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ABSTRACT: Due to its avascular nature, articular cartilage is relatively hypoxic. The aim of this study was to elucidate the functional
changes of macroscopically healthy looking areas chondrocytes (MHC) and macroscopically damaged regions chondrocytes (MDC) at a
cellular level in response to the inflammatory cytokine IL1b under different oxygen tension levels. In this study, two-dimensional (2-D)
expanded MHC and MDC were redifferentiated in 3-D pellet cultures in chondrogenic differentiation medium, supplemented with or
without IL1b at conventional culture (normoxia) or 2.5% O2 (hypoxia) for 3 weeks. qPCR, immunohistochemistry and ELISA were used
to detect the expression of anabolic and catabolic gene expression. Alcian blue/Safranin O staining and GAG assay were used to
measure cartilage matrix production. Cell proliferation and apoptosis were assessed by EdU staining and TUNEL assay, respectively.
The results showed that hypoxia enhanced matrix production in both MHC and MDC and this effect was stronger on MDC. Under
normoxia, MHC showed higher expression of cartilage markers and lower catabolic genes expression than MDC. Interestingly, hypoxia
diminished the difference between MHC and MDC. IL1b potently induced MMPs expression regardless of cell population and oxygen
tension. The fold induction of these MMPs in hypoxia was however much higher than in normoxia. In addition, hypoxia promoted the
expression of HIF1a and HIF2a in MHC, while it only enhanced HIF1a expression but decreased the HIF2a expression in MDC. We
concluded that hypoxia stimulated the redifferentiation of cultured chondrocytes, particularly in MDC derived from macroscopically
diseased cartilage. Oxygen tension may profoundly and differentially influence inflammation-associated cartilage injury and
diseases by regulating the expression of HIF1a and HIF2a. ß 2018 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.
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Chondrocytes are often used as the cell sources in
cartilage engineering for the repair of damaged cartilage, as they are the main cell type in cartilage.1,2
However, the expansion process in monolayer often
leads to dedifferentiation with higher expression of
collagen type I (COL1A1), and lower expression of
cartilage matrix genes such as aggrecan (ACAN) and
collagen type II (COL2A1).3,4 This has been a bottleneck for cartilage tissue engineering, since dedifferentiated chondrocytes become fibroblastic and do not
generate hyaline cartilage. Therefore, the redifferentiation of dedifferentiated chondrocytes is a prerequisite in chondrocyte-based cartilage repair. Expanded
chondrocytes are commonly redifferentiated through
three-dimensional (3-D) cultures in the presence of
transforming growth factor b (TGFb), dexamethasone
(DEX).5–7 Although 3-D culture was used to achieve
the redifferentiation of chondrocytes, hypertrophy
markers were also upregulated.8–10 Thus, it is urgent
to acquire more details and find more clues to promote
the redifferentiation and inhibit the hypertrophy of
chondrocytes for restoration of cartilage in joint diseases, such as osteoarthritis (OA).
Articular chondrocytes are embedded in an extensive extracellular matrix and exposed to a concentraConflict of interest: None.
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tion of approximately 6% O2 in the superficial layer, to
a concentration as low as less than 1% O2 in the
calcified layer, depending on the zone in the cartilage.11,12 Chondrocytes have been shown to be well
adapted to the low-oxygen conditions and capable of
maintaining their energy metabolism.13 Hypoxia is
considered to be a positive influence on the healthy
chondrocyte phenotype and cartilage matrix formation.14,15 The hypoxic response is mainly mediated by
hypoxia inducible factors (HIF) -1a and HIF-2a in
chondrocyte development. HIF-1a, is reported to promote chondrogenesis of MSCs,16 in part by activating
SOX9.17,18 The chondrogenic and anti-catabolic effect
of hypoxia could be blocked by HIF-1a inhibitor.19
HIF-2a is reported to cause cartilage matrix destruction by upregulating crucial catabolic genes, such as
MMPs, ADAMTS4, nitric oxide synthase-2 (NOS2),
and
prostaglandin
endoperoxide
synthase-2
(PTGS2).20,21 Furthermore, it potentiates FAS-mediated chondrocyte apoptosis.22 The balance between
HIF-1a/HIF-2a activities could contribute to cartilage
homeostasis. Conventional cell culture experiments
with chondrocytes are performed at an atmospheric
oxygen concentration, which can be considered as a
non-physiological, hyperoxic condition for chondrocytes.
Chondrocytes in native cartilage are exposed to a
variety of biochemical and genetic factors,23 and OA
chondrocytes are often exposed to an abnormal environment, such as high-magnitude mechanical stress,
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inflammatory cytokines, or altered amounts or organization of matrix proteins, including degradation products.24 Inflammation has been implicated in the
pathogenesis of OA,25 and pro-inflammatory cytokines,
such as Interleukin-1 (IL1b), are potently involved in
a degenerative process by inducing MMP expression
and cartilage degradation in vitro and in vivo.26,27
Besides its role in cartilage degradation by stimulating
MMPs, IL1b also blocks the synthesis of new extracellular matrix components to impair the ability of the
cartilage to restore the extracellular matrix.28
Therefore, chondrocytes normally face a hypoxic
environment, combined in a pathophysiological situation with an inflammatory environment in vivo. In
this study, we compared the response of macroscopically healthy looking areas chondrocytes (MHC) and
macroscopically damaged regions chondrocytes (MDC)
with or without IL1b stimulation under different
oxygen level.

MATERIALS AND METHODS
Cell Culture and Expansion
Institutional approval to isolate primary human cells was
obtained (study protocol K06-002, 2 January 2006). MHC
and MDC were, respectively, isolated from femoral condyles
in four OA patients (mean  SD age 60  3 years) undergoing
total knee replacement as described in ref.29,30 Briefly, the
cartilage was digested in chondrocyte proliferation medium
containing 0.15% collagenase type II (Worthington) for 20–
22 h. After extensive washing, the human chondrocytes were
subsequently expanded at a density of 3000 cells/cm2 in
chondrocyte proliferation medium until the monolayer
reached 80% confluency.
Pellet Cultures and Chondrocytes Redifferentiation
To form high-density cell pellets, 250,000 cells were seeded
per well in a round bottom 96-wells plate in chondrogenic
differentiation medium (DMEM supplemented with 50 mg/ml
ITS-premix, 50 mg/ml AsAP, 100 mg/ml sodium pyruvate, 10–
7 M dexamethasone, 10 ng/ml TGF-b3, 100 U/ml penicillin,
and 100 mg/ml streptomycin) and centrifuged for 3 min at
2000 rpm as previously described.31 The pellets were cultured with or without IL1b (Biolegend) stimulation in 10 ng/
ml for 3 weeks at conventional culture (normoxia) and 2.5%
O2 (for hypoxia). Passage 3 chondrocytes were used in this
research. The medium was refreshed every three days.
Total RNA Extraction and Quantitative Polymerase Chain
Reaction (qPCR)
Cell pellets were crashed by grinding rod and RNA was
isolated using Trizol reagent (Thermo Fisher Scientific). The
concentration and purity of RNA samples were determined
using a Nanodrop 2000 (Thermo scientific). Total mRNA was
reverse-transcribed into cDNA using the iScript cDNA
Synthesis kit (Bio-Rad). qPCR was performed using the
SYBR Green sensimix (Bioline) as described in ref.32 Briefly,
PCR reactions were carried out using a Bio-Rad CFX96 (BioRad) under the following conditions: CDNA was denatured
for 5 min at 95˚C, followed by 39 cycles consisting of 15 s at
95˚C, 15 s at 60˚C, and 30 s at 72˚C. Gene expression was
normalized using RPL13A and expressed as fold induction
compared to controls.
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Alcian Blue and Safranin O Staining
Pellets were fixed with 10% phosphate-buffered formalin
(pH ¼ 7) for 2 h at room temperature, dehydrated with graded
ethanols and embedded in paraffin, using routine procedures.
Sections of 5 mm thickness were cut using a microtome
(Shandon). Before staining, the slides were deparaffinized in
xylene and rehydrated with graded ethanols. Then the slides
were stained for glycosaminoglycans (GAG) with a 0.5% w/v
solution of Alcian blue (pH ¼ 1, adjusted with HCl) for 30 min,
or stained for sulfated GAG with a 0.1% solution of Safranin
O for 5 min (Sigma Aldrich). Images were taken using a
Nanozoomer (Iwata City, Japan).33
Immunofluorescent Staining
Immunofluorescent staining of collagen type II, HIF1a and
HIF2a were performed on 5 mm sections from pellets. Slides
were deparaffinized in xylene and rehydrated with graded
ethanol. Citreat buffer and mricrowave heat was used for the
antigen retrieval. After antigen retrieval, samples were
incubated with rabbit anti-human collagen II antibody
(ab34712, Abcam), rabbit anti-HIF1a antibody (Santa Cruz
Biotechnology) and mouse anti-HIF2a antibody (Santa Cruz
Biotechnology), respectively, then Alexa1Fluor 546-labelled
goat anti-rabbit or anti-mouse antibody in 5% BSA in PBS
was added and incubated for 2 h at room temperature.
Samples were rinsed with PBS between every step. Mounting medium with DAPI was added and images were viewed
by BD pathway confocal microscopy.34
EdU and TUNEL Staining
Microscope scale was used to measure the pellets diameter.
Every condition of each donor included five pellets. For
labeling newly synthesized DNA, EdU (5-ethynyl-20 -deoxyuridine) was added to the culture medium at a concentration of
10 mM, and left for 24 h before harvesting the samples. Cell
pellets were then washed with PBS and fixed with 10%
formalin for 15 min. Samples were embedded in cryomatrix,
and cut into 7 mM sections with a cryotome (Shandon).
Sections were permeabilized and stained for EdU with ClickiT1 EdU Imaging Kit (ThermoFisher scientific). Cryosections
were also stained for DNA fragments with DeadEnd Fluorometric TUNEL System (Promega). Nuclei were counterstained with Hoechst 33342. The images were viewed by
means of BD pathway confocal microscopy.
GAG and DNA Assay
Pellets were digested and GAG was measured as previously
described.35 Briefly, pellets were digested in 250 ml Tris-HCl
buffer with 1 mg/ml proteinase K (Roche) for 16 h at 56˚C.
Diluted samples (25 ml) were mixed with 150 ml 1.9-dimethylmethylene blue (DMMB)-dye solution and absorbance was
measured at 525 nm. Relative cell number was determined
by quantification of total DNA using a QuantiFluor1 dsDNA
System kit (Promega), according to the manufacturer’s
instructions.
Enzyme-Linked Immunosorbent Assay (ELISA) and NO
Production Assay
The culture medium was collected every three days. The
content of MMP1 dissolved in medium was measured by
ELISA using a mouse anti-human MMP1 antibody
(MAB901-SP, R&D systems), followed by incubation with a
rabbit anti-mouse antibody coupled to a horse radish peroxidase (HRP). The amount of HRP was developed by adding
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tetramethylbenzidine (TMB, Thermo Scientific). The reactions were stopped by adding H2SO4, and measured at
450 nm (Micro Plate Reader).32 Cell supernatant was also
used to quantify the nitrite, using a Griess reaction as
described in ref.36
Statistical Analysis
Statistical differences between two groups were analyzed by
two-tailed student’s t tests or one-way ANOVA. p < 0.05 was
considered statistically significant and indicated with an
asterisk. Data are expressed as the mean  SD.

RESULTS
Hypoxia Promoted Matrix Production but Failed to
Reverse IL1b-Induced Matrix Loss
Both Alcian blue and Safranin O staining showed that
MHC produced more GAGs than MDC in both normoxia and hypoxia, and hypoxia greatly enhanced the
GAG production. Interestingly, the increased degree of
GAG deposition in hypoxia was more obvious in MDC
than that of MHC. In normoxia, GAG production was
significantly decreased in MDC compared to MHC.
However, this difference between MHC and MDC in
GAG production was not so obvious under hypoxia.
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IL1b dramatically downregulated the GAG production
in both MHC and MDC under normoxia and hypoxia
(Fig. 1A and Supplemental Fig. S1). Base on the Bern
scoring system37 and histologic staining, the pellets
had been scored (Supplemental Table S1). Both MHC
and MDC got highest scores under hypoxia, while
IL1b treatment groups had lower scores, lowest ones
were found under hypoxia (Supplemental Table S1).
The results of GAG quantification were consistent
with those of Alcian blue and Safranin O staining
(Fig. 1B). MHC had a higher total GAG content than
MDC, and GAG deposition in both MHC and MDC
was increased in hypoxia. In particular, hypoxia
increased total GAG in MDC up to five times compared to normoxia, while MHC showed a twofold
increase. When total GAG content was normalized to
DNA, a similar result was found. Next to enhanced
GAG production in hypoxia; the amount of DNA was
also increased in both MHC and MDC in hypoxia. In
all conditions with IL1b stimulation, the concentrations of GAG were similar, around 500 ng per pellet.
The GAG amount showed an eightfold decrease in
MHC and a threefold decrease in MDC with IL1b

Figure 1. The effects of hypoxia and IL1b on GAG production. (A) Alcian blue staining for GAG presence. Nuclei were counterstained
by nuclear fast red. MHC, macroscopically healthy looking areas chondrocytes; MDC, macroscopically damaged regions chondrocytes.
Upper panel shows overview of pellets, scale bar ¼ 500 mm, while lower panel indicates magnified pictures, scale bar ¼ 100 mm. (B) GAG
and DNA assay. Amount of GAG and DNA in pellets was measured 3 weeks after culture in chondrogenic differentiation medium. NMHC, MHC in normoxia; N-MDC, MDC in normoxia; H-MHC, MHC in hypoxia; H-MDC, MDC chondrocyte in hypoxia. # represents
the significant difference between IL1b stimulation and corresponding control (p < 0.05); double # represents p < 0.01;  represents
p < 0.05; double  represents p < 0.01. Error bar reflects Standard Deviation.
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treatment under normoxia, but an almost 20-fold
decrease in both MHC and MDC under hypoxia,
compared to the corresponding condition without IL1b
stimulation (Fig. 1B).
Hypoxia Promoted Chondrogenic Gene Expression
We next evaluated the effect of oxygen tension on the
expression of chondrogenic genes. The deposition of
COL2A1 was detected by immunofluorescence, and the
gene expression of COL2A1, ACAN, and COL1A1 was
measured by RT-PCR. As Figure 2A shows, hypoxia
dramatically increased COL2A1 production in both
MHC and MDC. Interestingly, almost the same amount
of COL2A1 was observed in MDC compared to MHC
under hypoxia (Supplemental Fig. S2). In any of the
IL1b stimulated groups, the protein expression of
COL2A1 was very low and almost undetectable, in both
MHC and MDC under normoxia and hypoxia (Fig. 2A).
The gene expression level of cartilage markers like
COL2A1 and ACAN showed the same trend as the
histological staining and GAG assay (Fig. 2B). In
normoxia, MHC expressed much more COL2A1 and

ACAN than MDC, and the expression level in both
MHC and MDC was elevated in hypoxia. Hypoxia
induced a twofold increase in COL2A1 expression in
MHC and a more than 1000-fold increase in MDC.
MHC expressed a very low level of the chondrocyte
dedifferentiation marker collagen type I (COL1A1). Its
expression was much higher in MDC compared to
MHC under normoxia. Hypoxia reduced the expression
of COL1A1 in both MHC and MDC (Fig. 2B). In all
IL1b treated groups, both COL2A1 and ACAN was
dramatically decreased. However, the fold change was
much higher in MHC than in MDC in normoxia in
comparison with the hypoxia condition. (Fig. 2B).
Interestingly, the expression of the dedifferentiation
marker COL1A1 was decreased in IL1b treated
groups, especially in normoxia (Fig. 2B).
Hypoxia Greatly Inhibited the Expression of Catabolic and
Hypertrophic Marker Genes and Downregulated IL1b
Induced Mmps Expression
The expression of catabolic genes, such as MMP1,
MMP3, MMP9, ADAMTS4, and ADAMTS5 and the

Figure 2. The effects of hypoxia and IL1b on cartilage markers expression. (A) COL2A1 production was detected by mouse antiCOL2A1 antibody (red). Cell nuclei were counterstained with DAPI (blue). Images were taken by BD pathway confocal microscopy.
Scare bar ¼ 200 mm. MHC, macroscopically healthy looking areas chondrocytes; MDC, macroscopically damaged regions chondrocytes.
(B) Gene expression of COL2A1, ACAN, and COL1A1 was measured by RT-PCR. N-MHC, MHC in normoxia; N-MDC, MDC in
normoxia; H-MHC, MHC in hypoxia; H-MDC, MDC chondrocyte in hypoxia. # represents the significant difference between IL1b
stimulation and corresponding control (p < 0.05); double # represents p < 0.01;  represents p < 0.05; double  represents p < 0.01. Error
bar reflects Standard Deviation.
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hypertrophic marker genes MMP13 and COL10A1,
was higher in MDC than in MHC in both normoxia
and hypoxia (Fig. 3A and C). Interestingly, hypoxia
significantly decreased the basal levels of expression of
MMP1, MMP3, MMP9, MMP13, and COL10A1 in both
MHC and MDC. The effect of hypoxia tended to be
greater in MDC than in MHC. There was no difference
in the expression of ADAMTS4 and ADAMTS5 in
MHC between normoxia and hypoxia, whilst the
expression of these two genes was significantly inhibited in MDC chondrocytes by hypoxia (Fig. 3A).
As expected, the MMP1, MMP3, and MMP9 was
dramatically increased after IL1b stimulation in both
normoxia and hypoxia. Although the fold change of
MMPs expression induced by IL1b was higher in
hypoxia, the overall expression of IL1b-induced MMPs
was decreased in hypoxia (Fig. 3A). Interestingly, IL1b
decreased the ADAMTS4 expression in MDC compared
to MHC under normoxia, but increased the expression
under hypoxia in both MHC and MDC. Under IL1b
stimulation, the expression of ADAMTS5 was increased
in both MHC and MDC; hypoxia even enhanced this
effect (Fig. 3A). Without IL1b, the expression of hypertrophic markers MMP13 and COL10A1 was decreased
in both MHC and MDC in hypoxia. Interestingly, under
IL1b stimulation the gene expression of MMP13 and
COL10A1 was decreased in MDC under normoxia, but
greatly increased by IL1b in hypoxia.
The protein level of MMP1 was measured by ELISA,
whichwas performed on samples obtained at each
medium change over 21 days culturing time. As
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Figure 3B showed, the expression of MMP1 gradually
decreased over time in both MHC and MDC under
normoxia and hypoxia. Much higher MMP1 expression
was observed in MDC than in MHC under normoxia,
while hypoxia significantly decreased MMP1 expression
in both MHC and MDC. In addition, hypoxia greatly
minimized the difference between MDC and MHC.
IL1b treatment induced MMP1 expression in medium
in all treated groups. The expression of MMP1 also
decreased over time in both the IL1b treated and
untreated group in either MHC or MDC under normoxia
and hypoxia. In line with gene expression, IL1b induced
fold change in MMP1 expression was higher in hypoxia
than in normoxia in both MHC and MDC (Fig. 3B).
IL1b Inhibited Cell Proliferation While Inducing Cell
Apoptosis and NO Production
IL1b significantly reduced the pellet size of MHC in
both normoxia and hypoxia and that of MDC group
under hypoxia. The pellet size in all IL1b treated
groups showed no difference (Fig. 4A and B). In order
to detect weather the level of oxygen will affect the cell
growth when treatment with IL1b, EdU staining and
TUNEL assay were performed. EdU staining indicated
more EdU positive cells in MHC than in MDC. The
number of EdU positive cells was decreased in hypoxia. IL1b almost completely inhibited cell proliferation in all treated groups (Fig. 4C and D). In contrast,
IL1b greatly induced cell apoptosis in both MHC and
MDC under normoxia and hypoxia. It was observed
that the apoptotic cells, in particular in MHC, were

Figure 3. The expression of catabolic and hypertrophic markers under different oxygen tension with IL1b treatment. (A) qPCR was
performed to measure the expression of catabolic genes MMP1, MMP3, MMP9, ADAMTS4, and ADAMTS5. (B) The amount of MMP1
secreted in medium was measured by ELISA. 1–7 represent the order of medium changes every 3 days. (C) The expression of
hypertrophic markers MMP13, COL10A1 as determined by RT-PCR. N-MHC, MHC in normoxia; N-MDC, MDC in normoxia; H-MHC,
MHC in hypoxia; H-MDC, MDC chondrocyte in hypoxia. # represents the significant difference between IL1b stimulation and
corresponding control (p < 0.05); double # represents p < 0.01;  represents p < 0.05; double  represents p < 0.01. Error bar reflects
Standard Deviation.
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Figure 4. The pellet size, EdU/TUNEL staining and NO production after IL1b stimulation under different oxygen tension. (A) Pellets
were imaged by light microscopy. Scare bar ¼ 1000 mm. (B) Measurement of pellet size. (C) EdU staining of pellets. EdU incorporation
into newly synthesized DNA was visualized by Alexa 488 (green). Nuclei were counterstained with Hoechst 33342 (blue). Scale
bar ¼ 250 mm. (D) Quantification of EdU positive chondrocytes. (E) TUNEL staining of pellets. TUNEL positive cells were visualized
with fluorescent labeling (green). Nuclei were counterstained with Hoechst 33342 (blue). Scale bar ¼ 250 mm. (F) Quantification of
TUNEL staining positive cells. (G) NO production was measured by Griess reaction. 1–7 represent the order of medium changes every
3 days. (H) The gene expression of NOS2. N-MHC, MHC in normoxia; N-MDC, MDC in normoxia; H-MHC, MHC in hypoxia; H-MDC,
MDC chondrocyte in hypoxia. # represents the significant difference between IL1b stimulation and corresponding control (p < 0.05);
double # represents p < 0.01;  represents p < 0.05; double  represents p < 0.01. Error bar reflects Standard Deviation (S. D.).

mainly present in the periphery of the pellets in
normoxia, but were scattered inside the pellets under
hypoxia. In hypoxia, MDC pellets showed more apoptotic cells than MHC pellets, and the amount of
apoptotic cells in MDC was higher in hypoxia than in
normoxia (Fig. 4E and F).
IL1b potently induced NO production in MHC and
MDC under both normoxia and hypoxia. NO production in the medium gradually decreased over time in
all groups. Interestingly, NO production in MHC and
MDC was slightly induced by hypoxia. However, IL1binduced NO was inhibited by hypoxia (Fig. 4G). As
JOURNAL OF ORTHOPAEDIC RESEARCH1 MONTH 2018

expected, NOS2 was significantly induced by IL1b in
the order of MDC>MHC. In line with NO production,
hypoxia slightly induced NOS2 expression in both
MHC and MDC without IL1b. However, unlike NO
production, hypoxia further elevated IL1b-induced
NOS2 expression compared to normoxia (Fig. 4H).
IL1b Greatly Enhanced the Gene and Protein Expression of
Hypoxia-Inducible Factors (HIF) During Chondrocyte
Redifferentiation
The protein and gene expression level of hypoxiainducible factors HIF1a and HIF2a were assessed by
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immunofluorescence and qPCR respectively. As
Figure 5A showed, HIF1a was endogenously expressed
in MHC, while it was expressed much higher with
IL1b stimulation under normoxia. The expression of
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HIF1a was greatly enhanced by hypoxia and was
present in the nucleus of MHC, while it was further
enhanced by IL1b supplementation. Strongly positive
staining was observed in the whole pellet with IL1b

Figure 5. IL1b greatly enhanced the expression of HIF1a and HIF2a during chondrocyte redifferentiation. (A and B) Immunofluorescent staining of HIF1a and HIF2a, respectively. HIF1a and HIF2a were detected by rabbit anti-HIF1a antibody and mouse antiHIF2a antibody respectively, followed by anti-mouse or anti-rabbit second antibody coupling by Alex 564 fluorescence. Cell nuclei were
counterstained with DAPI. Images were taken by BD pathway confocal microscopy. Scare bar ¼ 250 mm. MHC, macroscopically healthy
looking areas chondrocytes; MDC, macroscopically damaged regions chondrocytes. (C and D) Gene expression of HIF1a and HIF2a as
assessed by RT-PCR. N-MHC, MHC in normoxia; N-MDC, MDC in normoxia; H-MHC, MHC in hypoxia; H-MDC, MDC chondrocyte in
hypoxia. # represents the significant difference between IL1b stimulation and corresponding control (p < 0.05); double # represents
p < 0.01;  represents p < 0.05; double  represents p < 0.01. Error bar reflects Standard Deviation (S. D.).
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treatment. HIF1a was barely expressed in the MDC
under normoxia but greatly induced by IL1b in both
normoxia and hypoxia. Likewise, hypoxia promoted
HIF1a expression in MDC, but signal intensity was
less than in MHC chondrocytes (Supplemental
Fig. S3). Interestingly, endogenous HIF2a was hardly
observed in the MHC but nuclear localized HIF2a was
highly detectable in the hypoxia conditions. MDC
showed highly endogenous HIF2a expression in normoxia which was decreased in hypoxia. IL1b profoundly induced HIF2a expression in both MHC and
MDC under normoxia and hypoxia (Fig. 5B).
The gene expression profiles of HIF1a and HIF2a
showed a similar trend as the protein staining, except
for the expression of HIF1a in MHC which is similar
between normoxia and hypoxia without IL1b treatment. The expression of HIF1a was higher in MHC
than in MDC, and was promoted by IL1b supplementation in both MHC and MDC under normoxia and
hypoxia (Fig. 5C). MDC displayed higher HIF2a
expression in normoxia but lower expression in hypoxia in comparison with MHC. Similarly, IL1b greatly
promoted the expression of HIF2a in both MHC and
MDC under normoxia and hypoxia (Fig. 5D).

DISCUSSION
Accumulating evidence has shown that hypoxia has a
positive influence on the chondrocyte phenotype and
cartilage matrix formation.15,38 However, the difference between MHC and MDC during redifferentiation
in response to hypoxia is still not clear. In addition,
oxygen tension may have an influence not only on
chondrocyte redifferentiation, but also on the inflammatory responses of these redifferentiating cells upon
stimulation with IL1b. In the present study, we
analyzed gene and protein expression profiles of
human chondrocytes derived from macroscopically
healthy looking areas and damaged regions and their
matrix production in 3-D cultured pellet in the presence or absence of IL1b under normoxia (conventional
culture) and hypoxia (2.5% O2).
Several studies have reported the positive effects of
hypoxia
conditions
on
3-D
chondrocyte
redifferentiation.39–41 Previously our group have
reported that hypoxia inhibits hypertrophic differentiation and endochondral ossification in explanted tibiae.42 Human mesenchymal stromal cells (MSCs)
chondrogenically differentiated in vitro under hypoxia
(2.5% O2) produced more hyaline cartilage.43 In line
with these studies, we observed that hypoxia facilitated chondrocyte redifferentiation and it had an
inhibiting effect on the expression of the dedifferentiation marker COL1A1 in both MHC and MDC. The
catabolic genes and hypertrophic markers were greatly
inhibited under hypoxic conditions. In addition, we
observed that MDC benefited more from hypoxia than
MHC. Most importantly, hypoxia minimized even
abrogated differences between redifferentiated MHC
and MDC present in normoxia.
JOURNAL OF ORTHOPAEDIC RESEARCH1 MONTH 2018

To assess the different responses of MHC and MDC
to inflammatory factor IL1b, 10 ng/ml recombinant
protein IL1b was added in medium. Under normoxia,
with or without IL1b, the expression of catabolic genes
such as MMPs, ADAMTS 4/5 as well as hypertrophic
markers was higher in MDC. Interestingly, under
normoxia, the expression of ADAMTS 4, MMP13, and
COL10A1 was downregulated in IL1b treated MDC
compared to non-treated MDC group. This downregulation effect might be mediated by haem oxygenase-1
(HO-1). There are studies that have shown that HO-1
could modulate the cytoprotective effects in MDC
through down-regulation of catabolic factors.44,45
In all IL1b treated groups, both COL2A1 and ACAN
was dramatically decreased, which in line with the
Alcian blue staining and Collagen type II deposition.
However, the fold change is much higher in MHC than
in MDC in normoxia in comparison with the hypoxia
condition, which might indicate that hypoxia could more
benefit the redifferentiation of MDC than that of MHC.
Interestingly, the expression of COL1A1 was also decreased in IL1b treated groups, especially in normoxia.
This is in line with the observation that IL1 b suppress
the expression of COL1A1 in lung and dermal fibroblasts.46 As a typical dedifferentiation marker, COL1A1
is also an important matrix gene. IL1b treatment might
inhibit the expression of all anabolic genes and downregulate the matrix synthesis in chondrocytes. Hypoxia
could decrease the inhibiting effect of IL1b.
Although the absolute expression of MMP1/3/9 under IL1b stimulation was lower in hypoxia, the fold
change between no IL1b and IL1b supplementation
was higher in hypoxia as compared to normoxia. This
indicates that culturing chondrocytes in supraphysiological oxygen tension may induce a stress response
that results in mild activation of inflammatory signaling pathways stimulating the relatively high basal
expression of catabolic enzymes. This low level of
activation of these signaling pathways likely explains
the relatively lower level of fold change in chondrocytes
in induction of typical IL1b response genes in normoxia. Hypoxia, a more physiological culture condition
for chondrocytes, reduces this stress response and
inhibits activation of pro-inflammatory pathways
resulting in lower levels of catabolic enzymes. It also
sentisizes the cells for a challenge with IL1b resulting
in higher fold changes. It should be noted that the
absolute levels in expression of these catabolic enzymes
is still lower in hypoxia as compared to normoxia. NO is
a pro-inflammatory mediator and catabolic factor that
contributes to osteoarthritis. It has been reported that
NO is induced by pro-inflammatory cytokines and
mechanical stress as well as oxygen level.47 In our
study, we found that NO was dramatically induced by
IL1b. In addition, the expression level of NO production
and NOS2 was induced by hypoxia in both MHC and
MDC. This result is consistent with previous studies,
demonstrating that hypoxia-induced NO protects chondrocytes from damage by hydrogen peroxide.48
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In this study, we found a higher HIF1a expression
and a lower HIF2a expression in MHC compared to
MDC under normoxia, which is in line with reports
stating that HIF1a is an anabolic factor and HIF2a is
a catabolic factor.19–21 Under hypoxia, both HIF1a and
HIF2a was greatly elevated and translocated into the
nucleus in MHC. However, hypoxia only enhanced
HIF1a expression but decreased the expression of
HIF2a in MDC. Considering the catabolic activity of
HIF2a in OA cartilage, this phenomenon suggests that
MDC benefited more from hypoxia because the basal
HIF2a expression present in normoxia was inhibited
in hypoxia. IL1b greatly induced the cytoplasmic
expression of HIF1a and HIF2a in both MHC and
MDC, regardless of the oxygen level. IL1b may
upregulate HIF1a via an NF-kB/COX-2 pathway,49
while IL1b induced HIF1a is attenuated by p38
MAPK and JNK inhibitors.50 However, the mechanism
of IL1b induced HIF2a expression has not been
reported and requires further investigation. This also
indicates that both HIF1a and HIF2a act as important
survival factors when cells live in an inflammatory
and hypoxic environment.
In summary, we investigated the functional changes
of MHC and MDC at a cellular level in response to the
inflammatory cytokine IL1b under different oxygen
tension levels. Hypoxia minimizes the differences between MHC and MDC, and even restores MDC redifferentiation. We provide evidence that normoxia, which is
associated with degenerative joint diseases, changes
the normal function of chondrocytes by inducing a mild
stress response. This mild stress response can be
reversed by hypoxia, which reduces the IL1b induced
catabolic effects in both cell populations while also
sensitizing cell response to IL1b treatment. Our data
indicates that the oxygen level may influence inflammation-associated cartilage injury and diseases. Furthermore, our data indicated that chondrocytes derived
from macroscopically healthy looking areas and clearly
damaged regions in the joint are differentially susceptible to both oxygen tension and stimulation with the
pro-inflammatory cytokine IL1b.

AUTHORS’ CONTRIBUTIONS
XH and LZ finished the experiments and analysis. JH, JNP
and MK designed the experiments and revised the manuscript. All authors have read and approved the final submitted manuscript.

REFERENCES
1. Grande DA, Pitman MI, Peterson L, et al. 1989. The repair
of experimentally produced defects in rabbit articular cartilage by autologous chondrocyte transplantation. J Orthop
Res 7:208–218.
2. Vasara AI, Hyttinen MM, Pulliainen O, et al. 2006. Immature porcine knee cartilage lesions show good healing with
or without autologous chondrocyte transplantation. Osteoarthritis Cartilage 14:1066–1074.
3. Egli RJ, Bastian JD, Ganz R, et al. 2008. Hypoxic expansion
promotes the chondrogenic potential of articular chondrocytes. J Orthop Res 26:977–985.

9

4. Hong E, Reddi AH. 2013. Dedifferentiation and redifferentiation of articular chondrocytes from surface and middle
zones: changes in microRNAs-221/-222, -140, and -143/145
expression. Tissue Eng Part A 19:1015–1022.
5. Hsieh-Bonassera ND, Wu I, Lin JK, et al. 2009. Expansion
and redifferentiation of chondrocytes from osteoarthritic
cartilage: cells for human cartilage tissue engineering.
Tissue Eng Part A 15:3513–3523.
6. Tallheden T, Karlsson C, Brunner A, et al. 2004. Gene
expression during redifferentiation of human articular chondrocytes. Osteoarthritis Cartilage 12:525–535.
7. Caron MM, Emans PJ, Coolsen MM, et al. 2012. Redifferentiation of dedifferentiated human articular chondrocytes:
comparison of 2D and 3D cultures. Osteoarthritis Cartilage
20:1170–1178.
8. Dehne T, Karlsson C, Ringe J, et al. 2009. Chondrogenic
differentiation potential of osteoarthritic chondrocytes and
their possible use in matrix-associated autologous chondrocyte transplantation. Arthritis Res Ther 11:R133.
9. Tallheden T, Bengtsson C, Brantsing C, et al. 2005. Proliferation and differentiation potential of chondrocytes from
osteoarthritic patients. Arthritis Res Ther 7:R560–R568.
10. Zhong L, Huang X, Karperien M, et al. 2015. The regulatory
role of signaling crosstalk in hypertrophy of MSCs and
human articular chondrocytes. Int J Mol Sci 16:19225–19247.
11. Silver IA. 1975. Measurement of pH and ionic composition of
pericellular sites. Philos Trans R Soc Lond B Biol Sci
271:261–272.
12. Ogata K, Whiteside LA, Lesker PA. 1978. Subchondral route
for nutrition to articular cartilage in the rabbit. Measurement of diffusion with hydrogen gas in vivo. J Bone Joint
Surg Am 60:905–910.
13. Rajpurohit R, Koch CJ, Tao Z, et al. 1996. Adaptation of
chondrocytes to low oxygen tension: relationship between
hypoxia and cellular metabolism. J Cell Physiol
168:424–432.
14. Sheehy EJ, Buckley CT, Kelly DJ. 2012. Oxygen tension
regulates the osteogenic, chondrogenic and endochondral
phenotype of bone marrow derived mesenchymal stem cells.
Biochem Biophys Res Commun 417:305–310.
15. Hirao M, Tamai N, Tsumaki N, et al. 2006. Oxygen tension
regulates chondrocyte differentiation and function during
endochondral ossification. J Biol Chem 281:31079–31092.
16. Kanichai M, Ferguson D, Prendergast PJ, et al. 2008.
Hypoxia promotes chondrogenesis in rat mesenchymal stem
cells: a role for AKT and hypoxia-inducible factor (HIF)1alpha. J Cell Physiol 216:708–715.
17. Mariani E, Pulsatelli L, Facchini A. 2014. Signaling pathways in cartilage repair. Int J Mol Sci 15:8667–8698.
18. Robins JC, Akeno N, Mukherjee A, et al. 2005. Hypoxia
induces chondrocyte-specific gene expression in mesenchymal cells in association with transcriptional activation of
Sox9. Bone 37:313–322.
19. Strobel S, Loparic M, Wendt D, et al. 2010. Anabolic and
catabolic responses of human articular chondrocytes to
varying oxygen percentages. Arthritis Res Ther 12:R34.
20. Saito T, Fukai A, Mabuchi A, et al. 2010. Transcriptional
regulation of endochondral ossification by HIF-2alpha during skeletal growth and osteoarthritis development. Nat
Med 16:678–686.
21. Yang S, Kim J, Ryu JH, et al. 2010. Hypoxia-inducible
factor-2alpha is a catabolic regulator of osteoarthritic cartilage destruction. Nat Med 16:687–693.
22. Ryu JH, Shin Y, Huh YH, et al. 2012. Hypoxia-inducible
factor-2alpha regulates Fas-mediated chondrocyte apoptosis
during osteoarthritic cartilage destruction. Cell Death Differ
19:440–450.
JOURNAL OF ORTHOPAEDIC RESEARCH1 MONTH 2018

10

HUANG ET AL.

23. Goldring MB. 2000. The role of the chondrocyte in osteoarthritis. Arthritis Rheum 43:1916–1926.
24. Heinegard D, Saxne T. 2011. The role of the cartilage matrix
in osteoarthritis. Nat Rev Rheumatol 7:50–56.
25. Scanzello CR, Goldring SR. 2012. The role of synovitis in
osteoarthritis pathogenesis. Bone 51:249–257.
26. Kobayashi M, Squires GR, Mousa A, et al. 2005. Role of
interleukin-1 and tumor necrosis factor alpha in matrix
degradation of human osteoarthritic cartilage. Arthritis
Rheum 52:128–135.
27. Wojdasiewicz P, Poniatowski LA, Szukiewicz D. 2014. The role
of inflammatory and anti-inflammatory cytokines in the pathogenesis of osteoarthritis. Mediators Inflamm 2014:561459.
28. Kapoor M, Martel-Pelletier J, Lajeunesse D, et al. 2011. Role
of proinflammatory cytokines in the pathophysiology of
osteoarthritis. Nat Rev Rheumatol 7:33–42.
29. Nazem K, Safdarian A, Fesharaki M, et al. 2011. Treatment
of full thickness cartilage defects in human knees with
Autologous Chondrocyte Transplantation. J Res Med Sci
16:855–861.
30. Zhong L, Huang X, Rodrigues ED, et al. 2016. Endogenous
DKK1 and FRZB regulate chondrogenesis and hypertrophy in
three-Dimensional cultures of human chondrocytes and human mesenchymal stem cells. Stem Cells Dev 25:1808–1817.
31. Wu L, Leijten JC, Georgi N, et al. 2011. Trophic effects of
mesenchymal stem cells increase chondrocyte proliferation
and matrix formation. Tissue Eng Part A 17:1425–1436.
32. Huang X, Hou Y, Zhong L, et al. 2018. Promoted chondrogenesis of cocultured chondrocytes and mesenchymal stem
cells under hypoxia using In-situ forming degradable hydrogel scaffolds. Biomacromolecules 19:94–102.
33. Zhong L, Huang X, Karperien M, et al. 2016. Correlation
between gene expression and osteoarthritis progression in
human. Int J Mol Sci 17.
34. Huang X, Zhong L, Hendriks J, et al. 2018. The effects of
the WNT-Signaling modulators BIO and PKF118-310 on the
chondrogenic differentiation of human mesenchymal stem
cells. Int J Mol Sci 19.
35. Hendriks JAA, Miclea RL, Schotel R, et al. 2010. Primary
chondrocytes enhance cartilage tissue formation upon coculture with a range of cell types. Soft Matter 6:5080–5088.
36. Du Q, Park KS, Guo Z, et al. 2006. Regulation of human
nitric oxide synthase 2 expression by Wnt beta-catenin
signaling. Cancer Res 66:7024–7031.
37. Grogan SP, Barbero A, Winkelmann V, et al. 2006. Visual
histological grading system for the evaluation of in vitrogenerated neocartilage. Tissue Eng 12:2141–2149.
38. Murphy CL, Polak JM. 2004. Control of human articular
chondrocyte differentiation by reduced oxygen tension.
J Cell Physiol 199:451–459.

JOURNAL OF ORTHOPAEDIC RESEARCH1 MONTH 2018

39. Babur BK, Ghanavi P, Levett P, et al. 2013. The interplay
between chondrocyte redifferentiation pellet size and oxygen
concentration. PLoS ONE 8:e58865.
40. Markway BD, Cho H, Johnstone B. 2013. Hypoxia promotes
redifferentiation and suppresses markers of hypertrophy
and degeneration in both healthy and osteoarthritic chondrocytes. Arthritis Res Ther 15:R92.
41. Ozturk E, Hobiger S, Despot-Slade E, et al. 2017. Hypoxia
regulates RhoA and Wnt/beta-catenin signaling in a contextdependent way to control re-differentiation of chondrocytes.
Sci Rep 7:9032.
42. Leijten JC, Moreira Teixeira LS, Landman EB, et al. 2012.
Hypoxia inhibits hypertrophic differentiation and endochondral ossification in explanted tibiae. PLoS ONE 7:e49896.
43. Leijten J, Georgi N, Moreira Teixeira L, et al. 2014.
Metabolic programming of mesenchymal stromal cells by
oxygen tension directs chondrogenic cell fate. Proc Natl Acad
Sci U S A 111:13954–13959.
44. Guillen M, Megias J, Gomar F, et al. 2008. Haem oxygenase-1 regulates catabolic and anabolic processes in osteoarthritic chondrocytes. J Pathol 214:515–522.
45. Megias J, Guillen MI, Clerigues V, et al. 2009. Heme
oxygenase-1 induction modulates microsomal prostaglandin
E synthase-1 expression and prostaglandin E(2) production
in osteoarthritic chondrocytes. Biochem Pharmacol
77:1806–1813.
46. Mia MM, Boersema M, Bank RA. 2014. Interleukin-1beta
attenuates myofibroblast formation and extracellular matrix
production in dermal and lung fibroblasts exposed to transforming growth factor-beta1. PLoS ONE 9:e91559.
47. Fermor B, Christensen SE, Youn I, et al. 2007. Oxygen,
nitric oxide and articular cartilage. Eur Cell Mater
13:56–65; discussion 65.
48. Matsushita T, Fukuda K, Yamazaki K, et al. 2004. Hypoxiainduced nitric oxide protects chondrocytes from damage by
hydrogen peroxide. Inflamm Res 53:344–350.
49. Jung YJ, Isaacs JS, Lee S, et al. 2003. IL-1beta-mediated
up-regulation of HIF-1alpha via an NFkappaB/COX-2 pathway identifies HIF-1 as a critical link between inflammation
and oncogenesis. FASEB J 17:2115–2117.
50. Murata M, Yudoh K, Nakamura H, et al. 2006. Distinct
signaling pathways are involved in hypoxia- and IL-1induced VEGF expression in human articular chondrocytes.
J Orthop Res 24:1544–1554.

SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end
of the article.

