidase/Catalase. 2 for 2D adherent cell culture. 3 Additional costs for hypoxia induction, calculated from list prices in Germany.
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In comparison to the widely used hypoxia chambers all here tested methods are much
cheaper and easier to use (Table 3). The enzymatic system leads to a similar induction of
the cellular hypoxia response whereas CoCl2 just resembles some hypoxia features and
the increase of medium height induces more a physiological oxygen concentration than a
real hypoxia. When considering some basic limitations of the three here used systems they
provide a good alternative to the hypoxia chamber.

5. Conclusions

In this work, we compared three different hypoxia induction methods for cell culture
systems in regard to the hypoxic conditions in the beginning of bone fracture healing.
The enzymatic system with glucose oxidase and catalase induced strong hypoxic cellular
responses in 2D cultures (osteogenic cells), suspension cultures (monocytic cells), and in
3D culture (in vitro fracture hematoma). CoCl2 strongly increased HIF-1α protein levels in
osteogenic cells but failed to induce significant expression of chemokines. In suspension
cultures, CoCl2 induced a HIF-1α response but did not lead to cytokine expression. In
the in vitro fracture hematomas, CoCl2 induced expression of VEGFA but to a much lesser
extent than the enzymatic system. The induction of hypoxia by medium height was
successful in osteogenic cells were it induced chemokine expression but was not sufficient
in suspension cells and in the in vitro fracture hematomas. In conclusion, for all three
cell culture systems the enzymatic system showed the strongest hypoxic response and
provided an easy set-up.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/oxygen1010006/s1, Figure S1: 48 h measurements of in vitro fracture hematomas (mitochon-
drial activity, RUNX2 and VEGFA expression), Figure S2: Cytokine expression of osteogenic cells in
response to H2O2, Figure S3: Chemokine expression and release of osteogenic cells by combination
of medium height and CoCl2 to induce hypoxia.
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Abbreviations

ALP Alkaline Phosphatase
BMP Bone morphogenetic protein
CAT Catalase
CCL (C-C motif) ligand
CoCl2 Cobalt chloride
Ctrl Control
DFO Desferrioxamine
DMOG Dimethyloxalylglycine
EPO Erythropoietin
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GOX Glucose oxidase
HIF Hypoxia inducible factor
hOB Human osteoblast
HPRT Hypoxanthine-guanine phosphoribosyltransferase
HRE Hypoxia responsive elements
IGF Insulin-like growth factor
IL Interleukin
MH Increased medium height
MSC Mesenchymal stem cell
PHD Prolyl hydroxylase
RUNX2 Runt-related transcription factor 2
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor
VHL Von-Hippel-Lindau E3 Ligase
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