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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 carti-

lage, 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 bottle-

neck for cartilage tissue engineering, since dedifferen-

tiated chondrocytes become fibroblastic and do not

generate hyaline cartilage. Therefore, the redifferen-

tiation of dedifferentiated chondrocytes is a prerequi-

site 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 dis-

eases, such as osteoarthritis (OA).

Articular chondrocytes are embedded in an exten-

sive extracellular matrix and exposed to a concentra-

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 carti-

lage.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 forma-

tion.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 pro-

mote 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 destruc-

tion 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-medi-

ated 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 chondro-

cytes.

Chondrocytes in native cartilage are exposed to a

variety of biochemical and genetic factors,23 and OA

chondrocytes are often exposed to an abnormal envi-

ronment, such as high-magnitude mechanical stress,
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inflammatory cytokines, or altered amounts or organi-

zation of matrix proteins, including degradation prod-

ucts.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 extracel-

lular 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 situa-

tion with an inflammatory environment in vivo. In

this study, we compared the response of macroscop-

ically 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 cul-

tured 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 (Bio-

Rad) 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.

Alcian Blue and Safranin O Staining

Pellets were fixed with 10% phosphate-buffered formalin

(pH¼ 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 (pH¼ 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. Mount-

ing 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-deoxyur-

idine) 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 Click-

iT1 EdU Imaging Kit (ThermoFisher scientific). Cryosections

were also stained for DNA fragments with DeadEnd Fluoro-

metric TUNEL System (Promega). Nuclei were counter-

stained 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-dimethyl-

methylene 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 peroxi-

dase (HRP). The amount of HRP was developed by adding
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tetramethylbenzidine (TMB, Thermo Scientific). The reac-

tions 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 nor-

moxia 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.

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 com-

pared 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 concentra-

tions 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 bar¼500 mm, while lower panel indicates magnified pictures, scale bar¼100 mm. (B) GAG
and DNA assay. Amount of GAG and DNA in pellets was measured 3 weeks after culture in chondrogenic differentiation medium. 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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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 anti-
COL2A1 antibody (red). Cell nuclei were counterstained with DAPI (blue). Images were taken by BD pathway confocal microscopy.
Scare bar¼200 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 inhib-

ited 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 hyper-

trophic 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

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 hyp-

oxia. IL1b almost completely inhibited cell prolifera-

tion 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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mainly present in the periphery of the pellets in

normoxia, but were scattered inside the pellets under

hypoxia. In hypoxia, MDC pellets showed more apo-

ptotic 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 produc-

tion in the medium gradually decreased over time in

all groups. Interestingly, NO production in MHC and

MDC was slightly induced by hypoxia. However, IL1b-

induced NO was inhibited by hypoxia (Fig. 4G). As

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 hypoxia-

inducible factors HIF1a and HIF2a were assessed by

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 bar¼1000 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
bar¼250 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 bar¼250 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.).
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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

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) Immunofluores-
cent staining of HIF1a and HIF2a, respectively. HIF1a and HIF2a were detected by rabbit anti-HIF1a antibody and mouse anti-
HIF2a 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 bar¼ 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 nor-

moxia which was decreased in hypoxia. IL1b pro-

foundly 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 treat-

ment. The expression of HIF1a was higher in MHC

than in MDC, and was promoted by IL1b supplemen-

tation in both MHC and MDC under normoxia and

hypoxia (Fig. 5C). MDC displayed higher HIF2a

expression in normoxia but lower expression in hyp-

oxia 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 differ-

ence 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 inflam-

matory 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 pres-

ence 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 differenti-

ation and endochondral ossification in explanted tib-

iae.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 facili-

tated chondrocyte redifferentiation and it had an

inhibiting effect on the expression of the dedifferentia-

tion 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.

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 downregu-

lation 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 de-

creased 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 fibro-

blasts.46 As a typical dedifferentiation marker, COL1A1

is also an important matrix gene. IL1b treatment might

inhibit the expression of all anabolic genes and down-

regulate the matrix synthesis in chondrocytes. Hypoxia

could decrease the inhibiting effect of IL1b.

Although the absolute expression of MMP1/3/9 un-

der 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 supraphysio-

logical oxygen tension may induce a stress response

that results in mild activation of inflammatory signal-

ing 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 nor-

moxia. 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 chon-

drocytes 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 be-

tween MHC and MDC, and even restores MDC rediffer-

entiation. 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 inflam-

mation-associated cartilage injury and diseases. Fur-

thermore, our data indicated that chondrocytes derived

from macroscopically healthy looking areas and clearly

damaged regions in the joint are differentially suscepti-

ble to both oxygen tension and stimulation with the

pro-inflammatory cytokine IL1b.
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