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Abstract: Chondrocytes located in hyaline cartilage may maintain phenotype while the chondrocytes situated in
calcified cartilage differentiate into hypertrophy. Chondrogenic and hypertrophic differentiation of mesenchymal
stem cells (MSCs) are two subsequent processes during endochondral ossification. However, it is necessary for
chondrocytes to hold homeostasis and to inhibit hypertrophic differentiation in stem cell-based regenerated carti-
lage. Dihydroartemisinin (DHA) is derived from artemisia apiacea which has many biological functions such as anti-
malarial and anti-tumor. Whereas the effects of DHA on chondrogenic and hypertrophic differentiation are poorly un-
derstand. In this study, the cytotoxicity of DHA was determined by CCK8 assay and the cell apoptosis was analyzed
by flow cytometry. Additionally, the effects of DHA on chondrogenic and hypertrophic differentiation of MSCs are
explored by RT-PCR, western blotting and immunohistochemistry. The results showed that DHA inhibited expression
of chondrogenic markers including Sox9 and Col2al by activating Nrf2 and Notch signaling. After induced to chon-
drogenesis, cells were treated with hypertrophic induced medium with DHA. The results revealed that hypertrophic
markers including Runx2 and Col10al were down-regulated following DHA treatment through Pax6/HOXA2 and Gli
transcription factors. These findings indicate that DHA is negative to chondrogenesis and is protective against chon-
drocyte hypertrophy to improve chondrocytes stability. Therefore, DHA might be not suited for chondogenesis but be
potential as a new therapeutic candidate to maintain the biological function of regenerated cartilage.
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Introduction phy [6]. The hypertrophic chondrocytes express
Col10al and secrete matrix metalloproteinase

Endochondral ossification and intramembra- 13 (MMP13) to degrade cartilage matrix, thus

nous bone formation are the two main process-
es to form osseous tissues during embryogen-
esis [1]. Endochondral ossification, which re-
quires a cartilage intermediate, is mainly res-
ponsible for the formation of the mammalian
skeleton [2]. Endochondral bone development
begins with the condensation of mesenchymal
stem cells (MSCs) [3]. Next, MSCs located in
the center of the condensed cells differentiate
into chondrocytes, which secrete a cartilage
matrix and special proteoglycans such as
aggrecan [4]. This process, called chondrogen-
esis, is regulated by TGF-f signaling, in which
Sox9 is a key transcription factor [5]. Chon-
drocytes in the core of the cartilage model
undergo further maturation through hypertro-

creating conditions for the entry of osteoblasts
and osteoclasts [7]. Runx2, a transcription fac-
tor, plays a crucial regulatory role in chondro-
cyte hypertrophic differentiation [8, 9]. Triio-
dothyronine (T3) is sufficient to support chon-
drocyte differentiation to hypertrophy in vitro
[10]. Chondrocytes situated on the surface of
the metaphysis may maintain their phenotype
and not differentiate into hypertrophic cells,
resulting in the formation of a thin layer of hya-
line cartilageon articular surfaces that reduces
the friction between adjacent bones [11].

MSCs possess multi-directional differentiation
potential including osteogenesis, adipogenesis,
and chondrogenesis [12-14]. Because of their
extensive sources, low immunological rejection,
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Figure 1. The experimental design of DHA effects on chondrogenic and hy-
pertrophic differentiation of MSCs. A: To explore the effect of DHA on chon-
drogenic differentiation, MSCs were treated with chondrogenic induced me-

design is shown in Figure 1.
Several crucial signaling pa-
thway genes and transcrip-
tion factors were also exam-

dium for 7 and 14 d with DHA (experimental groups) or without DHA (control

groups). B: To explore the effect of DHA on hypertrophic differentiation, MSCs
were treated with chondrogenic induced medium for 14 d without DHA, and
thenwere incubated by hypertrophic induced medium for another 7 and 14 d
with DHA (experimental groups) or without DHA (control groups).

and strong proliferation capacity, MSCs are
considered promising seed cells for use in tis-
sue engineering [15]. Studies have applied
MSCs to rebuilding the damaged heart [16] and
repairing bone defects [17]. Certainly, MSC-
based engineered cartilage can be constructed
for biologic joint replacement [18]. However,
after the chondrogenesis process, chondro-
cytes derived from MSCs continue hypertrophic
differentiation, and thus the regenerated carti-
lage is fibrocartilage rather than hyaline carti-
lage [19, 20]. Therefore, prevention of chondro-
cyte hypertrophy is becoming increasingly
crucial for the clinical application of MSCs in
cartilage tissue engineering.

Dihydroartemisinin (DHA) is the main compo-
nent of sweet wormwood, an herb employed in
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ined to explore the molecular
mechanisms involved in the
effect of DHA on chondro-
genic and hypertrophic diffe-
rentiation.

Materials and methods
Reagents and cell culture

DHA was purchased from Sigma Corporation of
America (catalog D7439) which was dissolved
in DMSO. Besides, the experimental concentra-
tion of DMSO is 0.1%. C3H10T1/2 mesenchy-
mal stem cells were purchased from the
American Type Culture Collection (ATCC, Mana-
ssas, VA, USA). The cells were cultured in
DMEM-F12 (Hyclone, Logan, Utah, USA) con-
taining 10% fetal bovine serum (FBS) (Hyclone)
and 1% Penicillin-streptomycin solution (Beyo-
time, Shanghai, China) at 37°C with 5% CO,,.
The culture medium was replaced every 2-3 d
until the cells reached 90% confluence. Cells
were passaged by 0.25% trypsin (Hyclone) for 2
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Table 1. Primer sequences for gPCR

Chondrogenic differentiation

Genes  Forward (5’-3) Reverse (5’-3)

Tm (°C) assay

Gli2 GTCACCAAGAAACAGCGTAA GATGGCTTTGATATGTAGGC 60
Gli3 ACAGCTCTACGGCGACTG ~ GCATAGTGATTGCGTTTC
Col2al TGGTGGAGCAGCAAGAGC TGGACAGTAGACGGAGGAAA 61

C3H10T1/2 cells were tryp-
sinized by 0.25% trypsin and
modulated at a density of

63

Sox9 CCCAGCGAACGCACATCA  TGGTCAGCGTAGTCGTATT 61 105 cells/ml. 2 ml of the sus-
HOXA2 CCTGGAGGACTCGGACAA  AAAGGCGAAACTGGGAAA 62 pension was placed into the
Pax6 AACAGACACCGCCCTCAC  CATAACTCCGCCCATTCA 62 center of each well on a
Nrf2 CAGTGCTCCTATGCGTGAA  GCGGCTTGAATGTTTGTC 61 6-well plate (Corning). After
GAPDH GTTGTCTCCTGCGACTTCA  GGTGGTCCAGGGTTTCTTA 62 incubation for 24 h at 37°C

Heyl GAATGCCTGGCCGAAGTT  CCGCTGGGATGCGTAGTT 62
Col10al CTTTCTGGGATGCCGCTTGT GGGTCGTAATGCTGCTGCCTA 61
Runx2  CCAACTTCCTGTGCTCCGTG ATAACAGCGGAGGCATTTCG 63
COMP  TGGTGCTCAATCAGGGAA  TCAGTGGCGGTGTTTACAT 61

and 5% COZ, the medium was
replaced by 2 ml chondro-
genic differentiation medium
(Hyclone). The chondrogenic
differentiation medium com-

Gli2, GLI family zinc finger 2; Gli3, GLI family zinc finger 3; Col2al, collagen type I
alpha 1 chain; Sox9, SRY (sex determining region Y)-box 9; HOXA2, homeobox A2;
Pax6, paired box 6; Nrf2, Nf-E2 related factor 2; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; Hey1, hairy/enhancer-of-split related with YRPW motif 1;
Col10a1, collagen, type X, alpha 1; Runx2, runt related transcription factor 2; COMP,

cartilage oligomeric matrix protein.

min at room temperature. The second genera-
tion cells were used for the following ex-
periments.

In vitro cell proliferation assay

C3H10T1/2 cells were seeded (2 x 10° per
well) into 96-well plates (Corning, NY, USA) in
triplicates and allowed to adhere overnight. On
the following day, the medium was replaced by
fresh medium with DHA. Cultures were incubat-
ed for 24, 48 and 72 hours. Then, 10 uL Cell
Counting Kit-8 (CCK8, Dojindo Laboratories,
Japan) reagents were added to each well and
incubated for an additional 4 hours. The absor-
bance was read at the wavelength of 450 nm in
an automated plate reader. Wells containing
the CCK8 reagents without cells were used as
the blank control. Cell proliferation was asse-
ssed by the absorbance values according to the
manufacturer’s protocol.

Apoptosis assay

DHA induced apoptosis of MSCs was detected
by flow cytometry using Annexin V-FITC Apo-
ptosis Detection Kit (KGA, KeyGEN, Biotech)
according to the manufacturer’s instructions.
The apoptosis rate was assayed by using
FACSCalibur Flow Cytometry (Becton Dickinson
and Beckman-Coulter, San Jose, CA, USA) at
488 nm.
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posed of dexamethasone
(100 nmol/L), ascorbate (50
pg/ml), ITS Supplement, pro-
line (40 pg/ml) and TGF-B3
(10 ng/ml) was replaced
every 3 d [28].

Hypertrophic differentiation assay

C3H10T1/2 cells were treated by chondrogenic
differentiation medium as previously described
for 14 d. Then the cells were inducted by hyper-
trophic differentiation medium composed of
dexamethasone (1 nmol/L), ascorbate (50 ug/
ml), ITS Supplement, proline (40 yg/ml) and tri-
iodothyronine (T3, 100 ng/ml) for another 14 d.
Each medium was replaced every 3 d [28].

Quantitative RT-PCR analysis

Total RNA was isolated using Trizol reagent (Life
Technologies, NY, USA). Single-stranded cDNA
was prepared from 1 pg of total RNA using
reverse transcriptase with oligo-dT primer
according the manufacturer’s instructions (Ta-
kara, Liaoning, Dalian, China). Two microlitres
of each cDNA was subjected to PCR amplifica-
tion using specific primers with detailed infor-
mation in Table 1. The cycling conditions were
set as 95°C for 30 seconds, 40 cycles of 95°C
for 5 seconds, and 60°C for 30 seconds. The
relative mRNA level was calculated by the nor-
malization to that of GAPDH.

Western blot analysis

The cells were extracted with lysis buffer con-
taining 50 mM Tris (pH 7.6), 150 mM NaCl, 1%
TritonX-100, 1% deoxycholate, 0.1% SDS, 1 mM
PMSF and 0.2% Aprotinin (Beyotime). After we
measured the protein concentration, the equal
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Figure 2. High concentrations of DHA inhibited MSCs proliferation and induced cell apoptosis of MSCs. DHA con-
centration of 100 uM was regarded safe and used for following experiments. A: Chemical formula of DHA. B: CCK8
analysis of cell viability of MSCs treated with different concentrations of DHA for 24 h, 48 h and 72 h. C: FCM analy-
sis of cell apoptosis rate of MSCs treated with basic medium for 72 h with different dosages of DHA treatments. X
axis represents Annexin V-FITC and Y axis represents Propidium iodide. D: Quantification analysis of cell apoptosis
rate. The data in the figures represent the averages + SD. Significant differences between the treatment and control
groups are indicated in the graph with the detailed corresponding P-values from Student-Newman-Keuls post hoc

tests, *(P<0.05) or **(P<0.01) or ***(P<0.001).

protein samples were mixed with 5 x sample
buffer (Beyotime) and boiled. The samples were
resolved by 10% SDS-PAGE gel and transferred
on PVDF membrane (Millipore, Hong Kong,
China) by using the semi-dry transfer method.
After blocking in 10% nonfat dried milk in TBST
for 2 h, the blots were incubated with primary
antibodies including Col2al (rabbit polyclonal
1:500, Abcam), Sox9 (rabbit polyclonal 1:500,
Abcam), Runx2 (rabbit polyclonal 1:500,
Abcam), Coll0al (rabbit polyclonal 1:500,
Abcam), Gli2 (rabbit polyclonal 1:500, Bioss),
Gli3 (rabbit polyclonal 1:500, Bioss), NICD (rab-
bit polyclonal 1:500, Bioss), Heyl (rabbit poly-
clonal 1:500, Bioss), Nrf2 (rabbit polyclonal
1:500, Bioss), HOXA2 (rabbit polyclonal 1:500,
Bioss), Pax6 (rabbit polyclonal 1:500, Bioss)
and GAPDH (rabbit polyclonal 1:1000, Abcam)
at 4°C overnight. After washing by TBST, the
blots were incubated with a horseradish perox-
idase-conjugated secondary antibody (diluted
1:2000, Santa Cruz) at room temperature for 1
h. Blots against GAPDH served as loading
control.

Glycosaminoglycan (GAG) synthesis analysis
by alcian blue staining

To demonstrate the deposition of cartilage
matrix proteoglycans, representative cultures
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were collected at day 14, Then sulfated carti-
lage glycosaminoglycans (GAGs) were mea-
sured by alcian blue (Sciencell) staining. The
cells were fixed in 4% Paraformaldehyde for 15
min and incubated in 3% acetic aicd for 3 min.
Then the cells were stained with alcian blue for
30 min. The mean density was normalized to
total cell number.

Immunohistochemistry

The cells were fixed in 4% Paraformaldehyde for
15 min. This was followed by washing in phos-
phate-buffered saline (PBS) and treated with
H202 (ZSGB-BIO, Peking, China) for 10 min to
inactivate endogenous peroxidase. After treat-
ment with normal goat serum (ZSGB-BIO) at
room temperature for 15 min, cells were incu-
bated with primary antibodies including Runx2
(rabbit polyclonal 1:150, Abcam) and Col10al
(rabbit polyclonal 1:150, Abcam) at 4°C over-
night. After washing, the cells were incubated
with biotinylated goat anti-rabbit (ZSGB-BIO)
secondary antibodies for 30 min, followed by
washing and incubation with horse radish per-
oxidase (HRP) (ZSGB-BIO) for 15 min. The area
of the immunocomplex was visualized by chro-
mogen 3, 3’-diaminobenzidine (DAB) for 5 min.
The cells were investigated under the Olympus

Am J Transl Res 2017;9(6):2748-2759
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Figure 3. DHA inhibited chondrogenesis of MSCs. MSCs were induced by chondrogenic medium containing TGF-33
for 3 d, 7 d and 14 d together with or without DHA. A: Representative alcian blue staining images of MSCs in differ-
ent groups (day 14). B: Quantification of mean intensity of alcian blue staining. C: Relative mRNA expression levels
of Sox9, COMP and Col2a1 from MSCs in different groups (day 3, 7 and 14). D: Representative western blot images
of Col2al, Sox9 and GAPDH from MSCs in different groups (day 3, 7 and 14). E: Quantification of normalized expres-
sion intensity of Col2al and Sox9 against GAPDH. The data in the figures represent the averages + SD. Significant
differences between the treatment and control groups are indicated in the graph with the detailed corresponding
P-values from Student-Newman-Keuls post hoc tests, *(P<0.05) or **(P<0.01) or ***(P<0.001).

microscope. Image-Pro plus 6.0 software was
used to analyze the IOD and area to calculate
mean density of images.

Statistics

All data are representative of at least three
experiments of similar results performed in
triplicate unless otherwise indicated. Data are
expressed as mean = SEM. One-way ANOVA fol-
lowed by Student-Newman-Keuls post hoc
tests was used to determine the significance of
difference between results, with P<0.05 being
regarded as significant.

Results

DHA toxicity evaluation and promotive effect
on apoptosis of MSCs

For toxicity evaluation, we performed CCK-8

assay to assess the effects of DHA on cell via-
bility. MSCs were treated with basal culture
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medium for 24 h, 48 h and 72 h with different
concentrations of DHA. The results showed
that DHA above 100 uM significantly inhibited
cell proliferation (P<0.05) (Figure 2B). After cul-
turing MSCs with basic medium for 72 h, we
also investigated effect of DHA on cell apopto-
sis by FCM (Figure 2C). In the plots, X axis rep-
resented Annexin V-FITC and Y axis represented
Propidium iodide. The results revealed that
DHA concentration above 100 pM affected cell
apoptosis (P<0.05) (Figure 2D). According to
the results, DHA concentration at 100 pM was
chosen for further experiments.

DHA suppressed synthesis of glycosaminogly-
cans and expression of chondrogenic marker
genes

MSCs were incubated by chondrogenic medium
containing TGF-B3 for 14 d with or without DHA,
alcian blue stain was then performed to exam-
ine the effects of DHA on chondrogenesis of
MSCs (Figure 3A). The results revealed that

Am J Transl Res 2017;9(6):2748-2759
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Figure 4. DHA activated Nrf2 and Notch signaling during MSCs chondrogenesis. MSCs were induced by chondrogen-
ic medium containing TGF-B3 for 3 d, 7 d and 14 d together with or without DHA. A: Relative mRNA expression levels
of Nrf2 and Hey1 from MSCs in different groups (day 3, 7 and 14). B: Representative western blot images of Nrf2,
NICD, Heyl and GAPDH from MSCs in different groups (day 7 and 14). C: Quantification of normalized expression
intensity of Nrf2, NICD and Hey1 against GAPDH. The data in the figures represent the averages + SD. Significant
differences between the treatment and control groups are indicated in the graph with the detailed corresponding
P-values from Student-Newman-Keuls post hoc tests, *(P<0.05) or **(P<0.01) or ***(P<0.001).

intensity of images were decreased following
DHA treatment on day 14 (P<0.05) (Figure 3B).
DHA had an inhibitory effect in a dose-depen-
dent manner. On the mRNA level, the results of
RT-PCR showed that chondrogenic specific
markers Sox9, COMP and Col2al were signifi-
cantly suppressed on day 3, 7 and 14 by DHA
(100 Mm) treatment (P<0.01) (Figure 3C).
Besides, we performed western blotting and
the results showed expression of Col2al and
Sox9 were decreased on day 7 and 14 following
DHA (100 Mm) treatment (P<0.05) (Figure 3D,
3E). Our data demonstrated that DHA had
inhibitory effects on chondrogenesis of MSCs
at the concentration of 100 uM.

DHA up-regulated Nrf2 and Notch signaling
during MSCs chondrogenesis

To explain the inhibitory eff-ects of DHA on
chondrogenesis of MSCs, The transcriptional
factors and key molecules in canonical path-
ways related with chondrogenesis were
screened through qPCR. From the results,
expressions of Nrf2 and Heyl were decr-
eased by the treatment of DHA (100 Mm) on
day 3 but increased on day 7 and day 14
(P<0.05) (Figure 4A). Moreover we performed
western blotting and the results revealed that
DHA significantly promoted expressions of
Nrf2, NICD and its downstream target Hey1 on
day 7 and day 14 (P<0.05) (Figure 4B, 4C).
These data demonstrated that DHA inhibited
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chondrogenesis of MSCs through up-regulating
Nrf2 and Notch signaling.

DHA inhibited hypertrophic differentiation of
chondrocytes derived from MSCs

MSCs were incubated by chondrogenic medium
containing TGF-B3 for 14 d without DHA and
then were incubated by hypertrophic medium
containing T3 for another 14 d with or without
DHA. Through immunohistochemistry, upon
DHA (100 Mm) treatment, the expressions of
hypertropyic markers including Runx2 and
Col10al were suppressed on day 21 and day
28 (P<0.05) (Figure 5A, 5B). Besides, from the
results of RT-PCR, we found that the expression
of Runx2 and Col10al were decreased on day
17, day 21 and 28 compared with control
groups (P<0.05) (Figure 5C). The results of
western blotting were consistent with RT-PCR.
After DHA (100 Mm) treatment, Runx2 and
Col10al expressions were decreased on day
17, day 21 and day 28 (P<0.05) (Figure 5D, 5E).
Thus, these data demonstrated DHA inhibited
chondrocyte hypertrophic differentiation.

DHA down-regulated Pax6/HOXA2 and Gli
transcription factors in IHH signaling during
hypertrophic differentiation of MSCs

We also explored the mechanism through
RT-PCR to find the expressions of altered tran-
scriptional factors and key molecules in canoni-

Am J Transl Res 2017;9(6):2748-2759
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Figure 5. DHA inhibited expression of chondrocyte hypertrophic genes. MSCs were induced by chondrogenic me-
dium without DHA for14 d and then treated with hypertrophic medium together with or without DHA for another 7
d and 14 d. (A) Representative immunohistochemical images of Runx2 and Col10al from MSCs in different groups
(day 21 and 28). Scale bar represents 200 pm. (B) Quantification of mean intensity of Runx2 and Col10al in (A).
(C) Relative mRNA expression levels of Runx2 and Col10al from MSCs in different groups (day 17, 21 and 28). (D)
Representative western blot images of Col10al, Runx2 and GAPDH from MSCs in different groups (day 17, 21 and
28). (E) Quantification of normalized expression intensity of Col10al and Runx2 against GAPDH. The data in the fig-
ures represent the averages + SD. Significant differences between the treatment and control groups are indicated
in the graph with the detailed corresponding P-values from Student-Newman-Keuls post hoc tests, *(P<0.05) or
**(P<0.01) or ***(P<0.001).

cal pathways related with chondrocyte hyper- results demonstrated DHA inhibited chondro-
trophy. The results showed DHA affected the cyte hypertrophy of MSCs through regulating
expression of IHH signaling. More specifically, Pax6/HOXA2 and IHH signaling.

DHA (100 Mm) decreased Gli2 expression and

increased Gli3 expression on day 21 and day Discussion

28. Besides, following DHA treatment, expres-

sion of Pax6 was inhibited while HOXA2 expres- DHA has been considered the best drug against
sion was promoted on day 21 and day 28 severe and complicated malaria [29]. It was
(P<0.05) (Figure 6). Next we performed west- confirmed that DHA has protective effects on
ern blotting to verify the above results. On pro- the respiratory system, digestive, and nervous
tein level, DHA had inhibitory roles on the systems [30-32]. Because of those factors, we
expression of Gli2 and Pax6 and had promotive hypothesized that DHA might also influence
roles on the expression of Gli3 and HOXA2 on chondrogenesis and chondrocyte differentia-
day 21 and day 28 (P<0.05) (Figure 7). All these tion. A recent study found that DHA is effective
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Figure 6. DHA down-regulated Pax6/HOXA2 and IHH signaling on mRNA
level during hypertrophic differentiation of MSCs. MSCs were induced by
chondrogenic medium without DHA for14 d and then treated with hyper-
trophic medium together with or without DHA for another 3 d, 7 d and 14
d. The mRNA expressions of Gli2, Gli3, Pax6 and HOXA2 from MSCs in dif-
ferent groups (day 17, 21 and 28) were detected by RT-PCR. The data in
the figures represent the averages * SD. Significant differences between
the treatment and control groups are indicated in the graph with the de-
tailed corresponding P-values from Student-Newman-Keuls post hoc tests,

*(P<0.05) or **(P<0.01) or ***(P<0.001).

against glioblastoma through inhibiting cancer
cell proliferation by a pharmacological effect
[33]. Additionally, DHA effectively inhibits os-
teoclastogenesis and prevents breast cancer-
induced osteolysis [34].

In this study, we demonstrate that DHA had a
negative effect on the chondrogenesis of
MSCs. Several chondrocyte marker genes, su-
ch as Sox9 and Col2al, were down-regulated
by DHA treatment. We then examined several
crucial signaling pathway genes and transcrip-
tion factors to explore the molecular mecha-
nisms. The mRNA expression of Nrf2 and Hey1l
were increased in the presence of DHA. The
results of western blot analysis were consistent
with RT-PCR. Overexpression of Nrf2 signifi-
cantly decreased mRNA expression of several
chondrocyte related genes, including Col2al
and osteopontin, which suggested that Nrf2
negatively regulates chondrogenesis [35]. In
addition, RBPjk-dependent Notch signaling reg-
ulates multiple processes during cartilage
development, including chondrogenesis and
chondrocyte hypertrophy. Notch targets Hesl
and Hesb to inhibit chondrogenesis [36]. It has
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natural process in endochon-
dral ossification. However, hy-
pertrophy of chondrocytes in
tissue-engineered cartilage sh-
ould be inhibited because hy-
pertrophic chondrocytes secre-
te matrix metalloproteinases
to disturb chondrocyte homeo-
stasis [38]. Interestingly, we
found that the expression of
Runx2 and Col10al in MSCs
was inhibited by DHA during
chondrocyte hypertrophic differentiation. We
then screened several crucial signaling path-
way genes and transcription factors related to
chondrocyte hypertrophy, and focused on
Pax6/HOXA2 and IHH signaling. We found that
expression levels of Gli3 and HOXA2 were
increased while those of Gli2 and Pax6 were
decreased following DHA treatment. A study
confirmed that persistent HOXA2 expression in
chondrogenic cells results in delayed cartilage
hypertrophy [39], while another study found
that overexpression of Pax6 reduces HOXA2
expression [40]. Therefore, expression of Pax6
inhibits HOXA2 expression to promote chondro-
cyte hypertrophy. Furthermore, activated Gli
transcription factors enter the nucleus to regu-
late expression of genes related to chondrocyte
hypertrophy in IHH signaling [41]. Gli2 up-regu-
lates hypertrophic genes while Gli3 down-regu-
lates hypertrophic genes [1]. With DHA treat-
ment, the expression of Pax6 was decreased.
Therefore, DHA reduced the inhibitory effect of
Pax6 on HOXA2, thus inhibiting chondrocyte
hypertrophy. DHA also inhibited Gli2 expression
and promoted Gli3 expression in IHH signaling

Am J Transl Res 2017;9(6):2748-2759
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Figure 7. DHA suppressed protein expression of Pax6/HOXA2 and IHH signaling during hypertrophic differentiation
of MSCs. A: Representative western blot images of Gli2, Gli3, Pax6, HOXA2 and GAPDH from MSCs in different
groups (day 21 and 28). B: Quantification of normalized expression intensity of Gli2, Gli3, Pax6 and HOXA2 against
GAPDH. The data in the figures represent the averages + SD. Significant differences between the treatment and
control groups are indicated in the graph with the detailed corresponding P-values from Student-Newman-Keuls
post hoc tests, *(P<0.05) or **(P<0.01) or ***(P<0.001).
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Figure 8. Schematic diagram of DHA function in chondrogenic and hypertrophic differentiation of MSCs. DHA pro-
moted Nrf2 expression and then activated Notch signaling to inhibit chondrogenesis of MSCs. Besides, DHA inhib-
ited Gli2 expression and promoted Gli3 expression in IHH signaling meanwhile DHA suppressed Pax6 expression
and next reduced the inhibitory effect of Pax6 to HOXA2, thus delay chondrocyte hypertrophic differentiation.

to suppress chondrocyte hypertrophy. As a con- The results of the present study demonstrate
sequence, we concluded that DHA inhibited that DHA treatment inhibited chondrogenesis
chondrocyte hypertrophy through regulation of and chondrocyte hypertrophic differentiation of
Pax6/HOXA2 and IHH signaling (Figure 8). MSCs. To our knowledge, this is the only study
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to research the effect of DHA on MSCs chon-
drogenic differentiation. These data indicate
that DHA should not be used during the chon-
drogenesis stage of endochondral ossification
or in immature cartilage, due to its inhibiting
effect on chondrogenesis. Because DHA might
suppress degradation of cartilage matrix and
potentially maintain chondrocyte homeostasis
in clinical applications, it could be applied in
tissue-engineered cartilage to reduce the for-
mation of fibrocartilage.
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