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Curcumin Supplementation Enhances
Bone Marrow Mesenchymal Stem Cells
to Promote the Anabolism of Articular
Chondrocytes and Cartilage Repair

Rui Zhang1 , Qiaoxia Zhang2, Zhiyu Zou1,3, Zheng Li1,4,
Meng Jin1,5, Jing An1, Hui Li4, and Jianbing Ma4

Abstract
Mesenchymal stem cells derived from bone marrows (BMSCs) and curcumin derived from turmeric were used for osteoarthritis
(OA) treatment, respectively. We invested the effects of curcumin supplementation for BMSC therapeutic effects. In vitro, rat
BMSCs were identified by dual-immunofluorescent staining of CD44 and CD90, and flow cytometry. Primary articular chon-
drocytes were identified by toluidine blue staining and immunofluorescent staining of Col2a1. EdU incorporation, migration assay,
real-time quantitative polymerase chain reaction, and Western blot analyses were performed to evaluate the alterations of
chondrocytes cocultured with BMSCs. In vivo, the rat model of OA was established by monoiodoacetic acid. After intra-articular
injection of allogeneic BMSCs, articular cartilage damage and OA progression were evaluated by histological staining, and
Osteoarthritis Research Society International and Mankin score evaluation. Although curcumin alone did not improve cell viability
of primary articular chondrocytes, it promoted proliferation and migration of chondrocytes when cocultured with BMSCs.
Meanwhile, the expression of anabolic genes in chondrocytes was remarkably increased both at mRNA and protein levels. In OA
rats, curcumin and BMSCs cooperated to greatly promote articular cartilage repair and retard OA progression. Therefore,
curcumin supplementation enhanced the BMSC function for the proliferation and migration of articular chondrocytes, and anabolic
gene expression of extracellular matrix in articular chondrocytes in vitro, and the generation of articular cartilage in vivo. Our study
shed light on the potential clinical application of curcumin cooperated with BMSCs in cartilage repair for OA treatment.
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Introduction

Osteoarthritis (OA) is a common and unhealthy condition in

older adults affecting populations of 250 million worldwide,

causing serious economic burden on society and families1–3.

This syndrome is becoming more prevalent as the obese pop-

ulation and number of joint injuries increase in the elderly.

1 Translational Medicine Center, Honghui Hospital, Xi’an Jiaotong University, Xi’an, Shaanxi, China
2 School of Basic Medicine, Xi’an Jiaotong University Health Science Center, Xi’an, Shaanxi, China
3 Department of Integrated Traditional Chinese Medicine & Western Medicine Orthopaedics, Honghui Hospital, Xi’an Jiaotong University, Xi’an,

Shaanxi, China
4 Department of Joint Surgery, Honghui Hospital, Xi’an Jiaotong University, Xi’an, Shaanxi, China
5 School of Basic Medicine, Shannxi University of Traditional Chinese Medicine, Xi’an, Shaanxi, China

Submitted: October 22, 2020. Revised: January 13, 2021. Accepted: January 21, 2021.

Corresponding Authors:

Rui Zhang, Translational Medicine Center, Honghui Hospital, Xi’an Jiaotong University, Xi’an, Shaanxi 710054, China.

Email: zhangruity12@163.com

Jianbing Ma, Department of Joint Surgery, Honghui Hospital, Xi’an Jiaotong University, Xi’an, Shaanxi, China.

Email: 13299028888@163.com

Cell Transplantation
Volume 30: 1–12
ª The Author(s) 2021
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0963689721993776
journals.sagepub.com/home/cll

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0
License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further
permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0002-8664-6915
https://orcid.org/0000-0002-8664-6915
mailto:zhangruity12@163.com
mailto:13299028888@163.com
https://sagepub.com/journals-permissions
https://doi.org/10.1177/0963689721993776
http://journals.sagepub.com/home/cll
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage


The complicated pathogenesis of OA is mainly character-

ized by articular cartilage degeneration, synovial inflamma-

tion, subchondral bone deterioration, osteophyte formation,

ligaments degeneration, and hypertrophy of the joint cap-

sule4. Articular cartilage degeneration and the synovitis are

the main symptoms at early stages of OA5. Chondrocytes are

the unique cell type in articular cartilage tissue implicated in

the synthesis and maintenance of the extracellular matrix

(ECM), which is responsible for the supply of chondrocyte

nutrients and the disposal of metabolic waste, mainly con-

tained type II collagen (Col2) and Aggrecan6–8.

The decrease of chondrocyte in elderly people causes the

alteration in ECM composition and is contributing to the

impaired capability in cartilage repair, therefore resulting

in the degeneration of articular cartilage9. In clinic, conven-

tional treatment for early-stage OA mainly included nonster-

oidal anti-inflammatory drugs (NSAIDs), hyaluronic acid,

and corticosteroid injections. Nevertheless, these therapies

did not reverse the OA process, but just alleviated OA symp-

toms temporarily. The alternative joint replacement surgery

was effective for severe OA, however, limited to its complex

revision requirement and life span. In addition, the surgery

therapy is not suitable for young patients10.

Mesenchymal stem cells (MSCs) are a type of precursor

cells with a wide range of sources and can be isolated from

bone marrow tissue, adipose tissue, synovium, skeletal mus-

cle, cord blood, and other tissues11. Compared with primary

cultured chondrocytes, MSC is easier to culture in vitro, and

sufficient cells can be obtained within shorter time. In recent

years, MSCs derived from bone marrows (BMSCs) were

applied to OA treatment both in animal models and clinical

practice by promoting cartilage repair and retarding OA pro-

gression10. MSCs in combination with some materials or

factors have also been shown to facilitate the articular carti-

lage repair for OA treatment12,13.

Turmeric derived from Curcuma longa is commonly used

in Indian and some Asian cooking as a spice for curry

power14. The curcuminoids in turmeric are curcumin, des-

methoxycurcumin, and bisdemethoxycurcumin, with curcu-

min being the main active component15. Curcumin displayed

multiple pharmacological activities including anti-

inflammatory, antioxidant, and anticancer, and has been

employed in different studies involving several pathologies

such as cardiovascular disease, depression, Alzheimer’s dis-

ease, epilepsy, Parkinson’s disease, cancer, osteoporosis,

rheumatic arthritis, and OA15–21. It could inhibit the activa-

tion of nuclear factor kappa-light-chain-enhancer of acti-

vated B cells (NF-kb) and synthesis of reactive oxygen

species by reducing the production of IL-1, IL-6, IL-8, and

tumor necrosis factor a via various pathways, and is emerged

as an effective therapeutic agent22,23. For OA treatment,

curcumin supplementation exhibited effects mainly based

on its anti-inflammation, antioxidant, and antiapoptosis

potentials15. In clinical trials, curcumin served as a natural

product medicine displayed nearly no side effects, thus mak-

ing it a potential alternative to NSAIDs and some other

medications with known severe adverse effects24,25.

The current study aims to explore the pharmacological

action of BMSCs supplemented with curcumin on articular

chondrocytes in vitro and the therapeutic potential in vivo.

Materials and Methods

Isolation and Culture of BMSCs

Animal experiments in the current study were approved by

the Institutional Ethics Committee of Honghui Hospital,

Xi’an Jiaotong University. Male Sprague-Dawley (SD) rats,

weighing about 200 g, were purchased from the experimen-

tal animal center of Xi’an Jiaotong University. Under sterile

conditions, the femurs and tibias of SD rats were carefully

separated and washed with phosphate-buffered saline (PBS).

Then, bone marrow tissues were collected from the cavities

of the femurs and tibias with a 10 ml syringe injected into

6 ml culture medium containing Dulbecco’s modified

Eagle’s medium/F12 medium (HyClone, Logan, UT, USA),

1.5 mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA),

10% fetal bovine serum (Gibco, Melbourne, Australia),

100 U/ml penicillin, and 100 mg/ml streptomycin (HyClone).

Cells were maintained in an incubator with 5% CO2, 95%
humidity, and 37�C environment. The adherent cells were

cultured along with medium exchange every 3 days until the

confluence reached 80%. Thereafter, cells were passaged at

1:3 and the passage 3 cells were used for subsequent

experiments.

Isolation and Culture of Articular Chondrocytes

Under sterile conditions, the surface layer of the knee articu-

lar cartilage was carefully removed, cut into pieces,

digested with 0.25% trypsin (HyClone) for 20 min, and

0.2% type II collagenase (Sigma) at 37�C with shaking for

3 h. The 100-mm filter was then used to remove the debris.

After centrifugation, the cells were maintained in the same

medium as that used in BMSCs culture.

Immunofluorescent and Toluidine Blue Staining

Passage 3 BMSCs or chondrocytes seeded in coverslips were

fixed with paraformaldehyde for 20 min. The cells were

incubated with primary detection antibodies against primary

antibodies (CD44 and CD90, Abcam, Cambridge, UK,

1:1,000; Col2a1, ZSGB-BIO, Beijing, China, 1:400) at 4�C
overnight. Subsequently, cells were incubated with anti-

mouse fluorescein isothiocyanate (FITC)-conjugated and/or

anti-rabbit CY3-conjugated secondary antibodies

(Boster, Beijing, China, 1:200) for 2 h. The cells were then

labeled with 4’,6-diamidino-2-phenylindole for 3 min and

images were acquired under a fluorescence microscope. For

toluidine blue staining, chondrocytes were stained with

1% toluidine blue for 15 min and photographed under an

inverted microscope.
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Flow Cytometry

Passage 3 BMSCs were digested with 0.25% trypsin, col-

lected, and centrifuged at 1,000 g for 5 min, and the super-

natant was discarded. Then the cells were resuspended with

1 � 106 cells in 100 ml PBS and incubated with 10 ml CD90

(eBioscience, San Diego, CA, USA) antibody directly con-

jugated with FITC and 10 ml CD44 (eBioscience) with PE

simultaneously for 30 min at room temperature and in dark.

Subsequently, the cells were washed two times with PBS and

resuspended in 100 ml PBS to perform flow cytometry anal-

ysis (BD Biosciences, San Jose, CA, USA).

Cell Counting Kit-8 Assay

Cell viability was evaluated by Cell Counting Kit-8 (CCK-8)

assay following the instructions of manufacturer. Briefly,

cells were seeded in a 96-well plate at 3 � 103 cells/well

overnight and then treated with curcumin at different con-

centrations. After 24 h, 10 ml of CCK-8 solution (Boster,

Wuhan, China) was added into each well and the mixture

was incubated for 2 h at 37�C with 5% CO2. Finally, the

absorbance was recorded using a Microplate Reader

(Thermo Fisher Scientific) at 450 nm.

EdU Assay

Articular chondrocytes were seeded in the lower chamber of

24-well transwell plates (5 � 104 cells/well) and cocultured

with BMSCs (2 � 105 cells/well) seeded in the upper cham-

ber (0.4 mm pore size). After incubation for 24 h at 37�C,

chondrocyte proliferation was determined using an EdU

assay kit (Solarbio, Beijing, China) according to the manu-

facturer’s instructions.

Migration Assay

Articular chondrocytes (3 � 104 cells/well) were seeded in

the upper chamber (8 mm pore size) of 24-well transwell

plates and cocultured with BMSCs (2 � 105 cells/well)

seeded in the lower chamber. After incubation for 24 h at

37�C, the inserts were fixed with 4% paraformaldehyde for

20 min and stained with 0.5% crystal violet solution (Solar-

bio, Beijing, China) for 15 min. Unmigrated cells on the

upper surface of the insert membrane were carefully wiped

with a cotton swab.

RNA Extraction and Real-time Quantitative
Polymerase Chain Reaction

Articular chondrocytes were seeded in the lower chamber of

six-well transwell plates (1 � 105 cells/well) and cocultured

with BMSCs (2 � 105 cells/well) seeded in the upper cham-

ber (0.4 mm pore size). Total RNA was extracted after

24 h and reverse transcribed to first-strand cDNA according

to the manufacturer’s instructions (Thermo Fisher Scien-

tific). Expression of Aggrecan, Col2a1, Sox9, and the

internal control gene Gapdh was quantified with quantitative

polymerase chain reaction using FastStart Universal SYBR

Green Master (Rox, CO, USA). The primers used in the

study are listed in Table 1.

Protein Extraction and Western Blotting

Articular chondrocytes were cocultured with allogeneic

BMSCs in six-well transwell plates. Total proteins were

extracted, quantified, separated, and transferred to polyviny-

lidene difluoride membranes as described previously26.

The membranes were incubated with primary detection anti-

bodies against Sox9 (CST, Boston, MA, USA, 1:1,000),

Col2a1(Boster, Wuhan, China, 1:200), Aggrecan (Abways,

Shanghai, China, 1:400), and Actin (Abcam, 1:1,000); Actin

was used as the internal control. Membranes were then incu-

bated with anti-rabbit immunoglobulin G secondary detec-

tion antibody (Thermo Fisher Scientific, 1:5000).

Induction of OA Model by Intra-articular Injection of
Monoiodoacetic Acid and Treatment

Forty-two male SD rats were used for the in vivo experiment

in the current study. Six rats were not subjected to any inter-

vention used as control group. Thirty-six rats were used to

induce OA animal model. Briefly, under sterile conditions,

the animals were anesthetized with 3% pentobarbital sodium

(40 mg/kg) by intraperitoneal injection and intra-articularly

injected with 2 mg monoiodoacetic Acid (MIA) dissolved in

50 ml PBS into the patellofemoral joints of right knees using

a 26-gauge needle. After 3 days, the rats were randomly

divided into three groups, namely, the OA, BMSC, and

BMSCþ CCM (curcumin) groups. In our previous research,

intraperitoneal injection of 50 mg/kg/d curcumin showed

some treatment effects on OA rats induced by MIA27.

The rats in BMSC þ CCM group were intra-articularly

injected with 1 � 106 BMSCs suspended in 50 ml PBS into

right knee for one time and intraperitoneally injected with

50 mg/kg/d curcumin dissolved in 50 ml dimethyl sulfoxide

(DMSO) every day for 2 weeks. Correspondingly, the rats in

BMSC group were intra-articularly injected with 1 � 106

BMSCs in 50 ml PBS and intraperitoneally injected with

50 ml DMSO; the rats in OA group were injected 50 ml PBS

Table 1. The Primer Sequence Information for Quantitative PCR.

Gene name Sequence (50–30)

Aggrecan For: TCCACATCAGAAGAGCCATAC; Rev:
AGTCAAGGTCGCCAGAGG

Col2a1 For: GCTGTGGAAGTGGATGAAGA; Rev:
TGAGGAACTGTGGAGAGACG

Sox9 For: CAAGAACAAGCCACACGTCA; Rev:
TCGTTCAGCAGTCTCCAGAG

Gapdh For: TGAGGACCAGGTTGTCTCCT; Rev:
ATGTAGGCCATGAGGTCCAC

PCR: polymerase chain reaction.
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and 50 ml DMSO. All the rats were sacrificed under anesthe-

sia condition 4 weeks later.

Histological Staining and OA Score Analyses

The femoral condyles were collected from the sacrificed

rats, fixed with 4% paraformaldehyde for 48 h, decalcified

with 12.5% ethylenediaminetetraacetic acid for 4 weeks, and

dehydrated with 30% sucrose solution for 72 h. The articular

cartilage was then isolated, frozen, and embedded in OCT

compound (Tissue-Tek, Tokyo, Japan). Finally, sections of

7 mm thick were cut in the sagittal plane with a freezing

microtome (Leica, Heidelberger, Germany). The frozen sec-

tions were fixed again with acetone solution for 10 min, and

then stained with hematoxylin and eosin (HE), toluidine

blue, and safranin O (Solarbio, Shanghai, China), respec-

tively. The Osteoarthritis Research Society International

(OARSI) scoring system was used to determine the extent

of cartilage deterioration and the severity of knee OA, with

scores ranging from 0 (normal) to 6 (>80% loss of cartilage).

The modified Mankin criteria were used to assess cartilage

damage, with scores ranging from 0 (normal) to 24 (the most

severe OA)28. The evaluations were performed indepen-

dently by two blinded observers and the scores were evalu-

ated in OA, BMSC, and BMSC þ CCM groups.

Statistical Analysis

Data were presented as the mean + standard error of the

mean. All experiments were performed at least three inde-

pendent occasions. One-way analysis of variance was used

to determine statistical differences and post hoc analyses

were carried out using the least significance difference tests.

SPSS18.0 software was used for statistical analysis. P < 0.05

was considered to indicate statistical significance.

Results

Culture and Identification of BMSCs and Articular
Chondrocytes

BMSCs and articular chondrocytes of rats were cultured and

the media were changed every 2 to 3 days. The cells were

imaged under inverted microscope at different time points.

At 3 and 5 days, a small number of BMSCs adhered and the

cells showed a spindle-shaped appearance with no distinct

morphological differences. With the culture period over 9

days, cells multiplied to form a confluent monolayer, exhi-

biting fibroblast-like appearance and morphologically

homogeneous (Fig. 1A). Immunofluorescent staining of

CD44 and CD90, which are characteristic markers for

BMSCs, demonstrated positive staining for the cells

(Fig. 1B). Flow cytometry analysis of BMSC revealed that

the percentage of CD44 and CD90 positive cells was over

95% (Fig. 1C). Articular chondrocytes showed long spindle-

shaped appearance and the confluence reached about 70%
following 7 days of culture (Fig. 2A). The toluidine blue

staining and immunofluorescent staining of Col2a1 for the

cells were positive (Fig. 2A, B).

Curcumin at Low Concentration Showed No Effects on
the Proliferation of Articular Chondrocytes

Curcumin is a natural polyphenol product, and the chemical

structure of curcumin was shown in Fig. 3A. CCK-8 assay

was used to evaluate the effects of curcumin on the prolif-

eration of articular chondrocytes. Curcumin with concentra-

tion more than 20 mM displayed cytotoxicity on articular

chondrocytes (Fig. 3B). Cell viability was not significantly

influenced by curcumin at low concentration (less than

20 mM) and therefore curcumin with 8 mM was used to

perform further experiment (Fig. 3B).

Curcumin Supplementation Enhanced Proliferation
and Migration of Articular Chondrocytes Cocultured
with BMSCs

The effect of BMSCs and curcumin supplementation on

articular chondrocytes cocultured with BMSCs was assessed

by EdU incorporation assays (Fig. 4A). The percentage of

EdU-positive cells was significantly increased in BMSC

group compared with controls, suggesting that BMSCs pro-

moted the proliferation of articular chondrocyte (Fig. 4B).

The EdU assay results in BMSC þ CCM compared with

control and BMSC group demonstrated that curcumin sup-

plementation enhanced the function of BMSC on chondro-

cyte proliferation (Fig. 4A, B). In the migration assay, the

number of migratory chondrocytes in BMSC group was

remarkably increased compared with control group and in

BMSC þ CCM group was significantly increased compared

with control and BMSC group, indicating that BMSCs

greatly accelerated chondrocyte migration and curcumin

supplementation enhanced this function of BMSC on chon-

drocytes (Fig. 4C).

Curcumin Supplementation Increased Anabolic Gene
Expression in Articular Chondrocytes Cocultured with
BMSCs

Articular chondrocytes synthesize the components of ECM,

including collagens and proteoglycans. The balance between

anabolic and catabolic mechanisms maintains ECM home-

ostasis in articular cartilage, and the imbalance is associ-

ated with the destruction of OA cartilage29. Col2a1 and

Aggrecan are the main anabolic components in the ECM,

and Sox9 is a crucial transcription factor for the gene

expression30. Cocultured with BMSCs, the expression of

Col2a1, Aggrecan, and Sox9 in articular chondrocytes

with or without curcumin was significantly increased

compared with controls at mRNA level (Fig. 5A). When

curcumin was added to the chondrocytes cocultured with

BMSCs, the expression of these genes was remarkably
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increased, suggesting that curcumin supplementation

enhances anabolic gene expression in articular chondro-

cytes cocultured with BMSCs (Fig. 5B). Correspondingly,

curcumin supplementation enhanced the expression of

these genes in chondrocytes cocultured with BMSCs at

protein level (Fig. 5C–E).

Curcumin Supplementation Assisted BMSCs to
Promote Articular Cartilage Repair and Alleviate OA
Progression

MIA was used to induce OA model in SD rats. Four weeks

later, HE staining results demonstrated that the articular carti-

lage layer was thin and the number of articular chondrocytes

was reduced in OA rats (Fig. 6A). Further toluidine and safra-

nin O staining indicated that glycosaminoglycan and Aggrecan

content was decreased in articular cartilage of OA rats (Fig.

6A). Treated by BMSCs, the damage of articular cartilage was

greatly improved and curcumin supplementation further pro-

moted the repair process (Fig. 6A). Accordingly, the OARSI

and Mankin scores for OA and treated rats demonstrated that

BMSCs could alleviate OA progression and curcumin supple-

mentation further improved the treatment effects (Fig. 6B, C).

Discussion

OA is a chronic musculoskeletal degenerative and ageing

related disease. In recent years, MSCs as a regeneration

medicine showed promising potential in OA treatment.

In the current study, although curcumin alone did not

improve cell viability of primary articular chondrocytes, it

enhanced proliferation and migration of chondrocytes when

Fig. 1. Phase contrast image and identification of rat BMSCs. (A) Light microscopy images showing the morphological characteristic of
BMSCs at cultured 3, 6, and 9 days. (B) Photomicrographs of dual-immunofluorescence labeling of passage 3 BMSCs for CD90, CD44, and
merge of the two markers. (C) Flow cytometric analysis of passage 3 BMSCs labeled with CD44 and CD90. Scale bars ¼ 100 mm. BMSC:
mesenchymal stem cells derived from bone marrow.
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cocultured with BMSCs. Meanwhile, the expression of ana-

bolic genes in chondrocytes related to ECM synthesis was

remarkably increased both at mRNA and protein levels.

In OA rats, curcumin and BMSCs cooperating to greatly

promote articular cartilage regeneration and retard OA

progression.

OA could be simulated in vitro by stimulating primary

articular chondrocytes with IL-1b, which serve important

roles in articular cartilage damage31. Curcumin demon-

strated anti-inflammation potential by inhibiting the IL-1b-

induced activation through regulating NF-kB signal pathway

in rat or human articular chondrocytes32–34. In OA rats,

TLR4 activation was involved in OA mechanism and intra-

peritoneal injection of curcumin reduced inflammation

through blocking TLR4/MyD88/NF-kB signal pathway35,36.

In OA patients, the released proinflammatory cytokine IL-1b
could further stimulate the synthesis of more inflammatory

cytokines and induce chondrocyte apoptosis37. These cyto-

kines could further induce matrix degradation by producing

catabolic enzymes such as matrix metalloproteinases

(MMPs)38. IL-1b also inhibited the expression of cartilage-

specific ECM components including COL2A and cartilage-

specific Aggrecans39. Curcumin could inhibit IL-1b-induced

apoptosis and caspase-3 activation and promote autophagy

through activation of ERK1/2 signaling pathways in rat articu-

lar chondrocytes40. In spontaneous and surgically induced OA

mice models, curcumin treatment could enhance autophagy

and reduce apoptosis and articular cartilage loss. Meanwhile,

the in vitro experiment demonstrated that oral administration of

curcumin inhibited apoptosis and promoted autophagy through

regulating Akt/mTOR pathway41. The pathophysiology of OA

Fig. 2. Phase contrast image and identification of rat primary articular chondrocytes. (A) Light microscopy images of rat primary articular
chondrocytes at cultured 3 and 7 days. Light microscopy images of toluidine blue staining for passage 3 chondrocytes. (B) Immunofluor-
escent images of Col2a1 labeling for passage 3 chondrocytes. Scale bars ¼ 100 mm. TB: toluidine blue.

Fig. 3. Chemical structure of curcumin and effects of curcumin on
the viability of rat primary articular chondrocytes. (A) Chemical
structure of curcumin. (B) Cell viability of chondrocytes was
detected by CCK-8 assay at indicated concentrations of curcumin.
* and *** represent P < 0.05 and P < 0.001, respectively, versus
nontreatment group. CCK-8: Cell Counting Kit-8.
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was also related with mitochondrial function in articular chon-

drocytes of OA patients, and curcumin could suppress

endoplasmic reticulum (ER) stress in chondrocytes induced

by tert-Butyl hydroperoxide via promoting SIRT1 expression

to inhibit PERK-eIF2a-CHOP axis42,43. In OA rats induced by

surgical transection of right anterior cruciate ligament, intra-

peritoneal injection of curcumin inhibited ER stress and ame-

liorated cell apoptosis in articular cartilage43. Therefore,

curcumin exerts anti-inflammatory, antiapoptotic, and antiox-

idant by regulating specific signal pathways and has chondro-

protective effects.

In recent years, increasing evidence showed that most

intra-articularly injected MSCs were rarely or not engrafted

in the articular cartilage and the therapeutic function of the

injected MSCs is mainly attributed to their paracrine

effects44,45. MSCs could secrete extracellular vesicles (EV)

Fig. 4. Effects of curcumin supplementation on the proliferation and migration of articular chondrocytes cocultured with BMSCs. (A) EdU
incorporation of chondrocytes cocultured with BMSCs without or with curcumin supplementation. Normal chondrocytes acted as controls.
Scale bar¼ 100 mm. (B) Quantification of the percentage of EdU-positive cells in 3 group of a. (C) Articular chondrocyte migration assays of
articular chondrocytes cocultured with BMSCs without or with curcumin supplementation. Scale bar ¼ 100 mm. *** represents P < 0.001
versus Con group, # represents P < 0.05 versus BMSC group. BMSC: mesenchymal stem cells derived from bone marrow.
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containing abundant trophic factors to modulate the injured

tissue microenvironment for cartilage regeneration via pro-

liferation, differentiation, and ECM synthesis46. Exosomes

and microvesicles are the two main categories of EV accord-

ing to their size and biogenesis47. Intra-articular injection of

microvesicles and exosomes of BMSCs exerted similar

chondroprotective and anti-inflammatory function in vitro

and protected mice from developing OA in vivo, suggesting

that either exosomes or microvesicles reproduced the main

therapeutic effect of BMSCs48. The study of Wang et al.

confirmed that embryonic MSCs alleviate cartilage destruction

and ECM degradation, and exosomes derived from embryonic

MSCs also successfully impeded cartilage destruction in OA

mice49. Li et al. found that exosomes derived from MSCs of

various sources regulate specific signaling pathways such

as p38/ERK/Akt, TGF-ß1/miR-135b/Sp1, and autophagy-

related mTOR, and lead to increased synthesis of Col2 and

proteoglycans and decreased production of ADAMTS-5

and MMP-13 in vitro and in vivo. Exosomes could restore

the homeostasis of the articular microenvironment and

remodel the stability of cartilage for knee OA therapies50.

In the current study, coculture chondrocytes with BMSCs

in transwell may imply the paracrine effects of BMSCs on

chondrocytes.

Fig. 5. Effects of curcumin supplementation on the anabolic gene expression of articular chondrocytes cocultured with BMSCs at mRNA
and protein levels. (A) Relative mRNA expression of Aggrecan, Col2a1, and Sox9 normalized by Gapdh of articular chondrocytes cocultured
with BMSCs without or with curcumin supplementation. Normal chondrocytes acted as controls. (B) Western blot results of Aggrecan,
Col2a1, Sox9, and Actin of articular chondrocytes cocultured with BMSCs without or with curcumin supplementation. Normal chondro-
cytes acted as controls. (C, D, F) Quantification of protein expression of Aggrecan, Col2a1, and Sox9, respectively, normalized to Actin.
*, **, and *** represent P < 0.05, P < 0.01, and P < 0.001, respectively, versus Con group, # represents P < 0.05 versus BMSC group. BMSC:
mesenchymal stem cells derived from bone marrow.
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Although the effects of BMSCs on chondrocyte has been

well documented, few studies have reported the effect of

curcumin on BMSCs. Buhrmann et al. reported that although

curcumin alone did not have chondrogenic effects on MSCs,

it inhibits IL-1b-induced activation of NF-kB, caspase-3,

and COX2 in MSCs as well as in chondrocytes. Curcumin

further promoted chondrogenic differentiation, which was

suppressed by the proinflammatory factor when the cells

received a chondrogenic stimulus or mixedly cultured with

articular primary chondrocytes51. They speculated that cur-

cumin treatment might help to establish a microenvironment

in which the effects of proinflammatory cytokines are

antagonized, thus facilitating chondrogenesis of MSC-like

progenitor cells in vivo51. Cao et al. further validated that

curcumin had no effects on the expression of chondrogenic

markers in the process of chondrogenic differentiation in

MSCs. Their further exploration demonstrated that curcumin

inhibited chondrocyte hypertrophy through Indian hedgehog

homolog and Notch signal pathways in MSCs52. In our

study, we found that curcumin enhanced the effects of

BMSCs on primary articular chondrocytes, including cell

proliferation and migration, and on the expression of ana-

bolic markers at mRNA and protein levels for chondrogen-

esis, indicating that curcumin might interact with trophic

Fig. 6. Effects of curcumin supplementation on articular cartilage repair in OA rats intra-articularly injected with BMSCs. (A) Histological
staining in control, OA, BMSC without or with curcumin group. (B) OARSI score analysis for OA, BMSC without or with curcumin group.
(C) Mankin score analysis for OA, BMSC without or with curcumin group. Scale bar ¼ 100 mm. ** and *** represent P < 0.01 and P < 0.001,
respectively, versus Con group, # represents P < 0.05 versus BMSC group. HE: hematoxylin and eosin; OA: osteoarthritis; OARSI:
Osteoarthritis Research Society International; SO: safranin O; TB: toluidine blue.

Zhang et al 9



factors released from BMSCs, and improve the cultured

condition for articular chondrocytes.

The in vivo experiment in OA rats induced by MIA fur-

ther proved that curcumin supplementation enhanced the

therapeutic effects of BMSCs for OA disease. MIA has an

inhibitory effect on the activity of glyceraldehydes-3 phos-

phate dehydrogenase in chondrocytes resulting in disruption

of glycolysis, reduces quantity and synthesis of proteogly-

cans, and eventually leads to cell death53. Intra-articular

injection of MIA caused histological and biochemical

changes in articular cartilage of the knee joint resembling

human knee OA symptoms54. Combining intra-articular

injection of BMSCs and localized application of curcu-

min, we treated the MIA induced rats equivalent to

human OA at early stage55,56. Localized treatment of

curcumin in OA was minimally invasive and had effect

on pain relief21,57. The results in current study demon-

strated that BMSCs promoted cartilage repair and

retarded OA progression at early stage, which was greatly

enhanced by curcumin supplementation. This enhanced

effect may correlate with the interaction between curcu-

min and trophic factors secreted from BMSCs, which

could regulate the microenvironment of the joint cavity

for articular cartilage regeneration and thereby promoting

the therapeutic effect for OA treatment. Further studies

regarding the interaction and molecular mechanisms are

warranted. In addition, BMSCs primed with proinflamma-

tory cytokines could improve their homing and immuno-

modulatory functions58. Whether BMSCs primed with

curcumin could improve their function and promote their

therapeutic effects for OA treatment is very interesting

and deserves further studying.

Conclusion

In conclusion, the balance between anabolic and catabolic of

ECM is vital for articular cartilage. BMSCs provide great

promising potential for repairing damaged cartilage in OA

disease. In the current study, curcumin enhanced the BMSC

function for the proliferation and migration of articular chon-

drocytes, and anabolic gene expression of ECM in articular

chondrocytes in vitro, and the regeneration of articular car-

tilage in vivo. These results indicated potential clinical appli-

cation of curcumin cooperation with BMSCs in cartilage

repair for OA treatment.
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