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A B S T R A C T

Osteoarthritis (OA) is the most common age-related degenerative joint disease mainly characterized by the
destruction of articular cartilage. Owing to its native avascular property, intrinsic repair of articular cartilage is
very limited. Thus, a chondrogenic microenvironment in the joint is essential to the preservation of healthy
chondrocytes and OA treatment. Recently, cartilage progenitor cells (CPCs)-based therapy is emerging as a
promising strategy to repair degenerated and damaged articular cartilage. In this study, injectable hypoxia-
preconditioned three-dimensional (3D) cultured CPCs-laden gelatin methacryloyl (GelMA) microspheres
(CGMs) were constructed and characterized. Compared to normoxia-pretreated 3D CPCs and two-dimensional
(2D) cultured CPCs, hypoxia-preconditioned 3D cultured CPCs exhibited enhanced cartilage extracellular ma-
trix (ECM) secretion and greater chondrogenic ability. In addition, hypoxia-preconditioned 3D cultured CPCs
more effectively maintained cartilage matrix metabolism balance and attenuated articular cartilage degeneration
in subacute and chronic rat OA models. Mechanistically, our results demonstrated hypoxia-preconditioned 3D
cultured CPCs exerted chondro-protective effects by inhibiting inflammation and oxidative stress via NRF2/HO-1
pathway in vitro and in vivo. Together, through the 3D culture of CPCs using GelMA microspheres (GMs) under
hypoxia environment, our results proposed an efficient articular cartilage regeneration strategy for OA treatment
and could provide inspiration for other stem cells-based therapies.
1. Introduction

Osteoarthritis (OA) is the most common joint disease in aged people
and primarily characterized by progressive degeneration and loss of
articular cartilage [1]. The OA pathogenesis is generally related to aging
and abnormal mechanical stress-induced oxidative stress in cartilage [2,
3]. Numerous studies have demonstrated that both aging and abnormal
mechanical stress promote accumulation of reactive oxygen species
(ROS) and cause excessive oxidative stress in cartilage, which in turn
result in cartilage extracellular matrix (ECM) metabolism imbalance and
chondrocyte apoptosis, ultimately leading to cartilage destruction and
OA progression [4]. To date, there is no disease-modifying drug available
for OA patients in clinic [5]. Thus, it is urgent and crucial to explore
efficacious treatments to prevent and alleviate OA development.

Cell-based tissue engineering therapy is a promising strategy to
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promote cartilage repair and regeneration [6–8]. Recently, there is a
growing body of evidence that cartilage progenitor cells (CPCs) are a
novel cell population isolated from articular cartilage, exhibiting
self-proliferative capacity and chondrogenic differentiation ability [9,
10]. CPCs play an essential role in the development, maturation, and
repair of articular cartilage. Moreover, CPCs present a low expression of
the transcription factor RUNX2 which is crucial to the terminal differ-
entiation of chondrocyte and formation of calcified bone tissue [11,12].
Therefore, CPCs can resist to hypertrophy and produce hyaline-like
cartilage persistently. Additionally, an in vitro study showed CPCs effec-
tively decreased the expressions of inflammatory factors (IL6, MCP-1,
and IL-1β) and matrix metalloproteinases (MMPs), while it significantly
up-regulated the expression of cartilage ECM marker collagen II in
IL-1β-induced human chondrocytes [13]. These evidences demonstrate
CPCs are promising seeding cells for cartilage tissue engineering in OA
equally to this work.
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treatment. Although CPCs showed many unique advantages in cartilage
regeneration, current studies on the potential of CPCs for tissue engi-
neering is still limited. In a previous study, gelatin methacryloyl (Gel-
MA)-based hydrogels were applied to culture CPCs in vitro, and CPCs
showed low expression of a hypertrophy marker collagen X and a high
expression of lubricin (also named Prg4) and cartilage ECM glycosami-
noglycan (GAG) contents [14]. A recent study demonstrated that
combining CPCs with poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) effectively promoted chondrocyte proliferation and the forma-
tion of typical cartilage structure [15]. Taken together, previous studies
provide important evidences for the possible clinic application of CPCs in
regenerative medicine, and pave the way to CPCs-based cartilage tissue
engineering strategy for cartilage repair and OA treatment.

The conventional method for obtaining therapeutic stem cells is
mainly based on two-dimensional (2D) culture technology where cells
adhere on substrate as a monolayer mode. However, 2D culture condition
cannot simulate the actual physiological environment of stem cells niche
and it severely hampers the therapeutic potentials of stem cells in tissue
repair and regeneration [16–18]. Therefore, it is essential to maintain the
stemness and maximize the efficacy of cultured stem cells before har-
vesting these cells. Three-dimensional (3D) culture technology can
mimic a more actual and beneficial physiological environment through
cell to cell and cell to matrix interaction [19–21]. In addition, previous
studies have demonstrated that mesenchymal stem cells (MSCs) cultured
in 3D condition possess an enhanced stemness and improved therapeutic
effects [14,22]. Previous study showed that 3D cultured bone
marrow-derived MSCs in the poly(lactic acid-co-glycolic acid) (PLGA)--
templated collagen scaffolds significantly promoted the expressions of
chondrogenesis-related genes and the production of cartilage matrix
[22]. Additionally, 3D cultured equine bone marrow-derived MSCs as
spheroids possess higher amounts of anti-inflammatory and
anti-apoptotic factors than 2D cultured MSCs, and thus enhance their
anti-inflammatory property [23]. Therefore, 3D cultured CPCs may hold
the advantages of greater chondrogenic ability and chondro-protective
effects, which will show stronger therapeutic potentials in OA treatment.

Oxygen concentration is known to be an important external factor
which can regulate the proliferation, differentiation, and self-renewal of
mesenchymal stem cells (MSCs) and other stem cells [24]. It has been
reported that hypoxia pretreatment of MSCs is a beneficial strategy to
promote cell survival, proliferation, growth factors secretion, and tissue
regeneration [25–27]. Recent studies have showed that hypoxic pre-
conditioning enhanced the function of MSCs, which significantly pro-
moted cartilage repair and alleviate OA progression [28,29]. In vitro
cultured CPCs in previous research are exposed to normal oxygen con-
centration (21%, normoxia) conventionally, while the concentration of
oxygen in the joint cavity is 1% (hypoxia), which means CPCs reside in a
hypoxic micro-environment [30]. Therefore, it was hypothesized that
hypoxia-pretreatment might improve the biological function of CPCs.

Nuclear factor (erythroid-derived 2)-like 2 (NRF2) is an essential
regulator that maintains cellular homeostasis by regulating oxidative
stress and inflammatory responses [31–34]. Under physiological condi-
tion, NRF2 combines with the Kelch-like ECH-associated protein1
(KEAP1) which restricts the localization of NRF2 to cytoplasm. Under
cellular stress, NRF2 is liberated from KEAP1 and translocate into the
nucleus, and then bind to the antioxidant response element to promote
the expressions of different antioxidant markers, including heme
oxygenase-1 (HO-1) and NADPH quinone oxidoreductase 1 (NQO1).
Previous studies indicated that NRF2 activation provided beneficial ef-
fects in degenerative diseases, such as neurodegenerative diseases and
intervertebral disc degeneration [35,36]. Recently, numerous research
has demonstrated that NRF2 is a protective factor that exerts
anti-oxidative and anti-inflammatory effects in OA cartilage and activa-
tion of NRF2 relieves inflammatory responses and oxidative stress in
chondrocytes [37–39]. Thus, it is important to explore whether 3D
cultured CPCs under hypoxic condition could exert protective effects on
chondrocytes by NRF2/HO-1 signaling pathway.
2

In this study, we isolated rat CPCs and constructed 3D culture system
by using gelatin methacryloyl (GelMA) microspheres (GMs). Next, we
compared the chondrogenic ability and chondro-protective effects of
hypoxia-pretreated 3D cultured CPCs and normoxia-pretreated 3D
cultured CPCs in vitro. Our results demonstrated that hypoxia-
preconditioned 3D cultured CPCs exhibited enhanced cartilage ECM
secretion and greater chondrogenic ability, compared to 2D cultured
CPCs and normoxia-pretreated 3D cultured CPCs. Additionally, intra-
articular injection of 3D cultured CPCs-laden gelatin methacryloyl
(GelMA) microspheres (CGMs) more effectively maintained ECM meta-
bolism balance and ameliorated cartilage destruction in both subacute
and chronic rat OA models. Moreover, hypoxia-preconditioned 3D
cultured CGMs exerted strong chondro-protective effects by inhibiting
inflammation and oxidative stress via NRF2/HO-1 pathway in vitro and in
vivo. Collectively, through the 3D culture of CPCs using GMs under
hypoxic environment, our work may provide new insights in CPCs-based
therapy for OA treatment.

2. Materials and methods

2.1. Materials

Dulbecco's modified Eagle's medium (DMEM)-F12 and phosphate
buffered saline (PBS) were supplied by HyClone (USA). Fetal bovine
serum (FBS), collagenase II, and Penicillin-Streptomycin (P.S.) were
purchased from Gibco (USA). Transforming growth factor-beta 2 (TGF-
β2) and fibroblast growth factor-2 (FGF-2) were obtained from Biovision
(USA). Interleukin-1β (IL-1β) was obtained from R&D system (USA).
0.25% trypsin was obtained from Invitrogen (USA). Bovine Serum Al-
bumin (BSA), fibronectin, ascorbic acid, L-glutamine, NRF2 inhibitor
Brusatol, and dimethyl sulfoxide (DMSO) were purchased from Sigma
(USA). 4% paraformaldehyde (PFA) was obtained from servicebio
(China). 40,6-diamidino-2-phenylindole (DAPI) and phalloidine were
purchased from Beyotime Biotechnology (China). Cell Counting Kit-8
(CCK8) was obtained from Dojindo (Japan). Lipid Peroxidation Malon-
dialdehyde (MDA) Assay Kit and Reactive Oxygen Species (ROS) Assay
Kit were purchased from Beyotime (China). Gelatin Methacryloyl
(GelMA) Crosslinked Microsphere (EFL-MS-C-GM-50) was obtained from
the Suzhou Intelligent Manufacturing Research Institute (China).

2.2. Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) was used to observe the surface
morphology and structure of the GelMA Crosslinked Microspheres
(GMs). First, the microspheres were coated with gold by using the
HitachiMC1000 Ion Sputter Coater for 2 min. Then the GelMA micro-
spheres were scanned by a scanning electron microscope (SEM; GEMINI
300) at an acceleration voltage of 5 kV. Each sample was repeated 3
times.

2.3. Isolation, culture, and identification of CPCs

Ethical approval for this work was obtained from the Independent
Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth
People's Hospital (Approval Number: 2020-YS-154, March 30, 2020,
China). Rat CPCs were isolated from the superficial layer of 8-week-old
Sprague-Dawley (SD) rat articular cartilage by the fibronectin adhesion
method as previously reported. Briefly, articular cartilage from rat
femoral head was subjected to serial enzymatic digestion with 0.25%
trypsin and 0.25% collagenase II. The single cells were subjected to dif-
ferential adhesion on 10 μg/ml fibronectin pre-coated plates for 30 min.
Subsequently, the media and non-adherent cells were discarded and
replaced with standard CPCs growth media (DMEM-F12 containing 100
IU/ml P.S., 10% FBS, 2.5 mM/l L-glutamine, 62 μg/ml ascorbic acid, and
2 μg/ml amphotericin-B). The adherent cells weremaintained for 12 days
to obtain CPC colonies (>32 cells). CPCs were cultured in normal oxygen
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cell incubators (37 �C; 5% CO2) with 21% O2 (normoxic condition) or in
hypoxic cell incubators (37 �C; 5% CO2) with 1% O2 (hypoxic condition).
To identify rat CPCs, immunofluorescence staining for CD105 and PRX1
were performed in CPCs. In addition, flow cytometry for CD29, CD44,
CD105, CD90, CD45, CD146 were detected and analyzed.

2.4. CPCs culture on the GMs

First, 3 mg of GelMA microspheres were added to each well of a low-
adhesion 24-well plate (EFL-TCP-0024, China), and the plate was ster-
ilized by ultraviolet light in a biological safety cabinet for 60 min. Next,
400 μl of DMEM-F12 culture medium was added to each well of the
culture plate for 30 min. The microspheres in a 37 �C incubator for 30
min for swelling. Then, 100 μl 2.5 � 105 CPCs suspension was added to
each well and mixed with the microspheres under normoxic or hypoxic
culture condition.

2.5. Biocompatibility and cytotoxicity assay

To evaluate the biocompatibility and cytotoxicity of the GelMA mi-
crospheres, CPCs were seeded on the GMs in a low-adhesion 24-well
plate (EFL-TCP-0024, China). The cytotoxicity of the GMs was detected
through the viability of CPCs using CCK8 assay after incubating for 3 d, 6
d, and 9 d.

2.6. Cell viability of CPCs

After culture in GMs under normoxic or hypoxic condition for 28
days, the cell viability of CPCs was detected and analyzed. Briefly, the
dye solution was prepared by adding 2 μl calcein-AM (YEASEN) and 2 μl
propidium iodide (PI; YEASEN) into 4 ml PBS. Next, CPCs were stained
with 200 μl dye solution and incubated at 37 �C in the dark for 30 min.
Images were observed and captured by the confocal scanning microscopy
(Leica microsystems), live and dead CPCs were quantified by using the
ImageJ software and the cell viability was calculated and analyzed.

2.7. Chondrogenic ability of CPCs

Chondrogenic induction of CPCs under different conditions were
performed as previously reported [40,41]. In brief, CPCs were harvested
and incubated in the chondrogenic induction medium (1% vol/vol
insulin-transferrin-sodium selenite, 10�7 M dexamethasone, 1 mM so-
dium pyruvate, 50 μM ascorbate-2-phosphate, 50 μg/ml proline, and 20
ng/ml transforming growth factor (TGF)-β3) for 28 days. After
chondro-induction, anabolism-related biomarkers (Col2a1 and Acan) and
chondrogenic genes (Gdf5, Prg4, Sox6, and Sox9) were detected to
evaluate the chondrogenic ability.

2.8. Chondrocyte isolation and culture

Chondrocytes were harvested from the femoral head of 8-week-old
SD rats. Briefly, the harvested articular cartilage was washed with PBS
and cut into 1 mm3 by using sterile scalpel, followed by incubation with
0.25% trypsin for 30 min and digestion with 0.25% collagenase II for 4 h
at 37 �C. Next, the dissociated chondrocytes were resuspended and
filtered through a 40 μm cell filter before seeding at a density of 2 � 105

cells/ml. To induce inflammatory response and oxidative stress in vitro,
10 ng/ml IL-1β was applied to rat chondrocytes for 24 h as previously
reported [42,43].

2.9. Co-culture of chondrocytes and CPCs

For indirect co-culture of chondrocytes and CPCs, IL-1β-induced
chondrocytes were seeded into the lower chamber of transwell and CPCs
under different culture conditions were seeded into the upper chamber of
transwell (Corning, 0.4 μm). IL-1β-induced chondrocytes were used as
3

the control group. After co-culture for 48 h, extracellular matrix
metabolism-related genes (Col2a1, Acan, Prg4, Mmp3, Mmp13, and
Adamts5) were detected and analyzed in all groups.

2.10. Chondrocyte proliferation assay

For cell proliferation assay, IL-1β-activated chondrocytes were seeded
into bottom well of a 24-well transwell system at density of 4000 cells/
well, and CPCs under different conditions were seeded on the transwell
insert with 0.4 μm pore at density of 2000 cells/cm2. Cells were cultured
for 48 h. Next, 40 μl of CCK8 solution was added into the medium and
incubated at 37 �C for 4 h in the dark. The absorbance was detected at
450 nm by a multi-functional microplate reader (Thermo Fisher Scien-
tific, USA). Cell viability was calculated using the following equation:

Cell viability ð%Þ¼ ðAbsorbance sample = Absorbance controlÞ � 100

2.11. PCR analysis

Total RNA in rat chondrocytes was extracted by using Trizol (Invi-
trogen). Reverse transcription and real-time PCR reaction were per-
formed as described previously [44,45]. By correcting the Ct (threshold
cycles) values of the target genes to the Ct value of Gapdh, ΔCt value was
calculated in each group and relative mRNA expressions of all target
genes were detected and expressed as 2ΔΔCt with respect to the control
group. The primers used in our study were designed and synthesized by
Sangon (China) and listed in Table S1.

2.12. Western blot analysis

After different treatments, rat chondrocytes were washed thrice with
PBS, and RIPA solution (Beyotime, China) was added in each group to
extract total protein and the protein concentration was detected by the
classical BCA method [43,44]. 20 μg protein samples were loaded on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel and transferred to 0.22 μmpolyvinylidene fluoridemembrane (PVDF)
membranes. Next, the membranes were blocked with 5% BSA solution
for 30 min and then incubated with various primary antibodies overnight
at 4 �C. The primary antibodies Collagen2 (Abcam, USA), Aggrecan
(Abcam, USA), GDF5 (Abcam, USA), PRG4 (Abcam, USA), SOX9 (Pre-
oteintech, USA), ADAMTS5 (Abcam, USA), MMP13 (Abcam, USA), TNFa
(Abcam, USA), IL6 (Abcam, USA), SOD1 (Proteintech, USA), KEAP1
(Abcam, USA), NRF2 (Abcam, USA), HO-1 (Abcam, USA), β-actin
(Abcam, USA), and horseradish peroxidase (HRP)-conjugated secondary
antibody were used. Finally, a chemiluminescence reagent (Beyotime,
China) was applied to observe and analyze the bands.

2.13. Measurement of sulfated glycosaminoglycan (GAG) and collagen
content

The content of GAG and collagen in all groups were detected and
analyzed according to previously reported methods [15,41]. First, the
DNA content was detected against standard curves of calf thymus DNA
(Sigma, USA). Then the total content of sulfated GAGwas detected by the
dimethylmethylene blue assay and the GAG content was calculated in
each group based on the standard curve obtained from chondroitin 6-sul-
fate from shark (Sigma, USA). Besides, the collagen content in each group
was quantified by detecting the content of hydroxyprolin (HYP) and the
HYP content was examined against a standard curve of L-HYP (Sigma,
USA). The GAG and HYP content were both normalized by the ds-DNA
content.

2.14. Immunofluorescence staining

Cells were fixed with 4% PFA for 30 min at room temperature, per-
meablized with 0.25% Triton-X 100 for 15 min. Next, the cells were
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blocked with 5% BSA for 1 h and incubated at 4 �C overnight with pri-
mary antibodies against CD105 (1:200; Abcam), PRX1 (1:200; Abcam),
NRF2 (1:100; Abcam). Subsequently, the cells were incubated with sec-
ondary antibodies labeled with Alexa 488 or Alexa 546 for 1 h followed
by 10 min incubation with DAPI for nuclear staining in the dark at room
temperature. Fluorescence images in each group were observed and
captured by a confocal microscopy (Leica microsystems).

2.15. Measurement of intracellular ROS

The level of ROS was quantified by the ROS Assay Kit as described
previously [45]. 20,70-Dichlorodihydrofluorescein diacetate (DCFH-DA)
is oxidized by ROS in viable rat chondrocytes to 20,70-dichlorofluorescein
(DCF) which is highly fluorescent at 530 nm. First, rat chondrocytes were
washed with PBS. Next, 10 μM DCFH-DA was added and incubated with
chondrocytes at 37 �C in the dark for 30 min. Relative level of fluores-
cence in each group was quantified by a multi-functional microplate
reader.

2.16. Lipid peroxidation assay

Total proteins in rat chondrocytes were extracted by using the RIPA
solution (Beyotime, China). Lysates were processed under ultrasonic and
centrifuged at 12,000 g for 5 min. Next, the supernatants were quantified
by using the BCA assay. MDA equivalent was examined by using the
thiobarbituric acid test as described previously [45].

2.17. Total superoxide dismutase (SOD) activity assay

The SOD activity in each group was detected by using a total SOD
Assay Kit with WST-8 (Beyotime, China) [38,46]. First, rat chondrocytes
were seeded in a 6-well-plate. After different treatments, the sample
preparation solution was added to lyse the chondrocytes. Next, 160 μl
WST-8/enzyme working solution and 20 μl chondrocyte lysate super-
natant were mixed and added to a 96-well plate, and then 20 μl reaction
starter working solution was added into each well and incubated at 37 �C
for 30 min. The absorbance in each well was detected at 450 nm by a
multi-functional microplate reader.

2.18. Enzyme-linked immunosorbent assay (ELISA)

TNFα, IL6 and MMP13 in culture supernatant were quantified by
using ELISA according to the manufacturer's protocol (Abcam, USA). The
absorbance in each group was measured at 450 nm by using a multi-
functional microplate reader.

2.19. Ethical approval and experimental animals

All SD rats (8-week-old, 250–300 g) were purchased from Sino-British
Sippr/BK Lab Animal Ltd (Shanghai, China). Animal experiments were in
accordance with the animal care and use committee guidelines and
approved by the Animal Research Committee of Shanghai Jiao Tong
University Affiliated Sixth People's Hospital (Approval Number:
SYXK2016-0020, March 23, 2020, Shanghai, China).

2.20. Monosodium iodoacetate (MIA)-induced rat OA models

In animal studies, SD Rats were randomised and divided into two OA
groups (subacute and chronic OA model) and further divided into
different treatment groups (n ¼ 10 rats/group). After anaesthesia by
isoflurane inhalation, the knee joints of rats received a single intra-
articular injection of 3 mg MIA in a volume of 50 μl PBS. The control
group were intra-articularly injected with an equivalent volume of PBS.
The dose of cell-laden microspheres injected in each treatment group was
in terms of the number of microspheres. Firstly, 3 mg microspheres were
incubated with 2.5 � 105 CPCs in 500 μl culture medium. After
4

incubation for 7 days, 100 μl microspheres solution with CPCs were intra-
articularly injected into OA rat joint. According to previously published
article [47], rats in the subacute OA group were intra-articularly injected
with 100 μl hypoxia-pretreated CGMs or normoxia-pretreated CGMs once
a week for 28 days before significant OA degeneration (7 days after OA
induction). In the chronic OA group, different treatments were given
once a week for 56 days after significant OA phenotypes (14 days after
OA induction). After 35 days (subacute model) and 70 days (chronic
model) of OA induction, rats were sacrificed and the knee joints in each
group were harvested for further analyses.

2.21. Histological evaluation

The rat knee joints in all groups were fixed with 4% PFA overnight,
decalcified with 10% EDTA for 14 d, embedded in paraffin, and sectioned
at 5 μm thickness. Next, the samples were stained to evaluate proteo-
glycan deposition and cartilage degeneration in each group by using the
Alcian Blue Cartilage Staining Kit (Solarbio, China) and Modified
Safranin O/fast green Cartilage Staining Kit (Solarbio, China). The
Osteoarthritis Research Society International (OARSI) scoring system
was also used to assess cartilage degeneration and destruction [48]. The
medial tibial bone sclerosis (grade �5–5) was scored by evaluating the
subchondral trabecular bone to marrow ratio [49]. Besides, synovial
inflammation in each group was scored on an arbitrary scale from 0 to 3
depending on infiltration of inflammatory cells into the synovial mem-
brane by using the Hematoxylin-Eosin (H&E) Staining Kit (Solarbio,
China) [49].

2.22. Immunohistochemical (IHC) analysis

For IHC staining, cartilage sections in each group were deparaffinized
in xylene, hydrated through ethanol series and repaired by pepsin anti-
gen repair solution (Solarbio, China). Subsequently, cartilage sections
were blocked with 5% BSA for 1 h, and incubated with primary anti-
bodies of Collagen II (1:100; Abcam), MMP13 (1:200; Abcam),
ADAMTS5 (1:200; Abcam), IL-1β (1:1000; Abcam), IL6 (1:200; Abcam),
TNFα (1:200; Cell Signaling Technology), SOD1 (1:200; Abcam), NRF2
(1:100; Abcam), KEAP1 (1:100; Abcam), HO-1 (1:200; Abcam), and
NQO1 (1:200; Abcam) at 4 �C overnight before stained with HRP-labeled
secondary antibody. Antigen-positive chondrocytes were visualized and
analyzed by using the DAB Substrate kit (Servicebio, China).

2.23. OA pain analysis

OA pain in rats was evaluated by the hind-paw withdrawal threshold
method according to previous studies [43]. Briefly, rat was placed in an
elevated metal grid cage individually with enough space to move its
paws, while the rest body was restricted with plastic plate. After accli-
mated to the apparatus for 7 d, right hind-paw withdrawal threshold of
each rat was detected by using the electronic von Frey instrument
(BIO-EVF4; Bioseb, Vitrolles France). First, the probe tip was gently
placed perpendicularly into the mid-plantar surface of the paw. Next,
increasing pressure (0–100 g) was applied until the rat hind pawwas first
lifted, and this force is independent of the movements of the limb. The
hind-paw withdrawal threshold (g) was recorded as the required pres-
sure to first lift the rat paw. Lower withdrawal threshold values (g) were
taken as indicators of OA pain.

2.24. Statistical analysis

Statistical analysis was processed by GraphPad prism 8.0. Quantita-
tive results were presented as mean � standard deviation (S.D.) values.
The Student's t-test was applied for comparison between two groups.
One-way analysis of variance (ANOVA) was performed for comparisons
among various groups. All experiments were repeated at least three times
independently and representative experiment data are presented.
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Significant difference was defined as P < 0.001 (***, ###), P < 0.01
(**,##), and P < 0.05 (*,#).

3. Results

3.1. The proliferative and chondrogenic ability of 2D or 3D cultured CPCs
under normoxic and hypoxic conditions

First, the GelMA Crosslinked Microspheres (GMs) were constructed
and characterized by SEM. The SEM images showed GMs are transparent
regular spheroids and the diameter of GMs is about 100 nm (Fig. S1). For
another, CPCs were obtained from superficial articular cartilage of rat
femoral head. The morphology of CPCs was observed by using a micro-
scopy and we found typical colony formation after primary CPCs culture
for 12 days (Fig. S2A). CPCs displayed a small, round or polygonal
morphology, and the cells arranged in whorls or bundles (Fig. S2A).
Immunofluorescence staining result indicated the cells highly expressed
CPCs specific markers CD105 and PRX1 (Fig. S2B). In addition, the CPCs
expressed cell surface biomarkers that are found on the stem cells typi-
cally. The flow cytometry analysis demonstrated that CPCs were homo-
geneously positive for CD29 (97.62%), CD44 (78.14%), CD105 (67.63%)
and CD90 (45.25%) (Fig. S3A), which were comparable with those in the
MSCs (CD29, 99.90%; CD44, 80.70%; CD105, 98.90%; and CD90,
84.08%) (Fig. S3B) and articular chondrocytes (CD29, 93.27%; CD44,
0.31%; CD105, 4.67%; and CD90, 0.05%) (Fig. S3C). For another, CPCs
were negative for CD45 (0.10%) and CD146 (0.10%) (Fig. S3).
Fig. 1. The chondrogenic capacity of 3D cultured CPCs under normoxic and hypox
(GelMA) microspheres (GMs) under hypoxic condition. (B) Cell proliferative ability o
CCK8 assay (n ¼ 3). (C) Relative matrix GAG content was detected in each group after
after induction under different conditions for 7 days (n ¼ 6). (E and F) The mRNA
assessed after incubation for 7 days by PCR analysis (n ¼ 3). (G–H) The mRNA expr
assessed after incubation for 7 days by PCR analysis (n ¼ 3). Data represent mean � S
##P < 0.01, ###P < 0.001 versus the norm-CGMs group.
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Then, CPCs were cultured with GMs under normoxic or hypoxic
culture condition to evaluate their proliferative ability and chondrogenic
capacity (Fig. 1A). The result of CCK8 assay demonstrated that the
number of 3D cultured CPCs under hypoxic condition was significantly
higher than that of 2D cultured CPCs and 3D cultured CPCs under nor-
moxic condition (Fig. 1B). Next, the cartilage matrix GAG and collagen
contents were detected after chondrogenic induction. We found the
cartilage matrix GAG content in hypoxia-pretreated CGMs group was
significantly higher than the normoxia-pretreated CGMs group (Fig. 1C),
indicating the successful generation of much cartilage matrix in hypoxia-
preconditioned CGMs. Our results also showed hypoxia-preconditioned
CGMs produced more collagen content than 2D cultured CPCs
(Fig. 1D). PCR analysis revealed that the hypoxia-preconditioned CGMs
up-regulated the expression of cartilage matrix gene Acan and Col2a1
when compared with the 2D cultured CPCs and normoxia-pretreated
CGM groups (Fig. 1E and F). To evaluate the chondrogenic capacity of
hypoxia-pretreated CGMs, the mRNA expressions of cartilage superficial
zone gene Prg4 (also known as lubricin), chondrogenic genes Gdf5, Sox6,
and Sox9 were detected by PCR analysis. Our results showed hypoxia-
pretreated CGMs expressed the highest levels of classical chondrogenic
genes Gdf5, Prg4, Sox6, and Sox9, compared to the normoxia-pretreated
CGMs group and other groups (Fig. 1G–J). Western blot analysis showed
similar results as PCR analysis and we found hypo-CGMsmore effectively
promoted the protein expressions of anabolism-related markers
(Collagen II, GDF5, PRG4, SOX9) than the norm-CGMs group (Fig. S6).
Additionally, we further detected the cell viability and chondrogenic
ic conditions. (A) Construction of 3D cultured CPCs using gelatin methacryloyl
f CPCs was detected after incubation for different time points (3 d, 6 d, 9 d) by
incubation for 7 days (n ¼ 6). (D) Relative matrix collagen content was analyzed
expressions of anabolism-related genes (Acan and Col2a1) in each group were
essions of chondrogenic genes (Gdf5, Prg4, Sox6, and Sox9) in each group were
.D. *P < 0.05, **P < 0.01, ***P < 0.001 versus the norm-CPCs group. #P < 0.05,
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ability of CGMs under normoxic or hypoxic condition for a 28-d period.
Our results showed the cell viability of CPCs showed no significant dif-
ference after incubation for14 days under normoxic or hypoxic condition
(Fig. S4). PCR results demonstrated that the expressions of chondrogenic
genes showed no obvious difference after 21 days incubation under
normoxic or hypoxic condition (Fig. S5). Altogether, our results suggest
that 3D cultured CPCs under hypoxic environment exhibit stronger
proliferative ability and chondrogenic capacity as compared to that of 2D
culture condition and normoxic environment.
3.2. The chondro-protective effects of 3D cultured CPCs under normoxic
and hypoxic conditions

Next, we further evaluated the chondro-protective effects of 3D
cultured CPCs under normoxic and hypoxic environment in IL-1β-acti-
vated chondrocytes by using the indirect-coculture system (Fig. 2A).
First, chondrocytes were treated with different concentrations of IL-1β
and our results showed that chondrocyte viability was apparently
reduced after IL-1β treatment compared with that of the control group
Fig. 2. Hypoxia-pretreated CGMs promote cell proliferation and maintain matrix meta
was applied for exploring the chondro-protective effects of CGMs in IL-1β-induced cho
co-incubation for 48 h by CCK8 assay (n ¼ 3). (C) Relative matrix GAG content wa
matrix collagen content was analyzed after co-incubation for 48 h in each group (n ¼
Col2a1) were evaluated after co-incubation for 48 h by PCR analysis (n ¼ 3). (G) The m
48 h by PCR analysis (n ¼ 3). (H–J) Relative mRNA expressions of catabolism-related
by PCR analysis (n ¼ 3). Data represent mean � S.D. ***P < 0.001 versus the Contro
$$P < 0.01, $$$P < 0.001 versus the norm-CGMs group.
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from 5 ng/ml to 25 ng/ml (Fig. S7). Finally, 10 ng/ml of IL-1βwas chosen
to induce OA phenotypes in chondrocytes. The results of CCK8 assay also
showed proliferative ability was obviously inhibited in IL-1β-induced
chondrocytes, while coculture with hypoxia-pretreated CGMs effectively
reversed this condition and normoxia-pretreated CGMs had no signifi-
cant effect on promoting the proliferation of IL-1β-activated chon-
drocytes (Fig. 2B). Then, we evaluated the effects of hypoxia-pretreated
CGMs on cartilage matrix metabolism in IL-1β-activated chondrocytes.
Compared to 3D cultured CPCs under normoxic condition, coculture with
3D cultured CPCs under hypoxic environment showed a stronger depo-
sition of GAG in IL-1β-activated chondrocytes (Fig. 2C). Moreover, our
results also demonstrated hypoxia-pretreated CGMs significantly
increased the collagen content in IL-1β-activated chondrocytes, while
normoxia-pretreated CGMs had no significant effect on promoting the
production of collagen (Fig. 2D). PCR analysis revealed that coculture
with hypoxia-pretreated CGMs more effectively up-regulated the mRNA
expressions of cartilage matrix anabolism genes (Acan, Col2a1, and Prg4)
(Fig. 2E–G) and down-regulated the mRNA expressions of catabolism
genes (Adamts5, Mmp3, and Mmp13) (Fig. 2H–J), compared with the
bolism balance in IL-1β-induced chondrocytes. (A) A transwell co-culture system
ndrocytes. (B) Chondrocyte proliferative ability in each group was detected after
s detected after co-incubation for 48 h in different groups (n ¼ 3). (D) Relative
3). (E and F) Relative mRNA expressions of anabolism-related genes (Acan and
RNA expression of chondrogenic gene Prg4 was detected after co-incubation for
genes (Adamts5, Mmp3, and Mmp13) were detected after co-incubation for 48 h
l group. #P < 0.05, ##P < 0.01, ###P < 0.001 versus the IL-1β group. $P < 0.05,
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normoxia-pretreated CGMs group. Consistent with PCR results, western
blot analysis also demonstrated that hypo-CGMs more effectively pro-
moted the protein expressions of anabolism-related markers (Aggrecan,
Collagen II, PRG4) and inhibited the protein expression of catabolism-
related marker (ADAMTS5) in IL-1β-induced chondrocytes than norm-
CGMs (Fig. S8). Together, our results demonstrated that 3D cultured
CPCs under hypoxic condition showed strong proliferative ability and
anti-catabolism effect in IL-1β-activated chondrocytes.
3.3. Hypoxia-pretreated CGMs inhibit oxidative stress and inflammation in
IL-1β-induced chondrocytes via NRF2/HO-1 pathway

In the following part, we further assessed the effects of 3D cultured
CPCs on IL-1β-activated oxidative stress and inflammatory activity in
chondrocytes. First, to explore whether oxidative stress was associated
with the protective effect of 3D cultured CPCs, the levels of MDA, ROS,
and SOD were detected. After coculture with hypoxia-pretreated CGMs,
we observed a more significant down-regulation in the level of MDA in
IL-1β-activated chondrocytes, compared to normoxia-pretreated CGMs
group (Fig. 3A). Our results also showed coculture with hypoxia-
pretreated CGMs significantly decreased the production of ROS in IL-
1β-activated chondrocytes, while normoxia-pretreated had no obvious
inhibitory effect on ROS production (Fig. 3B). In addition, hypoxia-
pretreated CGMs obviously increased the activity of anti-oxidant
enzyme SOD in IL-1β-activated chondrocytes, but normoxia-
preconditioned CGMs showed no significant effect on promoting the
level of SOD in IL-1β-activated chondrocytes (Fig. 3C). These results
confirmed that hypoxia-pretreated CGMs exhibited significant anti-
oxidant effect in IL-1β-activated chondrocytes. Then we investigated
the anti-inflammation effect of 3D cultured CPCs in IL-1β-activated
chondrocytes. Compared with the control group, the ELISA assay results
demonstrated that IL-1β significantly increased the production of in-
flammatory factors (TNFα, IL6, and MMP13) in chondrocytes, while
hypoxia-preconditioned CGMs effectively down-regulated the levels of
these inflammatory factors (Fig. 3D). Additionally, our results of PCR
analysis further confirmed that hypoxia-preconditioned CGMs more
effectively decreased the mRNA expressions of inflammatory factors
(Tnfα, Il6, iNOS, and Cox2) (Fig. 3E–H) and up-regulated themRNA levels
of anti-oxidant enzymes (Sod1 and Sod2) (Fig. 3I and J), compared with
the norm-CGMs group. Together, these results suggested that coculture
with 3D cultured CPCs under hypoxic condition showed a stronger anti-
oxidative stress and anti-inflammation ability than normoxia-pretreated
3D cultured CPCs in IL-1β-activated chondrocytes.

To better understand the potential mechanism of the anti-oxidative
stress and anti-inflammatory effect of hypoxia-preconditioned CGMs on
IL-1β-activated chondrocytes, the role of classic NRF2/HO-1 pathway
was investigated in the following study. PCR analysis showed hypoxic-
pretreated CGMs up-regulated the mRNA expressions of NRF2 as well
as its downstream HO-1 and NADPH quinone oxidoreductase 1 (NQO1)
(Fig. 3K). Western blot analysis also demonstrated a similar result with
PCR analysis, 3D cultured CPCs under hypoxic condition significantly
promoted the protein expressions of NRF2 and HO-1 in IL-1β-activated
chondrocytes (Fig. 3L and Fig. S9). Immunofluorescence staining for
NRF2 showed that hypo-CGMs treatment led to significant nuclear
translocation of NRF2, while norm-CGMs showed no obvious difference
(Fig. S10).

Furthermore, a classical NRF2 inhibitor 40 nM brusatol was co-
treated with CGMs on chondrocytes. Our results showed that brusatol
significantly inhibited the expression of NRF2 and downstream proteins
(Fig. S11C and D). We also found that brusatol abrogated the chondro-
protective effects of hypo-CGMs and the protein expressions of
ADAMTS5, TNFα, and IL6 were up-regulated (Fig. S11A and B). Overall,
our findings indicated that 3D cultured CPCs under hypoxic condition
probably attenuated oxidative stress and inflammation in IL-1β-activated
chondrocytes by activating the NRF2/HO-1 pathway.
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3.4. Hypoxia-preconditioned CGMs attenuate cartilage degeneration and
promote matrix anabolism in MIA-induced subacute OA rat

In consideration of the chondro-protective effects of hypoxia-
preconditioned CGMs in vitro, we further investigated whether
hypoxia-preconditioned CGMs could exert a strong chondro-protective
effects in subacute rat OA model. Seven days after MIA injection,
different treatments were intra-articularly injected into the knee joint
once a week (Fig. 4A). After different treatments for four weeks, hypoxia-
preconditioned CGMs effectively attenuated cartilage destruction and
promoted matrix anabolism in subacute OA rat (Fig. 4B). The OARSI
score in OA rat was significantly declined from 4.20 � 0.75 to 1.80 �
0.75 (P ¼ 0.0003) after hypoxia-preconditioned CGMs treatment,
compared to the PBS-treated group (Fig. 4C). Additionally, hypo-CGMs
more effectively decreased the OARSI score than the norm-CGMs group
(Fig. 4C). Our results also showed that hypoxia-preconditioned CGMs
decreased the osteophyte maturity 2.40� 0.80 to 1.40� 0.49 (P¼ 0.57)
in OA rat (Fig. 4D). Moreover, the medial tibial bone score in OA rat was
down-regulated from 3.00 � 0.63 to 1.60 � 0.80 (P ¼ 0.0993) after the
intervention of hypoxia-preconditioned CGMs, compared to the PBS-
treated group (Fig. 4E). Besides, the IHC analysis was carried out to
evaluate the expressions of anabolism-related marker Collagen II and
catabolism-related marker MMP13 and ADAMTS5 in articular cartilage
of rat (Fig. 4F). The decreased expression of Collagen II in cartilage was
reversed by hypoxia-preconditioned CGMs. In addition, compared to the
normoxia-preconditioned CGMs-treated group, hypoxia-preconditioned
CGMs effectively down-regulated the levels of MMP13 and ADAMTS5
(Fig. 4G and H). These results indicated that hypoxia-preconditioned
CGMs successfully ameliorated cartilage destruction and maintained
matrix metabolism balance in subacute OA rat.

3.5. Hypoxia-preconditioned CGMs suppress inflammation and oxidative
stress by activating NRF2/HO-1 pathway in MIA-induced subacute OA rat

To investigate whether oxidative stress and inflammation were
involved in hypoxia-preconditioned CGMs-mediated cartilage protection
in vivo, we evaluated the anti-oxidant and anti-inflammatory effects of
hypoxia-preconditioned CGMs in articular cartilage of subacute OA rat
model. H&E staining indicated hypoxia-preconditioned CGMs attenuated
the infiltration of inflammatory cells in synovium (Fig. 5A), and the
inflammation score was decreased from 2.00 � 0.63 to 1.00 � 0.63 (P ¼
0.1455) after hypoxia-preconditioned CGMs treatment, compared to the
PBS-injected group (Fig. 5B). In addition, our results showed hypoxia-
preconditioned CGMs effectively up-regulated the withdrawal
threshold (from 42.80 � 6.55 g to 69.80 � 8.86 g), compared with the
PBS-treated group (Fig. S3). IHC staining for inflammatory factors veri-
fied that hypoxia-preconditioned CGMs and nomorxia-preconditioned
CGMs both down-regulated the expressions of IL-1β, IL6, and TNFα,
while hypoxia-preconditioned CGMsmore effectively decreased the ratio
of IL6-positive and TNFα-positive chondrocytes than nomorxia-
preconditioned CGMs (Fig. 5C–F). Moreover, IHC analysis also
confirmed that hypoxia-preconditioned CGMs obviously increased the
expression of anti-oxidant enzyme SOD1 in OA rat (Fig. 5G and H).
Together, our results indicated hypoxia-preconditioned CGMs exert
stronger chondro-protective effects than normoxia-pretreated CGMs in
subacute OA rat.

To further explore whether the NRF2/HO-1 pathway played an
essential role in the anti-oxidant and anti-inflammatory effects of
hypoxia-preconditioned CGMs in vivo, we further detected the expres-
sions of NRF2, KEAP1, HO-1, and NQO1 by IHC staining. IHC analysis
results demonstrated that normoxia-preconditioned and hypoxia-
preconditioned CGMs both significantly up-regulated the expressions of
NRF2 (Fig. 5I) and KEAP1 (Fig. S12A and B) as well as downstream
targets HO-1 and NQO1 (Fig. 5J and K). Besides, we found hypo-CGMs
more effectively down-regulated the number of NRF2-positive and
KEAP1-positive chondrocytes than norm-CGMs group in subacute OA rat



Fig. 3. Hypoxia-pretreated CGMs alleviate oxidative stress and inflammatory response and promote NRF2/HO-1 pathway activation in IL-1β-induced chondrocytes.
(A) The level of malondialdehyde (MDA) in each group was detected after co-incubation for 48 h (n ¼ 3). (B) The levels of reactive oxygen species (ROS) in different
groups were analyzed after co-incubation for 48 h (n ¼ 3). (C) Superoxide dismutase (SOD) activity levels were evaluated after different treatments after co-incubation
for 48 h (n ¼ 3). (D) The concentrations of TNFα, IL6, and MMP13 were evaluated after co-incubation for 48 h by ELISA assay (n ¼ 3). (E–H) The mRNA expressions of
the inflammatory factors (Tnfα, Il6, iNOS, and Cox2) in each group were detected after co-incubation for 48 h by PCR analysis (n ¼ 3). (I and J) The mRNA expressions
of the antioxidant genes (Sod1 and Sod2) were detected after co-incubation for 48 h by PCR analysis (n ¼ 3). (K) The mRNA expressions of the NRF2/HO-1 pathway-
related genes (Keap1, Nrf2, HO-1, and NQO1) were detected after co-incubation for 48 h by PCR analysis (n ¼ 3). (L) The protein expressions of the NRF2/HO-1
pathway-related markers (KEAP1, NRF2, and HO-1) were assessed after co-incubation for 48 h by western blotting analysis. Data represent mean � S.D. *P <

0.05, **P < 0.01, ***P < 0.001 versus the Control group. #P < 0.05, ##P < 0.01, ###P < 0.001 versus the IL-1β group. $P < 0.05, $$P < 0.01, $$$P < 0.001 versus the
norm-CGMs group.
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Fig. 4. Hypoxia-pretreated CGMs attenuate cartilage degeneration and matrix catabolism in subacute OA rat. (A) Schematic of the time course for the experiments in
MIA-induced subacute OA rat. OA rats were intra-articularly injected with different treatments and evaluated as indicated. (B) Representative micrographs of Safranin
O staining and H&E staining after different treatments. Scale bar, 100 μm. (C) The OA severity in each group was measured by the Osteoarthritis Research Society
International (OARSI) scoring system (n ¼ 5). (D) Osteophyte formation in each group was determined and scored (n ¼ 5). (E) The score of medial tibial bone in each
group was evaluated (n ¼ 5). (F) Representative micrographs of immunohistochemical staining for Collagen II, MMP13, and ADAMTS5 after different treatments.
Scale bar, 25 μm. (G and H) Quantification of MMP13-positvie and ADAMTS5-positive chondrocytes after different treatments in subacute OA rat (n ¼ 5). Data
represent mean � S.D. *P < 0.05, ***P < 0.001 versus the Sham group. #P < 0.05, ###P < 0.001 versus the PBS group. $$P < 0.01 versus the norm-CGMs group.
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(Fig. 5I and Fig. S12A-B). Accordingly, 3D cultured CPCs under hypoxic
condition effectively ameliorated cartilage degeneration and maintained
cartilage matrix metabolism balance by inhibiting oxidative stress and
inflammation via activation of NRF2/HO-1 pathway in subacute rat OA
model.

3.6. Hypoxia-pretreated CGMs rescue cartilage degradation and maintain
matrix metabolism balance in chronic OA rat

To comprehensively assess the in vivo therapeutic effect of hypoxia-
pretreated CGMs for OA, we further constructed a MIA-induced chronic
rat model. Different treatments were intra-articularly injected into the
knee joint of rat once a week for eight weeks (Fig. 6A). The damage of
articular cartilage and loss of proteoglycan were obviously detected in
MIA-induced rat by using H&E and Safranin O staining, while hypoxia-
pretreated CGMs ameliorated cartilage degeneration (Fig. 6B). Mean-
while, our results also revealed that hypoxia-pretreated CGMs more
9

effectively down-regulated the OARSI score in PBS-treated OA rat (from
4.80 � 0.98 to 2.00 � 0.63) than the norm-CGMs group, and there was
no significant difference (P ¼ 0.75) between normoxia-pretreated
CGMs-treated group and PBS-treated group (Fig. 6C). Our result also
demonstrated that hypoxia-pretreated CGMs effectively decreased the
osteophyte maturity from 2.80 � 0.40 to 1.40 � 0.49 in OA rat, but
normoxia-pretreated CGMs had no significant regulatory effect (P ¼
0.14) on osteophyte maturity (Fig. 6D). In addition, the medial tibial
score was declined from 3.20 � 0.75 to 1.80 � 0.75 in PBS-treated rat
after the treatment of hypoxia-pretreated CGMs (Fig. 6E). Moreover,
the expression of Collagen II was increased in hypoxia-pretreated
CGMs-treated group compared to that of PBS-treated group, which is
consistent with the results in subacute OA rat model (Fig. 6F). IHC
analysis results showed that hypoxia-pretreated CGMs significantly
decreased the number of MMP13-positive and ADAMTS5-positive
chondrocytes in chronic OA rat (Fig. 6G and H). The above results
indicated 3D cultured CPCs under hypoxic condition exhibited a



Fig. 5. Hypoxia-pretreated CGMs ameliorate cartilage inflammatory response and oxidative stress and activate NRF2/HO-1 pathway in subacute OA rat. (A and B)
Synovial inflammation in each group was determined by H&E staining and scored (n ¼ 5). (C) Immunohistochemical staining inflammatory factors (IL-1β, IL6, and
TNFα) in different groups (n ¼ 5). Scale bar, 25 μm. (D–F) Quantification of IL-1β-positivity, IL6-positivity, and TNFα-positivity in chondrocytes after different
treatments in subacute OA rat (n ¼ 5). (G) Immunohistochemical staining of antioxidant enzyme SOD1 and the NRF2/HO-1 pathway-associated markers (NRF2, HO-1,
and NQO1) in different groups (n ¼ 5). Scale bar, 25 μm. (H) Quantification of SOD1-positive chondrocytes after different treatments (n ¼ 5). (I–K) Quantification of
NRF2-positivity, HO-1-positivity, and NQO1-positivity in chondrocytes in different groups (n ¼ 5). Data represent mean � S.D. ***P < 0.001 versus the Sham group.
#P < 0.05, ###P < 0.001 versus the PBS group. $$P < 0.01, $$$P < 0.001 versus the norm-CGMs group.
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significant cartilage protective effect in chronic OA rat model.

3.7. Hypoxia-pretreated CGMs ameliorate inflammation and oxidative
stress through activating NRF2/HO-1 pathway in chronic OA rat

In addition to cartilage degeneration and matrix metabolism, we
further evaluated the anti-inflammatory and anti-oxidant effects in
chronic OA rat after treatments. The results of H&E staining demon-
strated that hypoxia-pretreated CGMs ameliorated inflammatory
response in synovium (Fig. 7A), and the synovial inflammation score was
declined from 2.20 � 0.40 to 1.00 � 0.63, compared to the PBS-treated
10
group (Fig. 7B). Additionally, hypoxia-pretreated CGMs obviously
relieved OA-related pain as withdrawal threshold was raised from 45.40
� 5.68 g to 63.20 � 7.36 g (Fig. S4), compared to the PBS-treated group.
Meanwhile, compared to the PBS-treated group (45.40 � 5.68 g), an up-
regulation of withdrawal threshold was observed in the normoxia-
pretreated CGMs-treated group (54.00 � 6.60 g), but there is no signif-
icant difference between PBS-treated group and normoxia-pretreated
CGMs-treated group (P ¼ 0.36) (Fig. S4). IHC staining for inflamma-
tory factors in articular cartilage showed that hypoxia-pretreated CGMs
markedly decreased the expressions of IL-1β, IL6, and TNFα in chronic
OA rat (Fig. 7C–F). IHC analysis also demonstrated that hypoxia-



Fig. 6. Hypoxia-pretreated CGMs attenuate cartilage destruction and maintain matrix metabolism balance in chronic OA rat. (A) Schematic of the time course for the
experiments in MIA-induced chronic OA rat. OA rats were intra-articularly injected with different treatments and evaluated as indicated. (B) Safranin O staining and
H&E staining were performed in each group to assess the level of cartilage degeneration. Scale bar, 100 μm. (C) The OA severity was measured by the Osteoarthritis
Research Society International (OARSI) scoring system (n ¼ 5). (D) Osteophyte formation in each group was determined and scored (n ¼ 5). (E) The score of medial
tibial bone in each group was evaluated (n ¼ 5). (F) Representative micrographs of immunohistochemical staining for Collagen II, MMP13, and ADAMTS5 after
different treatments. Scale bar, 25 μm. (G and H) Quantification of MMP13-positive and ADAMTS5-positive chondrocytes in each group (n ¼ 5). Data represent mean
� S.D. **P < 0.01, ***P < 0.001 versus the Sham group. #P < 0.05, ##P < 0.01, ###P < 0.001 versus the PBS group. $P < 0.05 versus the norm-CGMs group.
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pretreated CGMs effectively increased the number of SOD1-positive
chondrocytes in articular cartilage of chronic OA rat, while normoxia-
pretreated CGMs group showed no significant difference compared
with the PBS-treated group (Fig. 7H). These results suggested that
hypoxia-pretreated CGMs more effectively inhibit oxidative stress in
chronic OA rat than normoxia-pretreated CGMs group.

Mechanistically, our IHC staining results showed that hypoxia-
pretreated CGMs and normoxia-pretreated CGMs both markedly up-
regulated the expressions of NRF2 and KEAP1 (Fig. 7I and Fig. S12C-D)
and downstream targets HO-1 and NQO1 (Fig. 7J and K) in chronic OA
rat. Our results also demonstrated that hypoxia-pretreated CGMs more
effectively up-regulated the ratio of NFR2-positive chondrocytes in
chronic OA rat than normoxia-pretreated CGMs (Fig. 7I). Altogether, our
findings demonstrated that 3D cultured CPCs under hypoxic environ-
ment effectively exerted chondro-protective effects by activating the
NRF2/HO-1 signaling pathway in chronic rat OA model.

4. Discussion

OA is a common degenerative joint disease that mainly affects
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articular cartilage, characterized by an imbalance between cartilage
matrix anabolism and catabolism. Currently, there is no effective phar-
macological treatment to restore the morphology of articular cartilage or
prevent the loss of cartilage matrix in clinic [1,5]. In this work, an
injectable hypoxia-pretreated 3D cultured CPCs delivery system was
constructed with the aim to orchestrate chondrogenic microenvironment
in the joint for OA cartilage repair and regeneration. Our in vitro studies
demonstrated that hypoxia-pretreated CGMs significantly promote
chondrocyte proliferation and maintain cartilage matrix metabolism
balance. Our results also showed hypoxia-pretreated CGMs alleviated
cartilage degeneration and promote matrix anabolism by inhibiting
oxidative stress and inflammation in both subacute and chronic OA rat
models. Additionally, the NRF2/HO-1 pathway played an important part
in the chondro-protective effects of hypoxia-pretreated CGMs in vitro and
in vivo. Thus, these findings suggest that the hypoxia-pretreated 3D
cultured CPCs delivery system provides an efficient strategy for OA
treatment in clinical application.

Stem cells-based therapy is emerging as a promising treatment to
promote the repair of injured and damaged tissues in regenerative
medicine. Owing to their self-renewal ability and chondrogenic



Fig. 7. Hypoxia-pretreated CGMs alleviate cartilage inflammation and oxidative stress and promote the activation of NRF2/HO-1 pathway in chronic OA rat. (A and
B) Synovial inflammation in each group was determined by H&E staining and scored (n ¼ 5). (C) Immunohistochemical staining inflammatory factors (IL-1β, IL6, and
TNFα) in articular cartilage (n ¼ 5). Scale bar, 25 μm. (D–F) Quantification of IL-1β-positivity, IL6-positivity, and TNFα-positivity in chondrocytes after different
treatments in chronic OA rat (n ¼ 5). (G) Immunohistochemical staining of antioxidant enzyme SOD1 and the NRF2/HO-1 pathway-related markers (NRF2, HO-1, and
NQO1) in different groups (n ¼ 5). Scale bar, 25 μm. (H) Quantification of SOD1-positive chondrocytes in each group (n ¼ 5). (I–K) Quantification of NRF2-positivity,
HO-1-positivity, and NQO1-positivity in chondrocytes in different groups (n ¼ 5). Data represent mean � S.D. **P < 0.01, ***P < 0.001 versus the Sham group. #P <

0.05, ##P < 0.01, ###P < 0.001 versus the PBS group. $$P < 0.01 versus the norm-CGMs group.
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potential, current studies using different tissues-sourced MSCs have
shown potential capability in cartilage repair and OA treatment [50–52].
However, the tissues generated by chondrogenic differentiation of MSCs
have difficulty in maintaining the phenotype of hyaline cartilage and are
mostly tend to form fibrous tissue and undergo hypertrophy in vivo,
which leads to inferior formation of functional articular cartilage.
Moreover, previous studies demonstrated that MSCs tend to vascularize
or ossify and are replaced by osseous tissue finally, which indicates that
the chondrogenic differentiation of MSCs represents a transient stage
[41]. Additionally, several clinical studies showed that intra-articular
injection of MSCs is not superior to the placebo in pain relief and joint
12
function improvement for knee OA patients with obvious symptoms.
Recently, some studies showed that CPCs derived from the superficial
layer of articular cartilage are optimal cells for cartilage repair and
regeneration because of strong self-proliferative capacity and great
chondrogenic ability [13,40,41]. Previous study revealed that the
chondrogenic differentiation degree of CPCs was higher than that of bone
marrow-derived MSCs, indicating that CPCs exhibit a stronger chon-
drogenic capacity than MSCs [41]. In addition, a comparative study
demonstrated CPCs produced lower level of the hypertrophy biomarker
Collagen X in cartilage than MSCs [41]. Moreover, CPCs can form
stratified tissues in cartilage repair and regeneration. Overall, these



Fig. 8. Schematic illustration of the mechanism for the chondro-protective effects of hypoxia-conditioned CGMs in OA cartilage. Intra-articular injection of hypoxia-
preconditioned CGMs promotes chondrocyte proliferation and extracellular matrix anabolism, inhibits inflammatory response and oxidative stress, and ultimately
alleviates cartilage destruction in OA cartilage.
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studies indicated CPC is a promising cell source for cartilage repair and
OA treatment. Thus, CPCs were chosen as seeding cells for cartilage tissue
engineering in our study. For another, the effective delivery of thera-
peutic CPCs is prerequisite to promote the regeneration of damaged
cartilage. In this study, an injectable and biocompatible GMs delivery
system was constructed to culture CPCs and our results showed that this
CPCs-based therapy exhibited a strong chondrogenic ability and
chondro-protective effects in both subacute and chronic OA rat models.

The conventional method for stem cells-based tissue engineering is
mainly based on 2D culture technology where stem cells adhere on
substrate as a monolayer. However, 2D culture cannot simulate the
practical physiological conditions of stem cells niche and this severely
limits the therapeutic efficacy and impedes the clinical translation of
stem cells-based therapy. 3D culture system can mimic a more actual
cellular physiological condition through the elaborate interactions of cell
to cell and cell to extracellular matrix [17,22,23]. In addition, previous
studies have indicated that 3D cultured MSCs possessed enhanced
stemness and improved therapeutic effects [22,23]. Therefore, it is
instructive to maintain the physiological features of CPCs and maximize
the efficacy of CPCs by using 3D culture system. In this study, to more
accurately mimic the natural growth condition of CPCs and keep their
chondrogenic capacity as much as possible, CPCs were cultured in 3D
environment by using GMs. Our results showed that GMs were suitable
for CPCs culture due to their excellent biocompatibility and enhanced
chondrogenic ability of CPCs.

It is known that articular cartilage is a highly differentiated tissue that
lacks blood vessels, leading to a hypoxic physiological
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microenvironment. Thus, we need to maintain the hypoxic culture con-
dition of CPCs in vitro to maximize the chondrogenic capacity and ther-
apeutic efficacy of CPCs. Furthermore, several studies have demonstrated
that hypoxia effectively enhance the therapeutic effects of MSCs, as
hypoxic condition can increase the production of regulatory factors in
MSCs [24,26,27]. In this work, we found hypoxia-preconditioned CGMs
showed an enhanced chondrogenic ability and chondro-protective effects
in vitro, compared to the normoxia-pretreated CGMs group. In animal
studies, we found both hypoxia-preconditioned CGMs and
normoxia-pretreated CGMs can ameliorated OA progression and main-
tained matrix metabolism balance in both subacute and chronic OA rat
models. Additionally, some in vivo results demonstrated that
hypoxia-preconditioned CGMs exerted an improved chondro-protective
effects than normoxia-pretreated CGMs, while some results showed
there is no significant difference between the two groups. However, the
specific mean values of the hypo-CGMs group were closer to the Sham
group, compared to the norm-CGMs group. On the other hand, the in-
dividual difference is commonly existed in animal experiments and his-
tological analysis.

The OA pathogenesis is generally associated with excessive oxidative
stress and chronic inflammatory response. Both mechanical factors and
aging could promote excessive oxidative stress in chondrocytes, which
further cause inflammatory response, cellular senescence, and chon-
drocyte apoptosis in articular cartilage by regulating downstream path-
ways [53,54]. Previous animal studies demonstrated that inhibition of
oxidative stress could attenuate OA cartilage degeneration and is a
promising therapeutic strategy for OA patients [45,55]. In the present
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study, we showed that hypoxia-pretreated CGMs significantly inhibited
oxidative stress and promoted the production of antioxidant enzymes in
vitro and in vivo. Moreover, we also found that hypoxia-pretreated CGMs
effectively ameliorated inflammatory response and alleviated OA-related
pain in subacute and chronic OA rats. NRF2/HO-1 is a classic and
important pathway that regulates adaptive response to oxidative stress
[56,57]. NRF2 participates in the regulation of downstream antioxidant
markers HO-1 and NQO1. Moreover, NRF2 also regulates the levels of
MDA and SOD. Additionally, KEAP1 is usually regarded as a molecular
switch for NRF2 when cells suffer from excessive oxidative stress. Thus,
regulation of NRF2/HO-1 pathway could inhibit excessive oxidative
stress in cartilage and could be a promising therapeutic treatment for OA
patients. Our in vitro and in vivo results demonstrated that
hypoxia-pretreated CGMs effectively promoted the activation of
NRF2/HO-1 pathway in chondrocytes.

This work provides proof of concept that 3D cultured CPCs under
hypoxic condition can be used to promote OA cartilage repair and
regeneration. However, there are several challenges and limitations need
to be overcome in our study. Firstly, the major concern is the difficulty in
obtaining large amounts of functional and standard CPCs to construct 3D
cultured CGMs. As seeding cells for cartilage repair and regeneration, the
current technique for obtaining a large number of CPCs is immature. A
recent study found that there is a large quantity of CPCs in the peri-
chondrium of rabbit ears, and that was thought to be a better source of
CPCs [58]. That means CPCs can be obtained from various tissues such as
auricular cartilage and costal cartilage. Besides, CPCs can be produced by
induing the chondrogenic differentiation of induced pluripotent stem
cells (iPSCs) or embryonic stem cells (ESCs). However, the chondrogenic
ability and chondro-protective effects of these different CPCs need to be
further investigated. In addition, the porous microspheres possess unique
advantage as these microspheres allow extensive ECM deposition or
cell-cell interactions and we can further compare the chondrogenic
ability between GelMA crosslinked microspheres and porous micro-
spheres in future studies. Moreover, in animal studies, the CPCs-only
control group was not performed for a comparison. Furthermore, the
NRF2/HO-1 pathway is one signaling pathway in the antioxidant and
chondro-protective effects in OA cartilage, whether other signaling
pathways are involved in the regulation of hypoxia-pretreated CGMs
need further investigation. Additionally, in animal studies, hypo-CGMs
were injected into joint cavity 7 days (subacute OA model) or 14 days
(chronic OA model) after OA induction in rat. Our studies demonstrated
hypo-CGMs effectively ameliorated cartilage degeneration in subacute
and chronic OA rat models. These results indicated that hypo-CGMs
could be an effective therapy to middle- and late-stage of OA patients,
but further detailed investigation about the effective dose, injection
frequency, biocompatibility, and pharmacokinetics of this therapy in
large animal models are necessary.

5. Conclusion

In conclusion, a 3D hypoxic CPCs culture system was successfully
constructed in our study. Our findings demonstrated that 3D cultured
CPCs under hypoxic condition exhibited stronger chondrogenic capacity
than normoxia-pretreated 3D CPCs and 2D cultured CPCs. Additionally,
hypoxia-preconditioned CGMs effectively promoted chondrocyte prolif-
eration, rescued cartilage degeneration, and maintained cartilage matrix
metabolism balance. Moreover, we showed that hypoxia-preconditioned
CGMs significantly attenuated inflammation and oxidative stress by
activating NRF2/HO-1 pathway in vitro and in vivo (Fig. 8). Therefore,
this novel CPCs delivery system should be considered a potential thera-
peutic strategy for OA treatment.
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