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Abstract

Articular cartilage is an avascular tissue with chondrocytes in the deeper zones existing under 

conditions of sustained hypoxia. Using a hypoxic chamber to provide controlled hypoxia, this 

study was performed to determine whether sustained hypoxia enhances the production of cartilage 

matrix proteins. Freshly isolated primary bovine articular chondrocytes were encapsulated in 

three-dimensional alginate beads and maintained at 2% oxygen with media changes using media 

pre-equilibrated to 2% oxygen. Immunolocalization of HIF-1α was performed to verify hypoxic 

conditions. Sustained hypoxia resulted in an increase in proteoglycan synthesis after only 1 day, as 

measured by 35S-sulfate incorporation. This increase was maintained for the duration of the 17 day 

study. After 17 days of hypoxic culture, increases in total type II collagen and COL2A1 gene 

expression were probed by indirect immunofluorescence, type II collagen ELISA, and real-time 

qPCR; in addition, increased glycosaminoglycan deposition was observed as determined by 

chemical analysis. These studies show that sustained hypoxia enhances articular chondrocyte 

matrix synthesis and viability in three-dimensional alginate culture.
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Articular cartilage is one of the few specialized adult tissues with no direct blood supply. 

Local oxygen tension in cartilage ranges from 10%, near the synovial fluid, to less than 1% 

in the deepest layers. This indicates that the normal physiologic condition for deep cartilage 

is one of sustained hypoxia.1,2 Degradation of articular cartilage through conditions such as 

osteoarthritis (OA) has been attributed to a breakdown in the architectural structure of the 

extracellular matrix (ECM).3 Research aimed at restoring this matrix structure has shifted 

toward the physiological environment of hypoxia.

The nuclear transcription factor hypoxia-inducible factor-1α (HIF-1α) is a major regulator 

of cellular adaptations to hypoxia.4,5 Degradation of HIF-α-type protein is significantly 

decreased under oxygen tensions of <2–3%, allowing for regulation of gene expression in 

the adaptation to the hypoxic environment.4–9 Pfander and coworkers10 have demonstrated 

the role of HIF-1α in the maintenance of cartilage homeostasis and in maintaining anaerobic 

glycolysis in epiphyseal chondrocytes.11,12 Our lab has previously shown that HIF-1α 
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maintains activation in the deep layers of intact articular cartilage.13 Similar to other studies 

that have demonstrated HIF-1α translocation to the nuclei,14,15 our lab showed translocation 

to the nuclei of articular chondrocytes in explants and in monolayer.13 Although there has 

been no direct link established between HIF-1α nuclear translocation and increased collagen 

type II production, both components have been shown to be stimulated in chondrocytes 

cultured in hypoxia.10,11,13,16

Increased production of main ECM macromolecules such as collagen type II, proteoglycans, 

glycosaminoglycan, and glycoproteins provides indications of chondrocyte matrix synthesis 

in three-dimensional culture constructs.16–19 Methods used to maintain a hypoxic 

environment vary throughout the literature and may explain the inconsistent results on 

chondrocyte matrix synthesis. An increase in mRNA for TIMP-1 and aggrecan and a 

decrease in COL2A1 gene expression were found in one study.14 However, in a study of 

chondrocyte redifferentiation in alginate culture, hypoxia caused an increase in collagen type 

II immunostaining.15 More recently, Koay and Athanasiou20 have shown that hypoxia (2% 

O2)-treated human embryonic stem cells display enhanced potential to produce collagen 

type II, glycosaminoglycan, and collagen type I compared to those under normoxic 

conditions. This finding demonstrates the differentiation potential of cells with appropriate 

oxygen accessibility.

In most studies of long-term hypoxic cell treatment, cells are exposed to intermittent 

reoxygenation upon changes of media. Cycles of hypoxia and reoxygenation have been 

shown to induce strong HIF-1α binding to DNA in chondrocytes leading to altered 

expression of TIMP-2 and MMP-9 by IL-1β.21 To distinguish the effects of hypoxia from 

periodic reoxygenation, a sustained hypoxic environment was maintained using a gas 

controlled chamber. The alginate beads used in this study have been established as a 

reproducible three-dimensional tissue culture model for cartilage due to their maintenance of 

chondrocyte phenotype, ECM synthesis, and metabolic regulation.14,15,21 Using this model, 

chondrocytes can be isolated from the alginate matrix and undergo quantitative analysis.

In the current study, we have probed the effect of sustained hypoxia at a level that induces 

HIF-1α production and may aid in chondrocyte matrix protein formation. This study was 

designed to test the hypothesis that sustained hypoxia enhances chondrocyte matrix 

synthesis and viability in three-dimensional alginate culture.

METHODS

Alginate Bead Cultures

Full-thickness slices of cartilage were aseptically removed from 10 freshly slaughtered 

bovine knees and articular chondrocytes were isolated by enzymatic digestion with 0.2% 

pronase (EMD Chemicals, San Diego, CA) for 1.5 h and 0.25% collagenase P (Roche 

Applied Science, Indianapolis, IN) for 12–16 h. Cells were cultured in alginate beads (4 

million per mL 1.2% alginate), as described by Masuda et al.22 The beads were stored in 10 

cm tissue culture dishes in chondrocyte growth media (1:1 DMEM/Nutrient Mix F-12 

[DMEM/F-12] supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin; 

Invitrogen, Grand Island, NY) at 37°C/5% CO2 for 3 days prior to treatment.
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Experimental Groups

After the initial incubation period, 300 control beads containing chondrocytes were placed in 

a humidified tissue culture incubator at 37°C/5% CO2/21% O2 (normoxia) and 300 beads 

containing chondrocytes were placed in an incubator (for up to 17 days after adjustment) 

located in a hypoxic chamber after a 3 day adjustment period to the alginate (Coy 

Laboratory Products, Grass Lake, MI) at 37°C/5% CO2/93% N2/2% O2 (hypoxia). The 

hypoxic chamber is designed to rigorously maintain oxygen tension (2 ± 0.3%) during long-

term culture, enabling reduction of variability and sample reoxygenation effects. Media was 

changed in all cultures (hypoxic and normoxic) every 2–3 days, the media level was 

approximately 1 mm greater than the upper bead surface, and hypoxic media was pre-

equilibrated inside the chamber until O2 partial pressure was 2%. Experimental procedures 

were performed using a total of 10 animals with chondrocytes isolated from a minimum of 

three different bovine legs.

At each collection time point, chondrocytes were recovered from alginate with a 10 min 

incubation (at 4°C) in a solution of 50 mM sodium citrate, 150 mM NaCl, and 30 mM 
EDTA then centrifuged at 600 × g for 5 min to precipitate alginate and cellular debris, and 

washed thoroughly with HBSS (Invitrogen) to remove residual alginate. All experimental 

groups were handled similarly, whether cultured under hypoxic or normoxic conditions.

Histology and Immunofluorescence

Prior to analytical procedures, eight beads from each treatment group were placed in 3 mL 

of 10% buffered formalin acetate with 105 mM CaCl2 overnight at 4°C. The beads were 

then dehydrated in a histology tissue processor, embedded in paraffin, and sectioned for 

histological staining with Hematoxylin and Eosin (H&E), Toluidine Blue, and Safranin O 

(with Fast Green) using standard histology protocols. No additional counterstains were used 

beyond those in the standard staining protocols. Indirect immunofluorescent staining for 

collagen type II and type X was performed as previously described.23 We examined type II 

collagen and type X collagen24 as markers of proper chondrocyte phenotype for deep zone 

cartilage. Fluorescent images were acquired on a Nikon TE2000 microscope equipped with 

a Spot RT Slider digital camera. Fluorescence was quantified using Metamorph software. 

Total fluorescence in seven separate beads was measured per condition and the sum 

integrated intensity was averaged per bead.

Indirect immunofluorescent staining for HIF-1α was performed as previously described for 

sections of bovine cartilage13 and included appropriate controls. Nuclei were counterstained 

with DAPI (Molecular Probes Inc., Eugene, OR). Confocal fluorescent images were 

obtained at 600× magnification using an Olympus IX81 DSU. Three-dimensional 

reconstructions were made using ImagePro Plus software (Mediacybernetics, Silver Spring, 

MD). For each experimental condition, seven to nine alginate sections of three or more 

alginate beads were examined and 27 three-dimensional reconstructions were scored by 

three blinded observers to determine the percentage of nuclei containing HIF-1α versus the 

percentage with only extra-nuclear HIF-1α.
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Proteoglycan Synthesis

Proteoglycan synthesis was measured by addition of 40 μCi/mL 35S-sulfate (Amersham) 

into the chondrocyte growth media for 6 hours at 37°C. Conditioned media was then 

removed and 35S-sulfate labeled macromolecules were extracted by placing the beads in 0.5 

mL of 4 M guanidine HCl extraction buffer on a shaker at 4°C for 48 h.25 Cell extracts were 

centrifuged at 2,000 × g for 5 min to precipitate cellular debris. Aliquots of the cell extract 

supernatent and conditioned media were eluted on Sephadex G-25M in PD10 columns 

(Boeringer Ingleheim) with 4 M guanidine HCl extraction buffer to separate 35S-sulfate-

incorporated macromolecules from unincorporated label.25 The proteoglycan fractions were 

counted in a scintillation counter (Packard Instruments).

Collagen Type II ELISA

After 17 days of hypoxic and normoxic culture, chondrocytes were recovered from 50 

alginate beads per experimental group. Isolated cell pellets were resuspended in 0.05 M 
acetic acid (pH 2.8–3.0) and 1/10 starting volume of 10 mg/mL pepsin (dissolved in 0.05 M 
acetic acid) and incubated for 48 h at 4°C, followed by 48 h of digestion at 4°C in pancreatic 

elastase solution (1 mg/mL dissolved in 1X TBS, pH adjusted to 7.8–8.0). Following 

digestion, the pH was adjusted to 8.0 with 1 N NaOH, according to the manufacturer’s 

protocol for the collagen type II ELISA (M.D. Bioscience, St. Paul, MN), and a Centriplus 

Centrifugal Filter Device was used to concentrate the macromolecular solutions (Millipore, 

Billerica, MA). Concentrated samples were normalized to the lowest total protein 

concentration for each sample group and diluted 1:100 with assay buffer. The remainder of 

the protocol was completed per the manufacturer’s instructions.

Quantitative PCR

After 17 day culture in hypoxic and normoxic environments chondrocytes were recovered 

from alginate (25 beads per group). mRNA was isolated from the cell pellet using the 

RNeasy Mini Kit (Qiagen, Hilden, Germany) and cDNA was constructed with the RT2 first 

strand kit (Supperarray, Frederick, MD). qPCR was performed with the RT2 SYBR Green 

qPCR Master Mix (Supperarray) to detect collagen type II a1 and β-actin gene expression 

between hypoxic and normoxic culture conditions. The following primer sequences were 

used: COL2A1, forward 5′-TGTCCCTCCAGAAATGTGGCTTCT-3′ and reverse 5′-

TCCATGTTCAAGACAGGCTGTGGA-3′, and β-actin, forward 5′-TGGATCG-

CAAGCAGGAGTACGAT-3′ and reverse 5′-AAGGGTGTAACGCAGCTAACAGTC-3′. 

Each cDNA sample was combined with 12.5 μL RT2 SYBR Green/ROX qPCR Master Mix, 

10.5 μL ddH2O, 1.0 μL template cDNA, and 1.0 μL gene-specific 10 μM forward and 

reverse PCR primers for a final volume of 25 μL per well. The mixture was cycled and 

quantified with a real-time thermal cycler (Mx3000P; Stratagene, Cedar Creek, TX) as 

follows: one cycle of 95°C (10 min), followed by 40 cycles of 95°C (15 s) and 65°C (45 s).

Statistical Analysis

Statistical significance was evaluated by one-way analysis of variance (ANOVA) and 

Bonferroni t post-test or t-test. A level of p < 0.05 was considered significant. Values are 

reported as mean ± SEM unless otherwise noted.
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RESULTS

Translocation of HIF-1α

Indirect immunofluorescence of HIF-1α in thin sections of alginate beads revealed that 

HIF-1α was either excluded from the nuclei with normoxia (perinuclear location; Fig. 1A) 

or found within the nucleus of chondrocytes with hypoxia (Fig. 1B). Scoring of three-

dimensional confocal reconstructions of HIF-1α stained alginate cultures showed that in 

normoxic culture, intranuclear HIF-1α was observed in 37 ± 5% of chondrocytes. After 

incubation in 2% oxygen for 6 h, intranuclear HIF-1α was observed in 79 9% of 

chondrocytes (Fig. 1C).

Histology of Alginate Bead Cultures

Histological sections of alginate beads cultured in normoxic conditions revealed empty 

lacunae around chondrocytes (Fig. 2A,C,E). Conversely, in cultures grown in 2% oxygen for 

17 days, lacunae were seen to be filled with cellular material via H&E staining (Fig. 2B). 

This material was positively stained by Safranin O and Toluidine blue (Fig. 2D,F).

Proteoglycan Synthesis

After 1 day of culture, the hypoxic chondrocytes exhibited a 44% increase in proteoglycan 

synthesis compared to those grown in the normoxic environment (p < 0.001). After 3 days in 

culture, the hypoxic chondrocytes had a 169% increase in proteoglycan synthesis compared 

to those grown in the normoxic environment (p < 0.05). After 10 days in culture, hypoxic 

chondrocytes exhibited a 101% increase in proteoglycan synthesis compared to those grown 

in the normoxic environment (p = 0.001; Fig. 3).

Expression of Collagen Immunofluorescence

Indirect immunofluorescence staining for type II and type X collagen showed increased 

staining in cultures incubated in 2% oxygen compared to 21% oxygen, both in the number 

of cells showing staining and in the amount of staining around each cell (Fig. 4). 

Quantitative analysis of staining in seven separate beads showed a 284% increase in type II 

collagen (p < 0.001) and a 67% increase in type X collagen in 2% oxygen compared to 21% 

oxygen (p < 0.001; Fig. 5).

Collagen II Gene Expression

Real-time quantitative PCR analysis of COL2A1 gene expression showed a 3.2 ± 0.4-fold 

increase in expression in chondrocytes exposed to 2% O2 (hypoxia) compared with cells 

from normoxic conditions (1.0 ± 0.4-fold, 21% O2) at 17 days (p < 0.01).

Total Collagen II by ELISA

Analysis of total collagen type II by ELISA showed a 2.3 ± 0.7-fold increase in total 

collagen II with chondrocytes cultured in hypoxia (2% O2) compared to normoxia at 17 days 

(21% O2, p < 0.05; Fig. 6).
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Viability of Recovered Chondrocytes from Alginate

Live/dead staining and spinning-disk confocal imaging of chondrocytes (normoxic and 

hypoxic) in intact alginate beads showed greater than 95% cell viability in the outer bead 

region at 14 days. However, recovery of total chondrocytes cultured in normoxic condition 

(control) resulted in 67 ± 14% cell viability after 14 days, while 92 ± 4% cell viability was 

found with hypoxia (p < 0.05). Interestingly, culture in 2% oxygen enhanced the viability of 

recovered chondrocytes.

DISCUSSION

These studies show that sustained exposure of bovine articular chondrocytes in three-

dimensional alginate culture to an environment of 2% oxygen enhanced chondrocyte matrix 

production and viability over a 17 day period. This enhancement was seen at the protein and 

gene levels, including an increase in proteoglycan synthesis and increased deposition and 

gene expression of type II collagen and increased deposition of type X collagen. Increased 

matrix synthesis was seen after only 1 day of sustained hypoxia, as assessed by proteoglycan 

synthesis, and continued throughout the course of the 17 day study period. These studies 

were conducted in a constant, rigorously maintained hypoxic environment, with pre-

equilibration of media with 2% oxygen prior to media changes, eliminating periods of 

reoxygenation. The 2% oxygen used for hypoxic treatment in these experiments increased 

the number of chondrocytes in which the hypoxia-responsive transcription factor, HIF-1α, 

was translocated to the nucleus, confirming chondrocyte adaptation to the experimental 

hypoxic conditions.

An increase in type II collagen has been observed in several studies where chondrocytes 

were exposed to widely varying degrees of hypoxia thereby raising questions concerning the 

role of hypoxia in collagen II expression.11,14–16,21,26–28 Using a glove box for precise 

control of oxygen tensions, these data show that sustained hypoxia increases collagen II 

gene expression and collagen II deposition as well as chondrocyte viability and proteoglycan 

synthesis in three-dimensional alginate bead culture. To date, there has been no direct link 

between HIF-1α and collagen II, such as the discovery of a hypoxia response element on the 

Col2a1 gene, so mechanisms for the induction of collagen genes with hypoxia remain 

unclear. However, the DEC1 and DEC2 genes, which encode transcription factors that are 

involved in chondrocyte differentiation, contain such hypoxia response elements.29 These 

nuclear regulators could provide a potential link between hypoxia and increased collagen II 

production and gene expression. In addition, there was improved viability of chondrocytes 

cultured in hypoxic conditions compared with chondrocytes in normoxia. This suggests that 

the hypoxic environment, with chondrocytes encapsulated in alginate beads, provides a 

better environment for longer term cell maintenance when compared to normoxic culture.

This study differs from others, probing the effects of hypoxia in cartilage by utilizing a 

hypoxic chamber that maintains continuous low oxygen levels with culture for up to 17 

days. Many varied methods have been utilized to simulate hypoxia, with the use of triple gas 

incubators or sealed environmental chambers flushed with premixed gases. These devices 

are good for maintaining fixed oxygen levels when sealed. However, with long-term 
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experimentation, media exchange is required, thus exposing chondrocytes to temporary 

periods of reoxygenation and normoxia.

The intermittent alterations in oxygen tension during culture in a hypoxic environment can 

have unknown effects on chondrocyte biology, as reoxygenation can be harmful to cells. 

Martin et al.21 have shown that changing the oxygen level from 5 to 20% results in changes 

in the DNA binding of NF-κB and AP-1 and alterations in the regulation of genes 

downstream from these transcription factors such as MMP-3 and TIMP-2. In addition, 

Schneider et al.30 have shown that reoxygenation results in the release of free radicals from 

articular synoviocytes. While they did not see a similar response from articular 

chondrocytes, they utilized primary chondrocytes acutely after isolation and not during 

prolonged tissue culture or after a recovery phase. The effect of reactive oxygen species on 

chondrocyte metabolism has been well documented.25,31,32 Other reactive oxygen species 

can be released from mitochondria under severely anoxic conditions.33,34 However, we used 

an oxygen tension of 2%, which was low enough to cause a translocation of HIF-1α, yet 

above the level that decreases ATP production in chondrocytes.13,14

The 2% oxygen used for hypoxic treatment in this study increased the number of 

chondrocytes with HIF-1α nuclear expression, thus confirming chondrocyte adaptation to 

experimental hypoxic conditions after 6 h. Previous publications have demonstrated up-

regulation of HIF-1α expression in the nucleus with chondrocyte exposure to hypoxia.9,13

Immunolocalization of HIF-1α may be useful for identifying cells and tissue experiencing 

sustained hypoxia. Further, hypoxia and HIF-1α in the growth plate have been shown to play 

a role in proliferation and cell survival by modulating the rate of glycolysis and the 

expression of cell cycle regulators.35 Oxygen concentration regulates the stability of HIF-1α 
protein.7 The oxygen-dependent HIF-1α prolyl hydroxylases (PHD1, PHD2, and PHD3)5,36 

coactivate HIF-1α by binding to PHD enzymes, preventing them from catalyzing the 

modifications to HIF-1α, which target it for degradation.36 The stabilized HIF-1α is thus 

free to translocate to the nucleus. In chondrocytes, hypoxia has been shown to increase the 

transcription of a different prolylhydroxylase, which is involved in the collagen triple helix 

formation,16 possibly providing another potential link between increased matrix production 

and HIF-1α translocation. The transactivation step required for HIF-1α activity is dependent 

on a hypoxia-dependent arginylhydroxylase.5,9

Several roles have been identified for hypoxia in the biology of chondrocytes. The 

chondrocytic differentiation factors DEC1 and DEC2 are up-regulated in hypoxia.29,37 Also, 

the expression of chondrocyte-specific genes in mesenchymal cells is dependent on hypoxia-

regulated expression of SOX-9.38 In addition to the role of HIF-1α in development and 

signaling, altered oxygen regulation could contribute to the pathology of osteoarthritis. 

Previous studies have shown altered matrix production and HIF-1α translocation, observed 

experimentally, in osteoarthritic chondrocytes.39–41

Disruption of the articular surface through chondral injury or degenerative fissuring likely 

alters the normal oxygen gradient and can expose chondrocytes to inconsistent, abnormal 

physiologic oxygen tensions. Chondrocyte repair responses and cartilage homeostasis may 
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be disrupted by the introduction of synovial fluid and collapse of the normal oxygen 

gradient resulting in oxygen levels outside the threshold for optimal matrix production. 

These studies demonstrate that chondrocyte matrix production, gene expression, and 

chondrocyte viability are enhanced with sustained hypoxia (2% O2), similar to the 

physiological conditions of deep articular chondrocytes. An improved understanding of the 

effects of oxygen tension on chondrocyte metabolism may lead to new strategies to restore 

cartilage metabolic homeostasis following chondrocyte injury and contribute to future 

clinical interventions.
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Figure 1. 
Hypoxia induces nuclear translocation of HIF-1α in chondrocytes grown in alginate beads. 

Three-dimensional reconstructions of HIF-1α immunofluorescence (shown in red) in (A) 

normoxic cell with perinuclear HIF-1α staining and (B) hypoxic cell with intranuclear 

HIF-1α staining. Calibration bar = 2 μm. (C) Percentage of chondrocytes with intranuclear 

HIF-1α in alginate cultures in normoxia (21% O2) or hypoxia (2% O2). *p < 0.05 versus 

normoxia.
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Figure 2. 
Staining for extracellular matrix components is enhanced in chondrocytes cultured in 

hypoxia. Alginate bead cultures of chondrocytes after 17 days in normoxia (A,C,E) or 

hypoxia (B,D,F). Sections were stained with Hematoxylin and Eosin (A,B), Safranin O 

(C,D), or Toluidine Blue (E,F). Calibration bar = 30 microns.
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Figure 3. 
Hypoxia increases proteoglycan synthesis (pmol sulfate incorporated per sample) after 1, 3, 

or 10 days. Means ± SEM are shown, n = 6 separate experiments using six animals. *p < 

0.05 versus normoxia.
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Figure 4. 
Immunofluorescence of type II and type X collagen in alginate bead cultures incubated for 

17 days in normoxia or hypoxia. Type II collagen is shown as red (A,B) and type X collagen 

(C,D) is shown as green, with nuclei in blue. Both types of collagen are expressed in greater 

amounts after 17 days of culture in hypoxia (B,D) as compared to normoxia (A,C). 

Representative areas for each treatment are shown above. Magnification = 40×. Calibration 

bar = 100 μm.
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Figure 5. 
Quantification of type II and type X collagen immunofluorescence. Means and SD for 

quantitative integration of immunofluorescence in seven beads for each condition are shown. 

*p < 0.05 versus normoxia.
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Figure 6. 
Quantification of total type II collagen by ELISA. Hypoxia increases total collagen type II 

accumulation 17 days postexposure. Mean and SEM normalized to the normoxic condition. 

*p < 0.05 versus normoxia.

Coyle et al. Page 16

J Orthop Res. Author manuscript; available in PMC 2019 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	METHODS
	Alginate Bead Cultures
	Experimental Groups
	Histology and Immunofluorescence
	Proteoglycan Synthesis
	Collagen Type II ELISA
	Quantitative PCR
	Statistical Analysis

	RESULTS
	Translocation of HIF-1α
	Histology of Alginate Bead Cultures
	Proteoglycan Synthesis
	Expression of Collagen Immunofluorescence
	Collagen II Gene Expression
	Total Collagen II by ELISA
	Viability of Recovered Chondrocytes from Alginate

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

