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Abstract
Although	Hif‐2α	 is	a	master	regulator	of	catabolic	factor	expression	in	osteoarthri‐
tis	development,	Hif‐2α	 inhibitors	 remain	undeveloped.	The	aim	of	 this	 study	was	
to	determine	whether	Cirsium japonicum var. maackii	 (CJM)	 extract	 and	one	of	 its	
constituents,	 apigenin,	 could	 attenuate	 the	 Hif‐2α‐induced	 cartilage	 destruction	
implicated	 in	osteoarthritis	progression.	 In	vitro	and	 in	vivo	 studies	demonstrated	
that	CJM	reduced	the	IL‐1β‐,	IL‐6,	IL‐17‐	and	TNF‐α‐induced	up‐regulation	of	MMP3,	
MMP13,	ADAMTS4,	ADAMTS5	and	COX‐2	and	blocked	osteoarthritis	development	
in	a	destabilization	of	the	medial	meniscus	mouse	model.	Activation	of	Hif‐2α,	which	
directly	up‐regulates	MMP3,	MMP13,	ADAMTS4,	IL‐6	and	COX‐2	expression,	is	in‐
hibited	by	CJM	extract.	Although	 cirsimarin,	 cirsimaritin	 and	 apigenin	 are	 compo‐
nents	of	CJM	and	can	reduce	inflammation,	only	apigenin	effectively	reduced	Hif‐2α 
expression	and	inhibited	Hif‐2α‐induced	MMP3,	MMP13,	ADAMTS4,	IL‐6	and	COX‐2	
expression	in	articular	chondrocytes.	IL‐1β	induction	of	JNK	phosphorylation	and	IκB	
degradation,	representing	a	critical	pathway	for	Hif‐2α	expression,	was	completely	
blocked	 by	 apigenin	 in	 a	 concentration‐dependent	manner.	 Collectively,	 these	 ef‐
fects	indicate	that	CJM	and	one	of	its	most	potent	constituents,	apigenin,	can	lead	
to	the	development	of	therapeutic	agents	for	blocking	osteoarthritis	development	as	
novel	Hif‐2α	inhibitors.
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1  | INTRODUC TION

Cartilage	destruction	and	joint	inflammation	are	the	main	causes	of	
osteoarthritis	(OA),	which	reduces	patient's	quality	of	life.1,2 The mo‐
lecular	mechanisms	of	inflammation	and	cartilage	destruction	involve	
the	induction	of	catabolic	factors,	such	as	matrix	metalloproteinases	
(MMPs),	a	disintegrin	and	metalloproteinases	with	thrombospondin	
motifs	(ADAMTS)	and	cyclooxygenase	2	(COX‐2),	in	articular	chon‐
drocytes.3	Pro‐inflammatory	cytokines	 (eg,	 interleukin	 (IL)‐1β,	 IL‐6,	
IL‐17	and	tumour	necrosis	factor	(TNF)‐α)	and	mechanical	stress	can	
induce	MMPs,	ADAMTS	and	COX‐2	expression	and	accelerate	carti‐
lage	destruction	and	OA	development.4‐6

Among	 the	 numerous	 MMP	 isotypes,	 MMP3	 and	 MMP13	
play	 major	 roles	 in	 cartilage	 matrix	 degradation.7,8	 MMP3	 and	
MMP13	possess	 aggrecanase	 and	 collagenase	 activities,	 respec‐
tively,	and	they	degrade	aggrecan,	type	II	collagen	and	other	ex‐
tracellular	matrix	(ECM)	components.9,10	Furthermore,	ADAMTS4	
and	 ADAMTS5	 cleave	 aggrecan	 in	 vivo	 and	 are	 responsible	 for	
the	 up‐regulated	 aggrecanase	 activity	 observed	 in	OA	 develop‐
ment.11	Although	COX‐2	is	mainly	involved	in	joint	 inflammation,	
this	further	stimulates	ECM	degradation	by	activating	MMPs	and	
ADAMTS	 during	 OA	 progression.11‐13	 Thus,	 ECM	 components	
are	depleted	during	OA	development	by	 increased	expression	of	
COX‐2,	MMPs	and	ADAMTS.

The	hypoxia‐inducible	 factor	2α	 (Hif‐2α)	 transcription	factor	
is	 a	 known	master	 regulator	 of	OA	pathogenesis	 and	 enhances	
expression	of	MMP3,	MMP13,	COX‐2	and	other	catabolic	factors	
via	specific	binding	to	hypoxia‐responsive	elements	 (‐CGTG‐)	 in	
their	promoter	regions.14	Moreover,	pro‐inflammatory	cytokines	
(eg,	 IL‐1β,	 IL‐6	 and	TNF‐α)	 can	up‐regulate	Hif‐2α	 expression	 in	
articular	chondrocytes	mainly	through	nuclear	factor	(NF)‐κB	and	
c‐Jun	N‐terminal	 kinase	 (JNK)	 signalling	 pathways.6,14	Although	
the	regulation	of	catabolic	factors	by	Hif‐2α	 inhibition	is	a	good	
therapeutic	 strategy	 to	 attenuate	OA	progression,	 a	 safe	 natu‐
ral	substance	or	a	single	compound	that	can	inhibit	Hif‐2α	is	still	
lacking.

Cirsium japonicum var. maackii	(CJM),	a	member	of	the	composite	
family,	 is	a	safe	perennial	herb	 that	has	been	used	as	a	 traditional	
antihaemorrhagic,	 antihypertensive,	 anti‐hepatitis	 and	uretic	med‐
icine.15‐17	Several	compounds,	 including	cirsimarin,	cirsimaritin	and	
apigenin,	have	been	identified	in	CJM	and	these	compounds	are	im‐
portant	for	the	pharmaceutical	activities.18	Although	several	studies	
have	been	conducted	on	 the	effects	of	cirsimarin,	cirsimaritin	and	
apigenin	 on	 cancer	 development,	 hepatoprotection,	 inflammation	
and	diabetes,19‐22	the	function	of	CJM	and	its	isolated	constituents	
on	attenuating	OA	progression	is	still	unknown.

Accordingly,	 the	 purpose	 of	 this	 study	 was	 to	 investigate	 the	
effect	 of	 CJM	 and	 one	 of	 its	 components,	 apigenin,	 in	 regulating	
MMP3,	MMP13,	ADAMTS4,	ADAMTS5	and	COX‐2	expression	and	
protecting	OA	development,	using	both	in	vitro	and	in	vivo	analyses.	
Furthermore,	these	experiments	will	 focus	on	Hif‐2α	 regulation	by	
CJM	and	apigenin	and	will	determine	whether	they	act	as	Hif‐2α in‐
hibitors	and	have	therapeutic	potential	in	OA	treatment.

2  | MATERIAL S AND METHODS

2.1 | Reagents and treatment

Samples	of	 the	dried	aerial	part	of	Cirsium japonicum var. maackii 
(CJM)	 were	 obtained	 commercially	 from	 Imsil	 Herbal	 Medicine	
(Imsil‐gun,	 Jeollabuk‐do,	 Korea).	 The	 dried	 samples	 were	 mixed	
with	 30%	 ethanol	 and	 the	 mixture	 was	 refluxed	 at	 65°C	 for	
3	hours.	Total	CJM	extract	was	obtained	as	the	filtrate	after	vac‐
uum	 filtration	 at	25°C.	Apigenin,	 cirsimarin	 and	 cirsimaritin	were	
purchased	from	Sigma‐Aldrich	(St.	Louis,	MO,	USA).	Pro‐inflamma‐
tory	cytokines	(IL‐1β,	 IL‐6,	 IL‐17	and	TNF‐α)	were	purchased	from	
GenScript	 (Piscataway,	 NJ,	 USA).	 Mouse	 articular	 chondrocytes	
were	treated	with	IL‐1β	 (1	ng/mL),	 IL‐6	(100	ng/mL),	 IL‐17	(10	ng/
mL)	or	TNF‐α	(50	ng/mL)	and	co‐treated	with	CJM	extract	(10,	50	
or 100 μg/mL),	apigenin	(10,	25	or	50	μmol/L),	cirsimarin	(10,	25	or	
50 μmol/L)	or	cirsimaritin	(10,	25	or	50	μmol/L)	for	24	h	before	they	
were	harvested.

2.2 | HPLC analysis of cirsimarin, 
cirsimaritin and apigenin

Quantitative	analysis	of	cirsimarin,	 cirsimaritin	and	apigenin	 in	 the	
CJM	 extract	 was	 performed	with	 a	Waters	 Breeze	 System	HPLC	
(Waters	Co.,	Milford,	MA,	USA)	equipped	with	a	250	mm	×	4.6	mm	
(df = 5 μm)	C18	INNO	column	and	a	UV/VIS	detector	(set	at	270	nm).	
The	 concentrations	 of	 cirsimaritin,	 cirsimarin	 and	 apigenin	 in	 the	
extract	 were	 determined	 from	 corresponding	 calibration	 curves.	
Figure	4A	shows	representative	HPLC	spectra	of	 the	CJM	extract	
and	standard.

2.3 | Culture of mouse articular chondrocytes and 
chondrocyte viability assay

Articular	 chondrocytes	 were	 isolated	 from	 femoral	 condyles	 and	
tibial	 plateaus	of	 post‐natal	 day	5	mice.	Cartilage	 tissues	were	di‐
gested	with	0.2%	collagenase	type	II,	as	previously	described.23	For	
the	 chondrocyte	 viability	 assay,	 the	 chondrocytes	were	 seeded	 in	
a	96‐well	dish	(9	×	103 cells/well)	for	48	hours	prior	to	treatments.	
CJM	or	apigenin	was	added	at	various	concentrations	and	incubated	
for	 24	 hours	 in	DMEM	without	 foetal	 bovine	 serum.	Cytotoxicity	
was	 assessed	 with	 the	 EZ‐CyTox	 Cell	 Viability	 Assay	 kit	 (Dogen,	
Seoul,	 South	Korea)	 and	 an	 LDH	Colorimetric	 assay	 kit	 (BioVision	
Inc,	Milpitas,	CA,	USA)	following	the	manufacturer’s	manual.	Briefly,	
2‐(4‐iodophenyl)‐3‐(4‐nitrophenyl)‐5‐(2,4‐disulfophenyl)‐2H‐tetra‐
zolium	(WST‐1)	solution	mixed	with	serum‐free	DMEM	(1:100,	v/v)	
was	added	to	the	cultured	cells	and	incubated	for	3	hours.	To	ana‐
lyse	LDH	activity,	cell	viability	was	normalized	to	that	of	untreated	
samples	(100%	viability)	and	samples	treated	with	Triton	X‐100	(0%	
viability).	Assays	were	performed	on	the	supernatants	of	chondro‐
cytes	 at	 time	 points	 of	 36	 hours	 post‐treatment	 of	 CJM	 and	 api‐
genin	 at	 various	 concentrations.	%	 cytotoxicity	was	 calculated	 by	
the	formula	(Sample	LDH	−	Negative	Control)/(Max	LDH	−	Negative	
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Control)	 ×	100.	The	absorbance	was	measured	using	 a	microplate	
reader	(VICTOR	X3;	PerkinElmer,	Waltham,	MA)	at	450	and	595	nm	
for	WST‐1	and	LDH	assays	respectively.

2.4 | Reverse transcription‐polymerase chain 
reaction and quantitative RT‐PCR

Total	 RNA	 was	 isolated	 from	 articular	 chondrocytes	 using	 TRIzol	
(Molecular	 Research	 Center	 Inc,	 Cincinnati,	 OH,	 USA).	 Total	 RNA	
was	 reverse	 transcribed	and	 the	 resulting	 cDNA	was	amplified	by	
PCR	 (iTaq,	 Intron	 Biotechnology,	 Gyeonggi‐do,	 South	 Korea).	 The	
PCR	 primers	 are	 summarized	 in	 Table	 S1.	 The	 transcript	 levels	 of	
target	genes	were	quantified	by	quantitative	reverse	transcription‐
polymerase	 chain	 reaction	 (qRT‐PCR)	 using	 SYBR®	 premix	 Ex	 Taq	
(TaKaRa	Bio,	Shiga,	Japan).	For	each	target	gene,	the	transcript	level	
was	normalized	to	that	of	Gapdh	and	expressed	as	a	fold	change	rela‐
tive	to	the	indicated	control.

2.5 | Western blotting and immunohistochemistry

Total	proteins	were	extracted	with	 lysis	buffer	 (150	mmol/L	NaCl,	
1%	 NP‐40,	 50	 mmol/L	 Tris,	 0.2%	 sodium	 dodecyl	 sulphate	 and	
5	mmol/L	NaF)	 supplemented	with	a	protease	 inhibitor	 and	phos‐
phatase	 inhibitor	 cocktail	 (Roche,	Madison,	WI,	 USA).	MMP3	 and	
MMP13	 were	 detected	 after	 trichloroacetic	 acid	 precipitation	
as	 described	 previously.23	 Each	 protein	 was	 visualized	 using	 the	
SuperSignal	West	Dura	kit	(Thermo	Scientific,	Waltham,	MA,	USA);	
total	extracellular	signal‐regulated	kinase	(ERK)	was	used	as	a	load‐
ing	control.	Western	blot	analysis	was	performed	to	detect	protein	
levels	using	the	following	antibodies:	mouse	anti‐Hif‐2α	 (sc‐13596;	
Santa	 Cruz	 Biotechnology,	 Dallas,	 TX,	 USA),	 mouse	 anti‐Mmp3	
(ab52915;	 Abcam,	 Cambridge,	 UK),	 mouse	 anti‐Mmp13	 (ab51072;	
Abcam),	goat	anti‐COX‐2	 (sc‐1745;	Santa	Cruz),	mouse	anti‐Erk1/2	
(610408;	 Becton	Dickinson,	 NJ,	 USA),	 mouse	 anti‐pErk1/2	 (9101;	
Cell	 Signaling	 Technology,	 Boston,	MA,	 USA)	 and	mouse	 anti‐IκB	
(9242;	 Cell	 Signaling	 Technology).	 Anti‐Hif‐2α	 antibody	 (ab8365;	
Abcam)	was	used	for	immunostaining	as	previously	described.14

2.6 | Experimental OA models and oral gavage

All	animal	experiments	were	approved	by	the	Animal	Care	and	Use	
Committee	 of	 the	 University	 of	 Ajou.	 For	 the	 destabilization	 of	
the	medial	meniscus	(DMM)‐induced	OA	model,	12‐week‐old	male	
C57BL/6	mice	were	subjected	to	DMM	surgery	using	a	previously	
described	protocol.24	Mouse	knee	joints	were	processed	for	histo‐
logical	analysis	10	weeks	after	surgery.	Experimental	OA	was	also	in‐
duced	in	12‐week‐old	male	mice	by	intraarticular	(IA)	injection	(once	
weekly	 for	 3	 weeks)	 of	 Hif‐2α‐expressing	 adenovirus	 (Ad‐Hif‐2α; 
1	×	109	plaque‐forming	units	in	a	total	volume	of	10	µL);	IA	injection	
of	 empty	 adenovirus	 (Ad‐C)	was	 used	 as	 a	 control.	 The	DMM‐in‐
duced	and	Ad‐Hif‐2α‐induced	OA	models	received	CJM	by	gavage	
every	other	day	for	10	weeks	and	3	weeks,	respectively,	and	were	
killed	after	completion	of	the	gavage	feeding.

2.7 | Evaluation of cartilage destruction

Cartilage	 destruction	 was	 assessed	 as	 previously	 described.25 
Briefly,	mouse	knee	joints	were	fixed	in	4%	paraformaldehyde,	de‐
calcified	with	0.5	mol/L	EDTA	(pH	8.0)	for	2	weeks	and	embedded	
in	 paraffin.	 The	 paraffin	 blocks	 were	 sectioned	 at	 a	 thickness	 of	
5 μm	and	were	serially	sectioned	at	40‐μm	intervals.	The	sections	
were	deparaffinized	 in	xylene	and	hydrated	with	a	graded	ethanol	
series.	 Cartilage	 destruction	was	 detected	 by	 Safranin	O	 staining	
and	scored	using	the	Osteoarthritis	Research	Society	International	
(OARSI)	grading	system.

2.8 | Cartilage explants and 1,9‐dimethylmethylene 
blue assay

Mouse	 femoral	 head	 cartilage	 was	 dissected	 from	 3‐week‐old	
C57BL/6	 mice	 and	 incubated	 in	 DMEM	 (Gibco‐BRL)	 containing	
CJM	 or	 apigenin	 with	 or	 without	 IL‐1β	 (10	 ng/mL)	 for	 72	 hours	
without	 changing	 the	 medium,	 as	 described	 previously.23 The 
conditioned	 medium	 from	 each	 well	 was	 collected	 to	 quantify	
aggrecan‐release	 content.	 The	 culture	 medium	 was	 mixed	 with	
1,9‐dimethylmethylene	 blue	 (DMMB)	 solution	 (40	mmol/L	NaCl,	
40	mmol/L	Glycine,	 46	μmol/L	DMMB)	 at	 1:10	 and	 the	 absorb‐
ance	was	measured	at	525	nm	within	10	minutes	using	a	micro‐
plate	 reader.	Bovine	 cartilage	 chondroitin	 sulphate	was	used	 for	
the	 standard	 curve	of	 sulphated	glycosaminoglycan	 (sGAG)	 con‐
tent.	For	mouse	knee	joints,	cartilage	explants	were	obtained	and	
cultured	 in	DMEM	(Gibco‐BRL)	containing	CJM	or	apigenin	with	
or	without	IL‐1β	(1	ng/mL)	for	72	hours.	The	accumulation	of	sGAG	
was	assessed	by	Alcian	blue	staining	(1	volume	of	0.3%	Alcian	blue	
8GX	in	70%	ethanol,	1	volume	of	100%	acetic	acid	and	18	volumes	
of	100%	ethanol),	as	described	previously.26

2.9 | Reporter gene assay

The	Mmp3,	Mmp13,	Cox‐2	and	Adamts4	reporter	gene	constructs	
were	 co‐transfected	 with	 or	 without	 Hif‐2α	 expression	 vector	
into	 mouse	 articular	 chondrocytes	 using	 LipofectAMINE	 Plus	
(Invitrogen,	 Carlsbad,	 CA,	 USA)	 as	 described	 previously.14 The 
transfected	cells	were	cultured	in	complete	medium	for	24	hours.	
Luciferase	 activity	 was	 determined	 using	 an	 assay	 kit	 (Promega,	
Madison,	WI,	USA)	and	subsequently	normalized	to	β‐galactosidase	
activity.

2.10 | Statistical analysis

All	experiments	were	performed	independently	at	least	three	times.	
Statistical	comparisons	of	two	independent	groups	were	made	using	
two‐tailed	 independent	 t	 tests.	 Multiple	 comparisons	 were	 made	
using	ANOVA	with	a	post‐hoc	Bonferroni	test.	Data	based	on	ordinal	
grading	systems,	such	as	OARSI	grade	and	subchondral	bone	thick‐
ness,	were	analysed	using	a	non‐parametric	Mann–Whitney	U	test.	
A	P‐value	of	0.05	was	considered	significant.
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3  | RESULTS

3.1 | CJM inhibits Mmp3, Mmp13 and Cox‐2 
expression under in vitro conditions mimicking OA

We	 first	 determined	 whether	 CJM	 demonstrates	 cytotoxicity	 to‐
wards	 chondrocytes.	 Treatment	 of	 the	 mouse	 articular	 chondro‐
cytes	with	 different	 concentrations	 of	CJM	 for	 36	 hours	 resulted	
in	no	observable	cytotoxicity	as	determined	by	WST‐1	assay,	LDH	
assay	and	CJM‐induced	catabolic	factor	expression	(Figure	S1).

Cartilage	degradation	and	 inflammation	 lead	to	OA	development	
and	progression.1,2	We	postulated	that	CJM	could	block	cartilage	deg‐
radation	and	inflammation	via	regulation	of	Mmp3,	Mmp13,	Adamts4,	
Adamts5	and	Cox‐2	expression.	To	test	the	effect	of	CJM	on	mouse	ar‐
ticular	chondrocytes,	the	expression	levels	of	Mmp3,	Mmp13,	Adamts4,	
Adamts5	and	Cox‐2	were	assessed	by	biochemical	analysis.	As	shown	
in	Figure	1A	and	1	and	Figure	S2A,	the	expression	 levels	of	 IL‐1β‐in‐
duced	Mmp3,	Mmp13,	Adamts4,	Adamts5	and	Cox‐2	were	gradually	
down‐regulated	by	CJM	in	a	concentration‐dependent	manner.

Although	IL‐1β	is	an	important	OA‐related	pro‐inflammatory	cy‐
tokine,	other	pro‐inflammatory	cytokines	(eg,	IL‐6,	IL‐17	and	TNF‐α)	
have	 recently	 been	 found	 to	 play	 important	 roles	 in	OA	develop‐
ment.5,6,14	Notably,	CJM	reduced	 IL‐6‐,	 IL‐17‐	or	TNF‐α‐stimulated	
Mmp3,	 Mmp13,	 Adamts4	 and	 Adamts5	 expression	 (Figure	 1C–E,	
Figure	S2C–E).	These	results	 indicate	that	CJM	can	alleviate	carti‐
lage	degradation	and	inflammation	under	in	vitro	OA‐mimetic	con‐
ditions	and,	therefore,	potentially	protect	cartilage	from	destruction	
during	OA	progression	and	development.

3.2 | Oral administration of CJM protects against 
cartilage destruction in the DMM‐induced OA 
model and ex vivo organ culture system

To	evaluate	 the	 role	of	CJM	under	 in	vivo	conditions,	we	 tested	
whether	 administration	 of	 CJM	 protects	 against	 osteoarthritic	
cartilage	 destruction	 in	 the	DMM‐induced	OA	model.	 The	mice	
were	orally	administered	either	PBS	or	PBS	containing	CJM	every	
other	day	for	10	weeks,	starting	at	DMM	(Figure	2A).	Compared	
to	 that	of	 the	PBS	control	group,	oral	administration	of	CJM	re‐
sulted	in	dramatic	protection	against	OA	development	(Figure	2B)	
as	indicated	by	significantly	lower	OARSI	scores	and	subchondral	
bone	plate	thickness	(Figure	2C).	Moreover,	CJM	restored	the	ac‐
cumulation	of	extracellular	sulphated	proteoglycans	and	inhibited	
aggrecan	release	in	IL‐1β‐stimulated	cartilage	explants	(Figure	S3A	
and	B).	 Therefore,	 these	 results	 indicate	 that	 CJM	may	 activate	
cartilage	regeneration	to	facilitate	OA	development.

3.3 | Hif‐2α expression is regulated by CJM in 
mouse articular chondrocytes

Hif‐2α	plays	a	central	role	in	catabolic	factor	expression	and	works	as	a	
master	regulator	for	inducing	OA	development.6,14,27	The	level	of	Hif‐2α 
was	 increased	 by	 in	 vitro	 conditions	 that	mimicked	OA	 and	Hif‐2α‐
overexpressing	 chondrocytes	 demonstrated	 up‐regulated	 Mmp3,	
Mmp13,	 Adamts4	 and	COX‐2	 expression	 (Figure	 S4).	 Therefore,	we	
determined	whether	Hif‐2α	 levels	or	Hif‐2α‐induced	Mmp3,	Mmp13,	
Adamts4	 and	 Cox‐2	 expressions	 were	 regulated	 by	 CJM	 in	 mouse	

F I G U R E  1   Cirsium japonicum var. maackii	inhibits	IL‐1β‐,	IL‐6‐,	IL‐17‐	and	TNF‐α‐induced	Mmp3,	Mmp13	and	Cox‐2	expression	in	articular	
chondrocytes.	A	and	B,	Chondrocytes	treated	with	IL‐1β	(1	ng/mL)	were	treated	with	or	without	various	concentrations	of	Cirsium japonicum 
var.	maackii	extract	for	24	h	(n	=	5).	The	expression	of	Mmp3,	Mmp13	and	Cox‐2	was	determined	by	RT‐PCR	(A,	left),	qRT‐PCR	(A,	right),	
Western	blot	(B,	left)	and	densitometry	(B,	right).	Gapdh	and	ERK	were	used	as	loading	controls	for	PCR	and	Western	blotting	respectively.	
Chondrocytes	treated	with	IL‐6	(100	ng/mL)	(C),	IL‐17	(10	ng/mL)	(D)	and	TNF‐α	(50	ng/mL)	(E)	were	co‐treated	with	Cirsium japonicum var. 
maackii	extract	for	24	h	at	the	indicated	concentrations.	The	expression	of	Mmp3,	Mmp13	and	Cox‐2	was	determined	by	qRT‐PCR.	Data	
were	analysed	using	two‐tailed	t	tests.	Values	represent	the	means	±	SEM;	**P < 0.005
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articular	chondrocytes.	Treatment	of	chondrocytes	with	IL‐1β	up‐regu‐
lated	Hif‐2α	and	this	up–regulation	was	attenuated	by	CJM	in	a	con‐
centration‐dependent	manner	as	determined	by	RT‐PCR	and	qRT‐PCR	
(Figure	3A).	Furthermore,	Mmp3,	Mmp13,	Adamts4	and	Cox‐2	induc‐
tion	by	Hif‐2α	overexpression	was	reduced	by	CJM	treatment	in	cul‐
tured	mouse	articular	chondrocytes	(Figure	3B,	Figure	S5A).

To	 assess	 the	 protective	 effect	 of	 CJM	 in	 Hif‐2α‐induced	 OA	
development,	cartilage	destruction	and	Hif‐2α	expression	were	de‐
tected	 by	 Safranin	 O	 staining	 and	 immunohistochemistry	 respec‐
tively.	As	shown	in	Figure	3C	and	3,	although	IA	injection	of	Ad‐Hif‐2α 
promoted	cartilage	destruction	 in	a	mouse	model,	oral	administra‐
tion	of	CJM	ameliorated	this	cartilage	destruction.	Moreover,	Hif‐2α 
expression	in	the	cartilage	tissue	of	mice	after	IA	injection	with	Ad‐
Hif‐2α	was	dramatically	reduced	by	CJM	administration.

These	 results	 clearly	 indicate	 that	 Hif‐2α	 overexpression‐in‐
duced	catabolic	factors	and	cartilage	destruction	were	regulated	by	
CJM	through	Hif‐2α	suppression	in	both	cultured	articular	chondro‐
cytes	and	mice.

3.4 | Apigenin from CJM is a key component for 
regulating Hif‐2α expression

Although	 several	 compounds	 have	 been	 identified	 previously	 from	
CJM,	their	effects	on	the	Hif‐2α	regulation	of	OA	development	remain	
largely	unknown.	Therefore,	we	designed	an	in	vitro	analysis	to	identify	
the	suppressive	effects	of	several	 individual	components	of	CJM	on	
Hif‐2α	regulation.	The	contents	of	cirsimaritin,	cirsimarin	and	apigenin	
were	determined	by	HPLC	separation	of	total	CJM	extract	(Figure	4A).	

F I G U R E  2  Oral	administration	of	Cirsium japonicum var. maackii	protects	against	cartilage	destruction	in	OA	development.	A,	
Experimental	scheme	for	analysis	of	the	DMM‐induced	OA	model.	B,	Mice	with	DMM	were	treated	three	times	a	week	with	Cirsium 
japonicum var. maackii	extract	or	PBS	via	oral	gavage	for	10	weeks.	Cartilage	destruction	was	detected	by	Safranin	O	staining.	C,	Cartilage	
destruction	was	quantified	by	OARSI	scores	(upper	panel)	and	subchondral	bone	thickness	(lower	panel)	at	10	weeks	following	surgery	
(n	=	10).	Scale	bar:	50	µm.	Data	were	analysed	using	one‐way	ANOVA	with	Bonferroni's	test	or	a	non‐parametric	Mann‐Whitney	U	test.	
Values	represent	the	means	±	SEM;	**P < 0.005
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F I G U R E  3   Cirsium japonicum var. maackii	reduces	Hif‐2α	overexpression‐induced	Mmp3,	Mmp13	and	Cox‐2	expression	and	attenuates	
Hif‐2α	overexpression‐induced	cartilage	destruction.	A,	Chondrocytes	were	either	untreated	or	treated	with	the	indicated	amount	of	Cirsium 
japonicum var. maackii	extract	and	exposed	to	IL‐1β	for	24	h	(n	=	5).	Hif‐2α	expression	was	analysed	by	RT‐PCR	(upper	panel)	and	qRT‐PCR	
(lower	panel).	B,	Chondrocytes	were	transduced	with	Ad‐C	or	Ad‐Hif‐2α	(800	MOI)	and	then	treated	with	the	indicated	concentrations	
of	Cirsium japonicum var. maackii	for	24	h	(n	=	5).	Western	blot,	RT‐PCR	(left	panel)	and	qRT‐PCR	(right	panel)	are	shown.	Representative	
RT‐PCR	gels	are	presented	in	A	from	more	than	five	independent	experiments	using	different	sets	of	primary	chondrocyte	cultures.	C	and	
D,	Mice	were	IA‐injected	with	Ad‐C	or	Ad‐Hif‐2α	(1	×	109	PFU)	and	then	orally	administered	Cirsium japonicum var. maackii	extract	(n	=	10). 
Representative	images	of	cartilage	sections	stained	with	Safranin	O	(C),	OARSI	grades	(D,	upper	panel)	and	subchondral	bone	plate	thickness	
(D,	lower	panel)	are	shown.	Scale	bar:	50	µm.	Data	were	analysed	using	two‐tailed	t‐tests	(B)	and	one‐way	ANOVA	with	Bonferroni's	test	(D).	
Values	represent	the	means	±	SEM;	**P < 0.005
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Although	 cirsimarin	 (Figure	 4B)	 and	 cirsimaritin	 (Figure	 4C)	 reduced	
Cox‐2	 expression,	 they	 did	 not	 effectively	 suppress	 IL‐1β‐induced	
Hif‐2α,	 Mmp3	 and	 Mmp13	 up‐regulation	 in	 articular	 chondrocytes.	
However,	apigenin	gradually	attenuated	IL‐1β‐induced	Hif‐2α	up‐regu‐
lation,	as	well	as	that	of	Mmp3,	Mmp13,	Adamts4	and	Cox‐2,	in	a	con‐
centration‐dependent	manner	 (Figure	4D,	Figure	S2B).	Apigenin	also	
restored	the	accumulation	of	extracellular	sulphated	proteoglycans	and	
inhibited	aggrecan	release	in	IL‐1β‐stimulated	cartilage	explants	(Figure	
S3C	 and	D).	 Furthermore,	 Hif‐2α‐induced	Mmp3,	Mmp13,	 Adamts4	
and	Cox‐2	expressions	were	dramatically	 reduced	by	 apigenin	 treat‐
ment	(Figure	4E,	Figure	S5B).	These	data	strongly	suggest	that	apigenin	

attenuates	the	production	of	Mmp3,	Mmp13,	Adamts4	and	Cox‐2	and	
is	a	key	component	of	CJM	for	reducing	Hif‐2α	expression	in	articular	
chondrocytes.

3.5 | Apigenin	directly	regulates	Mmp3,	Mmp13,	
Adamts4	and	Cox‐2	transcriptional	activity	and	
modulates	NF‐κB	and	JNK	signalling	pathways	for	
Hif‐2α	regulation

To	elucidate	the	effect	of	CJM	and	apigenin	on	the	direct	regulation	
of	catabolic	factors	by	Hif‐2α,	we	examined	Hif‐2α	transactivation	of	

F I G U R E  4  Apigenin	regulates	catabolic	factor	expression	via	Hif‐2α	regulation.	A,	HPLC	spectra	of	cirsimarin,	cirsimaritin	and	apigenin	in	
Cirsium japonicum var. maackii	and	the	standard	compounds.	B‐D,	Chondrocytes	were	either	untreated	or	treated	with	the	indicated	amount	
of	cirsimarin	(B),	cirsimaritin	(C)	or	apigenin	(D)	and	exposed	to	IL‐1β	for	24	h	(n	=	5).	Expression	of	Hif‐2α,	Mmp3,	Mmp13	and	Cox‐2	was	
analysed	by	RT‐PCR	(left	panel)	and	qRT‐PCR	(right	panel).	E,	Chondrocytes	were	transduced	with	Ad‐C	or	Ad‐Hif‐2α	(800	MOI)	and	then	
treated	with	the	indicated	concentrations	of	apigenin	for	24	h.	Western	blot,	RT‐PCR	(left	panel)	and	qRT‐PCR	(right	panel)	are	shown	(n	=	5).	
Representative	RT‐PCR	gels	are	presented	in	A‐D	from	more	than	five	independent	experiments	using	different	sets	of	primary	chondrocyte	
cultures.	Data	were	analysed	using	two‐tailed	t‐tests.	Values	represent	the	means	±	SEM;	*P	<	0.05,	**P < 0.005
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the	mouse	promoters	with	or	without	CJM	and	apigenin	in	reporter	
gene	 assays.	 Transfection	 of	 a	Hif‐2α	 expression	 vector	 in	mouse	
articular	 chondrocytes	 elevated	 transcriptional	 activities	 from	 the	
promoters	 of	 Mmp3,	 Mmp13,	 Adamts4	 and	 Cox‐2	 (Figure	 5A‐D).	
However,	 these	 elevated	 transcriptional	 activities	were	 decreased	
by	CJM	and	apigenin	in	a	concentration‐dependent	manner.	These	
results	 show	 that	 CJM	 and	 apigenin	 affect	 Hif‐2α‐mediated	 tran‐
scription	of	Mmp3,	Mmp13,	Adamts4	and	Cox‐2	mRNA.	Moreover,	
upstream	NF‐κB	 and	 JNK	 signalling	 pathways	 regulate	 Hif‐2α	 ex‐
pression	and	IL‐1β,	a	known	activator	of	NF‐κB	and	JNK	signalling,	
increase	Hif‐2α	expression	in	chondrocytes.14,27	Because	IL‐1β‐me‐
diated	NF‐κB	and	JNK	signalling	pathways	are	involved	in	OA	patho‐
genesis,27‐29	we	 further	 examined	whether	 apigenin	 inhibits	 these	
signalling	 pathways.	Mouse	 articular	 chondrocytes	were	 pre‐incu‐
bated	for	24	hours	either	with	or	without	apigenin	and	were	then	
exposed	to	IL‐1β	(1	ng/mL)	for	10	minutes.	NF‐κB	and	JNK	signalling	
pathways	were	analysed	by	Western	blotting.	IκB	degradation	and	
JNK	phosphorylation	 induced	by	 IL‐1β	 stimulation	were	prevented	
by	apigenin	preincubation	(Figure	6A	and	6).	Collectively,	our	results	
clearly	 indicate	 that	 Hif‐2α	 expression	 is	 suppressed	 by	 apigenin	
treatment	via	the	 inhibition	of	NF‐κB	and	JNK	signalling	pathways	
during	OA	development.

4  | DISCUSSION

Osteoarthritis	 should	 not	 be	 considered	 a	 single	 disease;	 it	 is	 as‐
sociated	 with	 multiple	 risk	 factors	 such	 as	 age,	 joint	 trauma	 and	
mechanical	 stress.1,2,30	 In	 both	 clinical	 and	 experimental	 OA,	 car‐
tilage	destruction	and	 inflammation	are	 the	 final	 biological	 results	
of	MMP	activation	and	expression	of	ADAMTS	and	COX‐2	respec‐
tively.4,8,11‐13	 Upstream	 and	 downstream	 regulators	 of	 MMP	 and	

COX‐2	expression	are	known	to	be	pro‐inflammatory	cytokines	(eg,	
IL‐1β,	 IL‐6,	 IL‐17	 and	 TNF‐α)	 and	 transcription	 factors	 (eg,	 NF‐κB	
and	 HIF‐2α)	 respectively.4,5,8,14,25	 Non‐steroidal	 anti‐inflammatory	
drugs	 are	 the	 most	 commonly	 prescribed	 medications	 for	 MMP,	
COX‐2	and	NF‐κB	regulation	as	well	as	OA	treatment.31	However,	
these	 drugs	 can	 cause	 severe	 side	 effects,	 such	 as	 peptic	 ulcers,	
intestinal	bleeding	and	myocardial	 infarction.32,33	 In	 this	study,	we	
demonstrated	that	CJM	and	one	of	its	most	effective	constituents,	
apigenin,	protect	against	Hif‐2α‐induced	OA	development	by	block‐
ing	MMP3,	MMP13	 and	COX‐2	 expressions	 that	 are	 up‐regulated	
through	the	JNK	and	NF‐κB	signalling	pathways	and	the	Hif‐2α	tran‐
scription	factor.

CJM	is	a	safe	perennial	herb	that	has	been	used	as	a	traditional	
medicine.	Some	reports	have	suggested	that	CJM	has	nutraceutical	
importance	 for	 the	 treatment	 of	 inflammation,	 traumatic	 bleeding	
and	 bone	 loss	 in	 menopausal	 women.16,17	 Other	 ethnopharmaco‐
logic	uses	of	CJM	 include	 its	use	as	a	 treatment	 for	hypertension,	
hepatitis	and	diuresis.16,34	Recent	pharmacological	studies	have	in‐
dicated	that	CJM	has	tumour	 inhibitory,	hepatoprotective	and	po‐
tential	 antidiabetic	and	antioxidant	activities.35‐37	However,	 as	 the	
effects	of	CJM	in	chondrocytes	and	OA	development	were	largely	
unknown,	in	the	current	study,	we	characterized	these	effects	under	
both	in	vitro	and	in	vivo	OA‐mimetic	conditions.

IL‐1β	plays	a	key	role	 in	 joint	damage	through	 increased	matrix	
degradation	and	inflammation	and	previous	reports	have	suggested	
a	role	of	IL‐1β	in	the	molecular	mechanism	of	OA	development.4	IL‐1β 
constitutes	the	predominant	pro‐inflammatory	cytokine	involved	in	
the	joint	destruction	associated	with	OA	and	it	has	been	widely	used	
to	mimic	arthritis	by	its	application	to	chondrocytes.4,5,8	Moreover,	
other	pro‐inflammatory	cytokines	(IL‐6,	IL‐17	and	TNF‐α)	are	known	
to	 induce	 MMP3	 and	 MMP13	 expression	 in	 chondrocytes	 and	
are	 useful	 for	mimicking	OA	 conditions	 in	 vitro.5,6,14	 Interestingly,	

F I G U R E  5  Apigenin	and	Cirsium 
japonicum var. maackii	directly	
regulate	Mmp3,	Mmp13,	Adamts4	and	
Cox‐2	transcriptional	activity.	A‐D,	
Chondrocytes	were	co‐transfected	with	
Hif‐2α	vector	and	Mmp3	(A),	Mmp13	(B),	
Adamts4	(C)	or	Cox‐2	(D)	promoter‐driven	
reporter	vectors	and	then	treated	with	
the	indicated	concentrations	of	Cirsium 
japonicum var. maackii	extract	or	apigenin	
for	24	h	(n	=	5).	Data	were	analysed	using	
two‐tailed	t‐tests.	Values	represent	the	
means	±	SEM;	**P < 0.005
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CJM	 inhibited	 IL‐1β‐,	 IL‐17‐	 and	 TNF‐α‐induced	 MMP3,	 MMP13,	
ADAMTS4,	ADAMTS5	and	COX‐2	expression	in	articular	chondro‐
cytes	and	it	may	protect	against	OA	development	in	vivo.

The	DMM	model	is	an	important	tool	for	studying	OA	pathogen‐
esis	in	vivo	and	is	a	well‐accepted	OA	model	because	of	its	slower	OA	
progression	and	similarity	to	human	OA	development.21	We	found	
that	CJM	protected	against	OA	development	in	this	DMM‐induced	
in	vivo	OA	model.	Furthermore,	we	determined	whether	CJM	and	
apigenin	 promote	 accumulation	 of	 sulphated	 proteoglycans	 or	 in‐
hibit	aggrecan	release	in	IL‐1β‐stimulated	cartilage	explants.	DMMB	
assays	showed	that	CJM	and	apigenin	induced	the	accumulation	of	
extracellular	 sulphated	 proteoglycans	 and	 inhibited	 the	 release	 of	
aggrecan	in	IL‐1β‐stimulated	cartilage	explants.

Various	transcription	factors	are	regulated	by	pro‐inflammatory	
cytokines.38	Currently,	Hif‐2α	activation	is	reported	to	be	involved	
in	a	variety	of	cellular	signalling	pathways,	including	those	affecting	
inflammation,	cell	survival,	proliferation	and	differentiation.39	Hif‐2α 
is	particularly	 activated	during	OA	development	and	 is	one	of	 the	
major	regulators	of	inflammatory	cytokine	production	and	MMP	ex‐
pression	 in	OA.40	Moreover,	 IL‐1β,	 IL‐6,	 IL‐17	and	TNF‐α	 stimulate	
Hif‐2α	 activation	 to	 contribute	 to	 joint	 inflammation	 and	 cartilage	
destruction.6,14,27	 Although	Hif‐2α	 directly	 binds	 the	 promoters	 (‐
CGTG‐)	of	MMPs,	ADAMTS	and	COX‐2	and	 is	 a	good	 therapeutic	
target,	Hif‐2α	 inhibitors	 are	 still	 lacking	 for	OA	 treatment.	Herein,	
biochemical	 analysis	 demonstrated	 that	 CJM	 dramatically	 inhibits	
Hif‐2α‐induced	MMP3,	MMP13,	ADAMTS4	and	COX‐2	expression	
as	well	as	cartilage	destruction	under	in	vitro	and	in	vivo	OA‐mimetic	
conditions	 and	 that	 it	 can	 be	 used	 potentially	 as	 a	 natural	 Hif‐2α 
inhibitor.

CJM	contains	many	medicinal	components.	Cirsimarin,	cirsimari‐
tin	and	apigenin,	the	biologically	important	flavones	reported	to	be	
present	 in	 CJM,	 are	 known	 to	 process	 beneficial	 pharmacological	

effects.	 Cirsimarin	 has	 antilipolytic	 and	 antioxidant	 activity19; cir‐
simaritin	has	antibacterial,	anti‐inflammatory	and	antioxidant	prop‐
erties20,21;	 and	 apigenin	has	 anti‐inflammatory,	 antiangiogenic	 and	
anticarcinogenic	effects	 in	cell	 culture	and	 in	various	animal	mod‐
els.22	Although	 these	 compounds	have	 specific	 effects	on	various	
disease	 conditions,	 the	 effects	 of	 cirsimarin,	 cirsimaritin	 and	 api‐
genin	on	OA	development	and	mechanisms	of	 transcription	factor	
regulation	require	more	study.

In	 the	present	 investigation,	although	 IL‐1β‐induced	COX‐2	ex‐
pression	was	 inhibited	by	 cirsimarin,	 cirsimaritin	 and	apigenin,	 the	
expression	of	MMP3	and	MMP13	was	only	blocked	by	apigenin	treat‐
ment.	Up‐regulation	of	Hif‐2α‐induced	MMP3,	MMP13,	ADAMTS4	
and	COX‐2	expression	and	 transcription	was	dramatically	 reduced	
by	apigenin	treatment	in	a	concentration‐dependent	manner.

Interestingly,	 although	 Ad‐Hif‐2α	 infection	 promoted	 exogenous	
Hif‐2α	expression,	we	could	detect	slightly	decreased	Hif‐2α	expres‐
sion	by	CJM	and	apigenin	treatment	 in	Figures	3B	and	4D.	The	sta‐
bility	of	Hif‐2α	is	controlled	by	expression	of	Hsp90	and	proteasomal	
degradation	 mediated	 by	 E3	 ubiquitin	 ligase.41,42	 Notably,	 apigenin	
manipulates	 the	 ubiquitin‐proteasome	 system	 and	 reduces	 the	 ex‐
pression	of	Hsp90	 in	 chondrocytes.43,44	Apigenin	may	 regulate	pro‐
tein	stabilization	of	endogenous	and	exogenous	Hif‐2α	by	regulation	of	
the	ubiquitin‐proteasome	degradation	system	and	Hsp90	expression.	
Furthermore,	 Figure	 S5	 and	 a	 previous	 report6	 suggest	 that	 Hif‐2α 
induces	IL‐6	expression	and	that	IL‐6	can	regulate	Hif‐2α	expression.	
This	 suggests	 that	 inhibition	 of	 Hif‐2α‐induced	 IL‐6	 expression	 by	
CJM	or	apigenin	treatment	can	reduce	endogenous	Hif‐2α	expression.	
Moreover,	 Hif‐2α	 binds	 to	 its	 own	 promoter	 in	 a	 positive	 feedback	
loop45,46	 and	 the	NF‐κB	 and	 JNK	 signalling	 pathways	 are	 upstream	
molecular	mechanisms	 responsible	 for	 inducing	Hif‐2α	 expression	 in	
articular	 chondrocytes.14,27	 Our	 biochemical	 analysis	 demonstrated	
that	the	underlying	molecular	mechanism	of	apigenin	activity	is	indeed	

F I G U R E  6  Apigenin	regulates	Hif‐2α	expression	via	NF‐κB	and	JNK	pathways.	A	and	B,	Chondrocytes	were	pre‐treated	with	different	
concentrations	of	apigenin	for	24	h	prior	to	treatment	with	IL‐1β	(1	ng/mL)	for	10	min	(n	=	5).	IκB	and	phosphorylated	JNK	(pJNK)	levels	were	
measured	by	Western	blotting	(A)	and	densitometry	(B).	ERK	and	JNK	were	used	as	loading	controls.	Data	were	analysed	using	two‐tailed	
t‐tests.	Values	represent	the	means	±	SEM;	**P < 0.005
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associated	 with	 Hif‐2α	 regulation	 via	 the	 JNK	 and	 NF‐κB	 signalling	
pathways.	 Consequently,	 CJM	 and	 apigenin	 can	 reduce	 expression	
levels	of	endogenous	and	exogenous	Hif‐2α	transcripts	and	protein	by	
regulation	of	the	ubiquitin‐proteasome	degradation	system,	Hsp90	ex‐
pression	or	positive	feedback	of	Hif‐2α	expression.

In	summary,	our	 results	collectively	 indicated	that	 the	up‐reg‐
ulation	 of	 MMP3,	 MMP13	 and	 COX‐2	 expression	 and	 cartilage	
destruction	were	 inhibited	by	CJM	via	Hif‐2α	 regulation	under	 in	
vitro	and	 in	vivo	OA‐mimetic	conditions.	Furthermore,	apigenin	 is	
an	isolated	compound	from	CJM,	which	effectively	blocks	MMP3,	
MMP13	and	COX‐2	expression	through	Hif‐2α	inhibition	via	the	NF‐
κB	and	JNK	signalling	pathways.	Therefore,	it	appears	that	CJM	and	
one	of	the	most	effective	isolated	compounds	from	CJM,	apigenin,	
function	as	Hif‐2α	 inhibitors	and	merit	consideration	as	OA	thera‐
peutic	agents	for	blocking	cartilage	destruction	and	inflammation.
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