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Effects of quercetin on ionizing radiation-induced 
cellular responses in HepG2 cells 

INTRODUCTION 

Exposure	 of	 cells	 to	 IR	 can	 result	 in	 lethal	

damage	with	 the	 induced	double-strand	 breaks	

of	 DNA	 if	 left	 unrepaired	 (1).	 The	 exposed	 cells	

show	 various	 effects	 such	 as	 growth	 arrest,															

senescence,	 necrosis	 or	 mitotic	 catastrophe,	

apoptosis	and	autophagy	(2,	3).		

IR-induced	 apoptosis,	 alias	 type	 I																											

programmed	 cell	 death,	 has	 been	 intensively	

studied	 over	 the	 past	 decade	 (4).	 Stereotypical	

morphological	 changes	 such	 as	 cell	 shrinkage,	

membrane	 blebbing	 and	 nuclear	 fragmentation	

are	 characteristics	 of	 apoptosis.	 Chromatin													

condensation	 is,	 in	 particular,	 activated	 by	

caspases	 and	 regulated	 by	 the	 Bcl-2	 family						

members	(5,	6).		

It	has	been	reported	that	irradiation	initiates	

a	type	II	programmed	cell	death	(autophagy)	(7).	

Autophagy	does	not	refer	to	a	death	process,	but	

a	 self-cannibalization	 process	 through	 a																				

lysosomal	degradation	pathway.	 It	 is	one	of	 the	

major	 regulated	 mechanisms	 of	 cells	 for																						

degrading	 long-lived	 proteins,	 which	 can	 be		
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ABSTRACT 

Background: Querce�n has been reported to modulate cell prolifera�on and 

apoptosis. The present study aimed at iden�fying whether treatment of 

ionizing radia�on (IR) combined with querce�n induces apoptosis in HepG2 

cells. Materials and Methods: HepG2 cells were plated at an appropriate 

density according to each experimental scale and irradiated with 1, 5 and 10 

Gy gamma-rays from a 
60

Co source at room temperature. Cell viability, SOD 

and CAT were assessed by using commercial assay kits. Western blot analyses 

were done on apoptosis related proteins. The cells were treated with various 

concentra�ons of querce�n alone or in combina�on with IR.  Results: The cell 

viability was decreased in a concentra�on-dependent manner 24 h a3er 

treatment of querce�n. It was significantly lowered a3er the combined 

treatment of querce�n with IR than that of the cells treated with querce�n 

alone. Moreover, querce�n increased the expression of p53 levels in a dose-

dependent manner. Combined treatment of querce�n with IR significantly 

increased the levels of pro-apopto�c proteins, cleaved caspase-3 and caspase

-7, and Bax. Cell cycle analyses indicated a dras�c increase in the Sub G1 

popula�on a3er querce�n treatment combined with IR. The ac�vity of 

caspase-3 increased coincidently with apoptosis. The combined treatment of 

querce�n with IR decreased catalase and superoxide dismutase ac�vi�es, as 

well. Conclusion: Querce�n made the radio-resistant HepG2 cells undergo 

apoptosis by ac�va�ng p53. These results suggest that the combined 

treatment of querce�n with IR may provide an effec�ve therapeu�c strategy 

to improve the radiotherapy efficacy.  
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triggered	by	physiologic	 stress	 such	as	nutrient	

deprivation,	 or	 by	 another	 pathway	 (8,9,10).																		

Autophagy	 can	 be	 activated	 to	 prevent	 cancer	

cells	 from	 death.	 The	 studies	 using	 cell	 lines													

defective	 in	 apoptosis	 indicated	 that	 autophagy	

was	 triggered	 in	 response	 to	 deprivation	 of	

growth	factors,	nutrient	depletion	or	hypoxia	to	

give	 rise	 to	 survival	 advantage	 for	 tumor	 cells	
(11).	 Accordingly,	 many	 clinical	 trials	 vigorously	

attempt	 to	 elucidate	 the	 speci4ic	 role	 of																							

autophagy	in	cancer	treatments	(12).	

HepG2,	human	hepatocellular	carcinoma	cell,	

is	an	excellent	experimental	model	because	it	 is	

easy	to	culture,	and	widely	used	for	biochemical	

studies	where	many	conditions	can	be	analyzed	

with	 minor	 inter-assay	 variations	 (13).	 The																		

relative	 resistance	 of	 liver	 cancer	 cells	 to	 IR		

originates	 from	 autophagic	 response	 is	 the															

limitation	on	the	available	treatment	options	for	

this	 type	 of	 cancer.	 Tseng	 et	al.	 (2011)	 used	

HepG2	 (p53+/+)	 and	 Hep3B	 (p53-/-)	 cells	 to																	

examine	 the	 radio-resistance	 of	 liver	 cancer	

cells.	 According	 to	 their	 results,	 HepG2	 cells	

were	 radio-resistant	 through	 the	 IR-induced		

autophagy	 pathway	 whereas	 Hep3B	 cells																				

underwent	 apoptotic	 cell	 death	 in	 response	 to	

irradiation	(14).	

Quercetin	 is	 a	 4lavone-3ol-class	 of	 4lavonoid	

which	 ubiquitously	 presents	 in	 fruits	 and																	

vegetables.	 It	 has	 been	 reported	 that	 quercetin	

modulates	signal	transduction	pathways	related	

to	 cell	 proliferation	 and	 apoptosis	 (15).	 Many														

results	 from	 in-vitro	 experiments	 demonstrate	

that	 quercetin	 inhibits	 cell	 proliferation	 and														

accordingly	induces	apoptosis	in	several	types	of	

cancer	 cells	 through	 different	 signaling																							

pathways	 (16,	17,	18,	19).	 It	 has	 been	 shown	 that	

quercetin	 gives	 birth	 to	 selective																																		

apoptosis-inducing	activity	and	antiproliferative	

effects	in	cancer	cells	but	not	in	normal	cells.	In	

that	 regard,	 quercetin	 may	 serve	 as	 an																								

anticancer	 agent	 or	 as	 an	 adjunct	 to	 cancer																	

therapies	 currently	 available	 (20,	21).	 Studies	 on	

the	 molecular	 mechanisms	 underlying	 the														

quercetin’s	 antiproliferative	 effects	 have														

indicated	 that	 quercetin	 treatments	 triggered	

numerous	 cellular	 events	 including	 cell	 cycle	

arrest	 at	G1	and/or	G2/M	stage,	 p53	activation	

and	 induction	of	 caspase-mediated	apoptosis	 in	

some	cancer	cells	(22).	

Accordingly	 the	 present	 study	 was	 carried	

out	to	evaluate	apoptotic	effects	of	quercetin,	as	

an	inhibitor	of	autophagy,	on	HepG2	cells,	and	to	

elucidate	 the	 function	 of	 quercetin	 as	 a	 drug		

candidate	 for	 a	 useful	 strategy	 to	 improve	 the	

ef4icacy	of	radiotherapy,	as	well.	

	

	

MATERIALS AND METHODS 

 

Materials		

Quercetin	 (CAS	 No.	 23513-14-6)	 was																					

purchased	 from	 Sigma	 Chemical	 Co.	 (St.	 Louis,	

MO,	USA),	 and	DMEM	media	 from	Welgene	 Inc.	

(Daegu,	 Korea).	 Fetal	 Bovine	 Serum	 (FBS)	 and	

Phosphate	 Buffered	 Saline	 (PBS)	 were																							

purchased	 from	 Thermo	 Fisher	 Scienti4ic	 Inc.	

(Waltham,	MA,	USA).	Antibiotic-antimycotic	and	

Trypsin-EDTA	 were	 obtained	 from	 Gibco	

(Gaithersburg,	MD,	USA).	EZ-CyTox	Cell	Viability,	

Proliferation	 &	 Cytotoxicity	 Assay	 Kits	 were											

obtained	 from	 DOGEN	 (Seoul,	 Korea).	 Catalase	

(CAT)	 and	 Superoxide	 Dismutase	 (SOD)	 assay	

kits	were	 from	Cayman	Chemical	Company	(MI,	

USA).	 Caspase-3/CPP32	 colorimetric	 assay	 kit	

was	 from	 BioVision	 (USA).	 Poly-L-lysine	 and	

propidium	 iodide	were	 from	 Sigma-Aldrich	 (St.	

Louis,	MO,	USA).	The	 following	antibodies	were	

used:	p53,	p21,	Bax,	Bcl-2	and	β-actin	from	Santa	

Cruz	 (Santa	 Cruz,	 CA,	 USA);	 LC3	 from	 novus	

(Littleton,	 CO,	 USA);	 Cleaved	 caspase-3	 and	

cleaved	 caspase-7	 from	 Cell	 Signaling																							

Technology,	Inc.	(Beverly,	MA,	USA).	

	

Cell	culture	and	irradiation	

	Human	 hepatocellular	 carcinoma	 cell	 line	

(HepG2	cells)	was	obtained	from	American	Type	

Culture	 Collection	 (ATCC,	 USA).	 Cells	 were		

maintained	 in	 DMEM	 medium	 supplemented	

with	 10%	 FBS	 and	 antibiotic-antimycotic	 at												

appropriate	 concentration	 and	 5	 μg/ml																				

plasmocin	 (InvivoGen,	 CA,	 USA)	 at	 37	 °C	 with	

5%	CO2	 in	 a	 fully	 humidi4ied	 atmosphere.	 Cells	

were	plated	at	an	appropriate	density	according	

to	each	experimental	scale	and	irradiated	with	1,	

5	 and	 10	 Gy	 gamma-rays	 from	 60Co	 source	

(source	strength	42.6	TBq,	Korea	Atomic	Energy	
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Research	 Institute)	 at	 room	 temperature.																		

Radiation	 doses	 were	 chosen	 based	 on	 the														

dose-response	relationship	of	γ-H2AX	foci	in	the	

cultured	cells	which	was	reported	to	IAEA	(23).	

	

Cell	viability	analysis	

	The	quercetin’s	effects	on	cell	viability	were	

assessed	 by	 using	 the	 EZ-CyTox	 cell	 viability		

assay	kits.	HepG2	cells	were	seeded	at	a	density	

of	5	×	103	cells	in	each	well	of	the	96	well	plates.	

After	 incubation	 for	 additional	 24	 h,	 the	 cells	

were	 treated	 with	 quercetin	 in	 10-100	 μM																

concentration	for	24	h	or	48	h.	The	Cell	Viability	

Assay	Reagent	was	then	added	and	incubated	for	

1	h	 at	37	 °C	with	5%	CO2.	 The	 absorbance	was	

read	at	450	nm.	

 

DAPI	staining	

	Nucleic	 acid	 staining	 with	 DAPI	 (4’,	 6’-

diamidine-2’-phenylindole	dihydrochloride)	was	

done	 to	 observe	 the	 level	 of	 nuclear																											

condensation	 and	 fragmentation.	 The	 HepG2	

cells	 were	 cultured	 on	 cover	 slips	 coated	 with	

poly-L-lysine	 and	 treated	 with	 quercetin.	 After	

treatment,	 the	cells	were	washed	with	PBS	and	

4ixed	with	100%	methanol	at	room	temperature	

for	 5	 min.	 After	 washing,	 DAPI	 solution	 was		

added	in	a	concentration	of	5	µg/ml	for	15	min	

at	 room	 temperature.	 After	 washing,																					

4luorescence	 images	 were	 taken	 under	 a																			

4luorescence	 microscope	 (BX50,	 Olympus																	

Corporation,	Tokyo,	 Japan)	with	 SPOT	 software	

5.1	(Diagnostic	Instrument,	USA).	
	

Western	blot	analysis	

	Western	blotting	was	applied	 to	analyze	 the	

protein	expression	levels.	After	treatment	of	the	

HepG2	cells	with	 IR	 in	 the	presence	or	absence	

of	 quercetin,	 the	 cells	 were	 washed	 with																

Phosphate	Buffered	Saline	(PBS),	and	then	lysed	

in	 an	 ice-cold	 PRO-PREP™	 Protein	 Extraction	

Solution	 (iNtRON	 Biotechnology,	 Gyeonggi-do,	

Korea).	 The	 soluble	 fraction	 of	 the	 cell	 lysates	

was	 isolated	by	centrifugation	at	13,000	x	g	 for	

20	 min	 in	 a	 microfuge.	 Supernatants	 were																	

measured	 for	 protein	 concentration	 using	 a														

detergent-compatible	protein	assay	kit	(Bio-Rad,	

Hercules,	 CA,	 USA).	 The	 equal	 amounts	 of													

protein	 samples	 were	 separated	 by	 12%																				

SDS-polyacrylamide	 gel	 electrophoresis	 and	

then	 transferred	 to	 membranes,	 which	 were	

blocked	 for	 2	 h	 at	 room	 temperature	 with	 5%	

non-fat	dried	milk	in	TBS-T	(10	mM	Tris-HCl	[pH	

7.4],	 150	 mM	 NaCl	 and	 0.1%	 Tween-20)	 and	

then	 incubated	 with	 primary	 antibodies																				

overnight	at	4	 °C.	The	blots	were	washed	 three	

times	for	5	min	with	TBS-T,	then	incubated	for	2	

h	 with	 peroxidase-conjugated	 secondary																			

antibody	 (1:4,000)	 at	 room	 temperature.	 The	

membranes	were	washed	three	times	for	5	min	

and	 developed	 using	 Pierce	 ECL	 Western																			

Blotting	 Substrate	 (Thermo	 scienti4ic,	Rockford,	

Illinois).	

	

Cell	cycle	analysis	

	After	 quercetin	 treatment	 in	 combination	

with	 IR	 for	 48	 h,	 4loating	 and	 trypsin-detached	

HepG2	 cells	 were	 collected	 by	 centrifugation.	

The	cells	were	washed	with	PBS	and	then	 4ixed	

with	 70%	 ice-cold	 ethanol	 overnight	 at	 -20	 °C,	

and	 then	 treated	with	100	mg/ml	RNase	A	 and	

50	 mg/ml	 propidium	 iodide.	 To	 analyze																				

apoptosis,	 sub	 G1	 (hypodiploid	 DNA)																										

populations	 were	 assayed	 using	 a	 Cytomics	 FC	

500	 4low	 cytometer	 with	 Cytometer	 CXP																			

software	 (Beckman	 Coulter,	 Franklin	 Lakes,	 NJ,	

USA).	 The	 results	 represent	 the	 means	 of																		

triplicate	determinations	in	which	a	minimum	of	

10,000	 cells	 were	 assayed	 for	 each																																

determination.	 Any	 sub	 G1	 population	 was	

counted	as	apoptotic	cells.	

	

Caspase-3	activity	assay	

	Assay	 for	 caspase-3	 activity	 was	 done																

according	 to	 the	 manufacturer’s	 instruction	

(Caspase-3/CPP32	 colorimetric	 assay	 kit,																			

BioVision,	 USA).	 The	 cells	 were	 collected	 using	

the	 rubber	 policeman	 and	 the	 resultant	 pellets	

were	sonicated	for	three	2	s	bursts	 in	300	μl	of	

0.1	 M	 Tris-HCl	 [pH	 7.5]	 and	 centrifuged	 at	

13,000	x	g	 for	15	min	at	4	°C.	50	μg	of	proteins	

(diluted	to	50	μl	Cell	Lysis	Buffer)	was	used	for	

each	assay	and	50	μl	of	2X	Reaction	Buffer	was	

added	to	each	sample.	After	adding	5	μl	of	the	4	

mM	 DEVD-pNA	 substrate,	 the	 samples	 were													

incubated	at	37	°C	for	24	h.	The	absorbance	was	

measured	at	405	nm	by	using	a	plate	reader.	
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Catalase	(CAT)	activity	assay	

	Assay	 for	 CAT	 activity	 was	 performed																				

according	 to	 the	 manufacturer’s	 instruction	

(Cayman	 Chemical	 Company,	 USA).	 The																					

decomposition	 of	H2O2	 in	 presence	 of	 CAT	was	

followed	 by	 the	 decrease	 in	 absorbance																				

measured	using	 a	 spectrophotometer.	The	 cells	

were	 collected	using	 the	 rubber	policeman	and	

the	resultant	pellets	were	sonicated	in	300	μl	of	

0.1	 M	 Tris-HCl	 [pH	 7.5]	 and	 centrifuged	 at	

13,000	x	g	for	15	min	at	4	°C.	The	supernatants	

were	 used	 for	 the	 assay	 and	 stored	 on	 ice.																

Protein	 concentration	 was	 determined	 by	 the	

Bradford	method	(24).	Five	µg	(diluted	to	30	µl	of	

Tris-HCl	 [pH	7.5])	 of	 the	 sample,	100	µl	of	 100	

mM	potassium	phosphate	[pH	7.0],	and	30	µl	of	

methanol	 were	 added	 in	 each	 well	 of	 96	 well	

plates.	The	 reaction	was	 initiated	by	 adding	20	

µl	 of	 hydrogen	 peroxide	 to	 each	 well	 and																	

incubated	 on	 a	 shaker	 for	 20	 min	 at	 room													

temperature.	To	terminate	the	reaction,	30	µl	of	

potassium	hydroxide	was	added	to	the	each	well	

and	then	30	µl	of	catalase	purpald	(chromogen)	

was	added	as	quickly	as	possible.	The	plate	was	

incubated	 for	 10	 min	 at	 room	 temperature	 on	

the	 shaker.	 Finally,	 10	 µl	 of	 catalase	 potassium	

periodate	was	added	to	each	well	and	incubated	

for	 5	 min	 at	 the	 room	 temperature	 on	 the															

shaker.	The	absorbance	was	taken	at	540	nm	by	

using	a	plate	reader.	

	

Superoxide	Dismutase	(SOD)	activity	assay	

	Assay	 for	 SOD	 activity	 was	 performed																	

according	 to	 the	 manufacturer’s	 instruction	

(Cayman	 Chemical	 Company,	 USA).	 Brie4ly,	 the	

cells	were	collected	using	the	rubber	policeman	

and	the	resultant	pellets	were	sonicated	 in	300	

μl	 of	 0.1M	Tris-HCl	 [pH	7.5]	 and	 centrifuged	at	

13,000	x	g	for	15	min	at	4	°C.	The	supernatants	

were	 collected	 for	 assay	 and	 stored	 on	 ice.														

Protein	 concentration	 was	 determined	 by																

Bradford	 method	 (24).	 One	 unit	 of	 enzyme																					

activity	was	de4ined	as	 the	50%	dismutation	of	

superoxide	 radical.	 In	 a	 96	 well	 plate,	 200	 µl		

tetrazolium	 salt	 was	 added	 to	 5	 µg	 of	 each														

sample	 (diluted	 to	 10	 µl	 of	 Tris-HCl	 [pH	 7.5]).	

The	 reaction	 was	 initiated	 by	 adding	 20	 µl	 of	

Xanthine	 oxidase.	 After	 incubation	 of	 the	 plate	

on	a	shaker	for	20	min	at	room	temperature,	the	

absorbance	was	measured	at	450	nm	by	a	plate	

reader.	

	

Statistical	analysis	

All	 the	 presented	 data	 and	 results	 were																

con4irmed	 in	 three	 independent	 experiments.	

The	data	are	expressed	as	mean	±	standard	error	

of	 the	mean.	Statistical	 comparisons	were	made	

by	 Student’s	 t-test.	 P<0.05	 was	 considered																	

statistically	signi4icant.	

	

	

RESULTS 

 

IR	induced	autophagy	in	HepG2	cells	

	The	 viability	 of	 the	 HepG2	 cells	 was																						

evaluated	using	an	EZ-CyTox	cell	 viability	assay	

kit.	 It	 was	 found	 that	 cell	 viability	 was	 not																			

affected	at	 the	 indicated	incubation	 time	(4igure	

1A).	An	autophagic	marker	LC3	was	identi4ied	in	

the	 HepG2	 (4igure	 1B).	 LC3,	 a	 useful	marker	 of													

autophagic	 membranes,	 is	 present	 in	 a	 free																

cytoplasmic	 form	 as	 LC3-I.	 LC3-II	 is	 produced	

when	it	is	associated	with	phosphatidylethanola-

mine	 (through	 an	 ubiquitin-like	 conjugation													

reaction)	 of	 the	 membrane	 of	 autophagosome	
(25).	Autophagosome-incorporated	LC3-II	protein	

expression	 induced	 by	 IR	 increased	 24	 h	 after	

irradiation	 compared	 to	 the	 control.	 Signi4icant	

change	 in	 LC3-II	 was	 detected	 following	 IR		

treatment	 in	 a	 dose-dependent	 manner.	 These	

results	 suggest	 that	 IR-induced	 autophagy																

results	 in	 radio-resistance	of	HepG2	cells	 under	

this	experimental	condition.	

	

Quercetin	reduced	the	viability	of	HepG2	cells	

Quercetin	(4igure	2A)	treatment	resulted	in	a	

concentration	 dependent	 inhibition	 of	 cell																	

viability	 in	 the	 HepG2	 cells.	 To	 investigate																

morphological	 changes,	 The	 HepG2	 cells	 were	

treated	with	 0,	 10	 and	100	 μM	of	 quercetin	 for	

48	 h	 (4igure	 2B).	 The	 results	 showed	 cell																

shrinkage	 with	 irregularities	 in	 shape	 and	 cells	

became	sharpened	in	a	dose-dependent	manner,	

which	 indicate	 the	 cytotoxicity	 of	 quercetin	 in	

HepG2	 cells.	 The	 effect	 of	 quercetin	 on	 the																	

viability	 of	 HepG2	 cells	were	 evaluated	 at	 24	 h	

and	48	h	incubation	time	in	quercetin-containing	
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medium	at	different	concentrations	 (10,	20,	40,	

80	and	100	μM).	 It	was	revealed	 that	quercetin	

reduced	 the	 HepG2	 cell’s	 viability,	 in	 a																						

concentration-dependent	manner.	 In	 particular,	

a	 maximum	 reduction	 in	 the	 cell	 viability	 was	

observed	 at	 48	 h	 post-treatment	 at	 a																														

concentration	of	100	μM	as	31	%	(4igure	2C).	

Jang et al. / Radiosensitizing effect of quercetin in HepG2  

Figure 1. The effect of IR on cell viability and autophagy in HepG2 cells. (A) Time course of cell viability in HepG2 cells a3er irradi-

a�on. HepG2 cells were incubated for an indicated �me a3er irradia�on. Cell viability was analyzed using EZ-CyTox cell viability 

assay kit, as described in “Materials and Methods”. Data represents the average results of three independent experiments 

(mean±SEM). Cell viability was expressed as mean percentage of the control (100%). (B) IR-induced autophagy in HepG2 cells. 

HepG2 cells were irradiated and incubated for 48 h. The level of LC3 protein was analyzed using western blot analysis, as described 

in “Materials and Methods”. The upper band is LC3-I and the lower band is LC3-II. 

Figure 2. The effect of querce�n on cell viability in HepG2 cells. (A) The chemical structure of querce�n. (B) Cells were incubated 

with querce�n (0, 10, 20, 40, 80 and 100 μM) for 24 h and 48 h. Cell viability of HepG2 cells a3er querce�n treatment was deter-

mined using an EZ-CyTox cell viability assay kit. Data represents the average results of three independent experiments 

(mean±SEM). Cell viability was expressed as mean percentage of the control (100%). (C) Morphological changes were observed in 

HepG2 cells treated with querce�n (0, 10 and 100 μM) for 48 h. 

Combined treatment of quercetin and IR reduced	

the	viability	of	HepG2	cells	

 To	 4ind	out	whether	 combined	 treatment	of	

quercetin	 and	 IR	 sensitizes	 the	 HepG2	 cells	 to	

apoptosis,	 cell	 morphology	 was	 examined	 and	

cell	 viability	 assay	 and	 DAPI	 staining	 were												

conducted.	Morphological	change	of	HepG2	cells	

were	 clearly	 shown	 after	 the	 combined																			

treatment	 of	 quercetin	 and	 IR.	 Cell	 rounding,	

shrinkage	 and	 irregularities	 in	 shape	 were	

shown,	which	indicates	the	increase	of	apoptosis	

of	 the	 quercetin-treated	 HepG2	 cells	 in	 a																				

concentration-dependent	 manner	 (4igure	 3A).	

Also,	co-treatment	of	quercetin	and	IR	decreased	

cell	 viability	 compared	 to	 cells	 treated	 with	

quercetin	 alone	 (4igure	3B).	As	 shown	 in	 4igure	

3C,	 nuclear	 condensation	 and	 fragmentation		

increased	 in	 co-treated	 cells	 compared	 to	 the	

control	cells.		
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Quercetin	 regulated	 the	 expressions	 of																	

pro-apoptotic	 proteins	 and	 increased																				

apoptosis	in	HepG2	cells	

 To	 4ind	 out	 whether	 the	 treatment	 of	 cells	

with	 combined	 treatment	 of	 quercetin	 and	 IR	

regulates	 pro-apoptotic	 proteins,	 the	 protein	

expression	levels	of	p53,	p21,	Bax,	Bcl-2,	cleaved	

caspase-3,	-7	and	LC3	were	detected	by	western	

blot	analysis.	It	was	observed	that	p53,	p21	and	

representative	 pro-apoptotic	 proteins	 (Bax,	

cleaved	 caspase-3	 and	 caspase-7)	 were																						

increased	after	combined	treatment	of	quercetin	

and	IR	(4igure	4A).	After	combined	treatment	of	

quercetin	 and	 IR,	 p53	 and	 its	 down-stream																			

proteins	were	increased	more	than	cells	treated	

with	 each	 treatment	 alone.	 Autophagosome-

incorporated	 LC3-II	 protein	 was	 reduced																		

following	 quercetin	 treatment,	 but	 the																									

conversion	 of	 LC3-I	 to	 LC3-II	 was	 shown	 after	

irradiation	with	10	Gy.	These	results	implied	IR	

induced	 autophagy	 in	 HepG2	 cells,	 which																				

resulted	in	radio-resistance.	In	order	to	evaluate	

whether	 quercetin	 and	 IR	 co-treatment	 induce	

apoptosis,	 cell	 cycle	 analysis	 using	 4low																		

cytometry	was	performed	(4igure	4B).	A	drastic	

increase	 in	Sub	G1	population	was	 shown	after	

combined	 treatments	 of	 quercetin	 and	 IR.	 The	

further	 examinations	 were	 conducted	 to																			

determine	 whether	 this	 radio-sensitizing	 effect	

of	 quercetin	 is	 associated	 with	 caspase-3																				

activation	 (4igure	4C).	The	 activity	of	 caspase-3	

was	increased	in	cells	exposed	to	quercetin	or	IR	

alone,	 and	 1.4	 fold	 increase	was	 detected	 after	

combined	treatments	of	quercetin	and	IR.	These	

results	suggest	that	quercetin	induces	apoptosis	

through	 the	 activation	 caspase-3	 activity.				

Therefore,	 quercetin	 can	 be	 function	 as	 a																						

radio-sensitizer	by	increasing	caspase-3	activity,	

which	 resulted	 in	 apoptotic	 cell	 death	 in	 the	

HepG2	cells.	
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A 

B 

Figure 3. The effect of combined treatment of querce�n and IR on cell viability in HepG2 cells. (A) HepG2 cells were exposed to 

different concentra�ons of querce�n with or without 10 Gy irradia�on. Cell viability was determined using an EZ-CyTox cell viability 

assay. Data represents the average results of three independent experiments (maen±SEM).. Cell viability was expressed as mean 

percentage of the control (100%). (B) Morphological changes of HepG2 cells with 10 Gy irradia�on a3er pre-treatment of querce�n 

(0, 10 and 100 μM). (C) Cells were incubated with querce�n (0 and 100 μM) for 48 h. The cells were then prepared for DAPI staining 

as described in “Materials and Methods”. 
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Quercetin	 regulated	 CAT	 and	 SOD	 activity	 in	

HepG2	cells	

To	 evaluate	 the	 effect	 of	 quercetin	 on	 the																

antioxidant	enzyme	activities	of	the	HepG2	cells,	

assays	 for	 CAT	 and	 SOD	 activity	 were																									

performed.	 Treatment	 of	 quercetin	 or	 IR	 alone	

decreased	 10%	 of	 CAT	 activity	 (Fig.	 5A).																			

However,	 CAT	 activity	 was	 more	 decreased	 to	

35	%	after	combined	treatment	of	quercetin	and	

IR.	 SOD	 activity	 showed	 similar	 pattern	 of																

decreased	 activity	 after	 co-treatment	 of																				

quercetin	and	IR	(4igure	5B).	

Jang et al. / Radiosensitizing effect of quercetin in HepG2  

235 Int. J. Radiat. Res., Vol. 15  No. 3, July 2017 

Figure 4. The effect of combined treatment of querce�n and IR on apoptosis in HepG2 cells. (A) HepG2 cells were exposed to 

querce�n (100 μM) for 48 h with or without irradia�on (10 Gy), and the protein expressions of p53, p21, Bax, Bcl-2, cleaved caspase

-3, cleaved caspase-7 and LC3 were determined by western bloEng. Forty micrograms of cellular extract per lane was separated on 

12% SDS-PAGE gel. Equal protein loading and protein transfer were confirmed with an�-β-ac�n an�body. (B) Cells were exposed to 

querce�n (100 μM) for 48 h with or without 10 Gy irradia�on. The cells were then harvested and prepared for PI staining as de-

scribed in “Materials and Methods”. Sub G1 popula�on was analyzed using flow cytometry and Sub G1 popula�on was counted as 

apopto�c cells. (C) The effect of the combined treatment of querce�n and IR on the caspase-3 ac�vity. HepG2 cells were irradiated 

with 10 Gy and treated with 100 μM querce�n for 48 h. Data represents the average results of three independent experiments 

(mean± SEM). 

Figure 5. The effect of combined treatment of querce�n and IR on catalase (CAT) and superoxide dismutase (SOD) aci�vity. (A) 

CAT ac�vity was analyzed using CAT assay kit. Changes of CAT levels in HepG2 cells were expressed as nmol/min/ml. (B) SOD ac�vi-

ty was analyzed using SOD assay kit. Changes of SOD levels in HepG2 cells were expressed as U/ml. Three independent experiments 

were performed in triplicates and mean ±SD has been ploKed. 
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DISCUSSION 

It	 was	 reported	 that	 quercetin	 inhibited																

cancer	growth	and	induced	apoptosis	 in	animal	

models	 (26).	Quercetin	 treatment	was	associated	

with	 the	 selective	 effect	 of	 antiproliferation	 on	

cancer	 cells	 and	 cell	 death	 induction,																												

predominantly	 through	 an	 apoptotic																					

mechanism,	 in	 cancer	 cell	 lines	 but	 not	 in																		

normal	cells	(27,	28).	The	present	study	focused	on	

the	 anticancer	 effects	 of	 quercetin,	 a	 candidate	

of	pharmacologically	active	component	found	in	

plants.	 Previous	 studies	 demonstrated	 the															

anticancer	properties	of	quercetin,	including	cell	

cycle	arrest,	apoptosis	and	necrosis	 in	a	variety	

of	 cancer	 cell	 lines	such	as	 leukemia	 (29),	 breast	

cancer	 (30),	 hepatoma	 (31),	 oral	 cancer	 (32),	 and	

colon	 cancer	 (33).	 Hepatocellular	 carcinoma	

(HCC)	 is	 the	 4ifth	 most	 frequent	 neoplasm	

worldwide	 (>500,000	death/year)	 (34).	 Practical	

limitations	 on	 radiotherapy	 to	 treat	 HCC	 lie	 in	

the	 inherent	 tumor	 radio-resistance	 and	 low		

radiation	 tolerance	 of	 the	 surrounding	 normal	

liver	(35).	

The	 previous	 studies	 have	 focused	 on													

autophagy	 since	 its	paradoxical	 role	 in	 survival	

and	 death	 of	 cells	 can	 play	 its	 role	 in	 cancer			

therapy	 when	 properly	 manipulated.	 In	 this	

study,	 radio-resistant	HepG2	cells	were	used	 to	

evaluate	 the	 role	 of	 autophagy	 in	 determining	

the	 cell’s	 fate.	The	 cell	 viability	was	not	 greatly	

affected	by	IR	as	radio-resistant	cells	underwent	

autophagy	 (4igure	 1A).	 IR-induced	 autophagy	

was	 con4irmed	 by	 the	 result	 of	 western	 blot	

analysis	 for	 LC3,	 the	 marker	 of	 autophagy,	

shown	 in	 4igure	 1B.	 Similar	 4indings	 were																			

reported	recently	by	Apel	et	al.	 (36)	and	Tseng	et	

al.	 (14),	 which	 showed	 that	 radiation-induced		

autophagy	contributed	to	the	radio-resistance	of	

carcinoma	 cells.	 Tseng’s	 study	 suggests	 that													

autophagy	 functions	 as	 a	 self-protective																		

mechanism,	 and	 its	 inhibition	 may	 be	 a														

promising	 strategy	 for	 tailored	 cancer	 treat-

ment.	 Also,	 the	 p53	 plays	 an	 important	 role	 in	

radio-resistance	 in	 HepG2	 cells	 through	 the														

induction	of	autophagy.	Thus,	the	present	study	

makes	 it	 possible	 to	 demonstrate	 the																												

applicability	of	quercetin	as	a	radio-sensitizer	in	

HepG2	cells.	

In	 this	 study,	 the	 cytotoxic	 effect	 by	 the															

treatment	of	quercetin	combined	with	IR	on	the	

HepG2	cells	was	assessed	by	the	MTT	assay.	As	a	

traditional	 method	 for	 discovering	 anticancer	

drugs,	 the	MTT	assay	can	be	used	 to	determine	

the	cytotoxic	effect	and	cell	viability	of	cell	lines	
(37).	While	treatment	with	quercetin	alone	up	to	

100	 μM	 reduced	 cell	 viability	 at	 24	 h	 or	 48	 h	

post-treatment	 (4igure	 2C),	 the	 combined															

treatment	 of	 quercetin	 and	 IR	 reduced	 cell															

viability	more	than	that	of	the	cells	treated	with	

quercetin	 alone	 (4igure	 3B).	 Morphological	

changes	 were	 observed	 in	 the	 HepG2	 cells														

treated	 with	 quercetin	 or	 simultaneously																

treated	with	quercetin	and	IR	for	48	h.	The	cells	

treated	with	100	μM	quercetin	alone	and	cells	co

-treated	with	100	μM	quercetin	 and	 IR	showed	

cell	shrinkage	and	irregularities	in	shape	(4igure	

2B	 and	 3A).	 In	 the	 result	 of	 DAPI	 staining,																

nuclear	 condensation	 and	 fragmentation											

increased	 in	 the	 co-treated	 cells	 compared	 to	

those	of	the	control	cells	(4igure	3C).	

Apoptosis	is	a	very	complex	process	which	is	

regulated	by	the	interplay	between	anti-	and	pro

-apoptotic	 pathways	 with	 alterations	 in	 the														

balance	 between	 different	 signaling	 processes.	

Exposure	 to	 cellular	 stresses	 can	 activate	 the	

p53	 tumor	 suppressor	 to	 induce	 cell	 growth		

arrest	or	apoptosis	(38).	The	p53	has	a	major	role	

in	 cellular	 response	 to	 DNA	 damaging	 factors	
(39).	 Initialization	 of	 DNA	 damage	 evolves	 the													

up-regulation	 of	 p53,	 which	 accelerates																					

apoptosis	(40).	The	expression	of	some	apoptotic	

proteins	assessed	by	western	blotting	 indicated	

a	signi4icant	increase	in	the	expression	of	p53	in	

the	 HepG2	 cells	 simultaneously	 treated	 with	

quercetin	and	 IR.	Also,	 the	combined	 treatment	

reduced	the	expression	 level	of	Bcl-2,	 increased	

the	expression	 level	of	Bax,	 activated	caspase-3	

and	caspase-7.	These	data	suggest	that	quercetin	

regulated	 the	 expression	 level	 of	 p53	 and																		

ultimately	led	to	apoptotic	cell	death	(4igure	4A).	

Investigations	 on	 autophagy	 related	 genes	

(ATG)	 show	 that	 ATG5,	 one	 of	 ATG	 family,																		

functions	as	a	switch	turning	the	process	of	cell	

death	 from	 autophagy	 to	 apoptosis	 (41,	42).	 As	

shown	 in	 our	 result	 (4igure	 4A),	 quercetin																

treatment,	irrespectively	of	combination	with	IR,	

increased	 pro-apoptotic	 proteins	 while	 IR				
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treatment	alone	resulted	 in	conversion	of	LC3-I	

to	LC3-II,	 indicating	the	autophagy	process.	The	

experimental	results	of	 this	study	are	 in	a	good	

agreement	with	another	report	which	quercetin	

may	 contribute	 to	 lymphoma	 prevention	 by	

downregulating	 PI3K-AKT1-p53	 pathway	 as	

well	 as	 by	 glycolytic	 metabolism	 (43).	 In	 this														

regard,	it	is	possible	for	quercetin	to	give	rise	to	

certain	 effects	 on	 autophagy	 related	 genes’	

switching	function.		

As	shown	in	4igure	4B	an	increase	 in	Sub	G1	

population	 was	 observed	 after	 the	 combined	

treatment	of	quercetin	with	IR.	Increased	p53	by	

the	combined	treatment	facilitated	apoptotic	cell	

death.	 Apoptotic	 cell	 death	 is	 activated	 by	 a															

family	of	caspases	which	lead	to	death	of	the	cell	
(44).	 Among	 them,	 caspase-3	 activity	 has	 been	

detected	 in	 apoptosis	 induced	 by	 a	 variety	 of	

apoptotic	 signals,	 including	 IR	 (45).	 It	 is																										

absolutely	 crucial	 for	 apoptosis	 induction,	 as	

this	 enzyme	 is	 not	 only	 activated	 downstreams	

of	 death	 pathway.	 It	 is	 also	 responsible	 for	 the	

cleavage	 of	 the	 majority	 of	 substrates	 (46).															

Treatment	 with	 quercetin	 combined	 with	 IR		

increased	 caspase-3	 activity	 coincidently	 with	

the	 increase	 of	 apoptotic	 Sub	 G1	 population	

(4igure	4C).	

Enzyme	 activities	 of	 CAT	 and	 SOD	 were																

decreased	 after	 the	 combined	 treatment	 of		

quercetin	 and	 IR	 (4igures	 5A	 and	 5B).	 Recent	

studies	indicate	that	he	p53	affects	ROS	levels	by	

regulating	 enzyme	 activities	 (18,	47,	48,	49).	 Moreo-

ver,	 apoptosis	 triggered	 by	 p53	 has	 been																				

reported	 to	 be	 dependent	 on	 the	 release	 of	

apoptotic	 factors	 resulting	 from	 mitochondrial	

damage,	and	on	an	 increase	of	ROS,	as	well	 (50).	

The	 results	 in	 this	 study	 assume	 that	 the																		

increased	 p53	 levels	 suppress	 antioxidant															

enzyme	 activity,	 and	 accordingly	 lead	 to	 cell	

death	by	increased	ROS	levels.	

Previous	studies	have	 identi4ied	 the	effect	of	

separate	treatment	of	quercetin	or	IR	on	tumor	

cells.	There	has	been	no	attempt	to	observe	the	

responses	 induced	 by	 the	 combined	 treatment	

of	 quercetin	 with	 IR.	 In	 this	 study,	 the																							

radio-resistant	 HepG2	 cells	 were	 used	 to	 4ind	

out	 the	 effect	 of	 quercetin,	 as	 a	 possible																					

radio-sensitizing	 agent.	 Quercetin	 made	 the														

radio-resistant	 HepG2	 cells	 undergo	 apoptosis	

by	 activating	 p53.	 Thus,	 increased	 p53	 and																

pro-apoptotic	 proteins	 reduced	 antioxidant																

enzyme	 activity	 to	 promote	 apoptosis.	 These	

results	 suggest	 that	 the	 combined	 treatment	 of	

quercetin	 with	 IR	 may	 provide	 an	 effective																	

therapeutic	 strategy	 for	 the	 treatment	 of	 HCC,	

which	are	often	resistant	to	radio-therapy. 

	

	

ACKNOWLEDGEMENTS 

 

This	research	was	carried	out	under	the	Crea-

tive	Research	Program	by	the	Ministry	of	Science,	

ICT	and	Future	Planning	(MSIP)	of	Korea.	
 

Con.licts	of	interest: Declared	none.	

 

 

REFERENCES 

 
1. Rodemann, HP (2009) Molecular radia�on biology: per-

spec�ves for radia�on oncology. Radia�on Oncology, 92: 

293-298. 

2. Roninson I, Broude EV, Chang BD (2001) If not apoptosis, 

then what? Treatment-induced senescence and mito�c 

catastrophe in tumor cells. Drug Resistance Updates, 4: 

303-313. 

3. Verheij M (2008) Clinical biomarkers and imaging for radi-

otherapy induced cells death. Cancer and Metastasis Re-

views, 27: 471-480. 

4. Verheij M and Bartelink H (2000) Radia�on-induced apop-

tosis. Cell and Tissue Research, 301: 133-142. 

5. Burz C, Berindan-Neagoe I, Balacescu O, Irimie A (2009) 

Apoptosis in cancer: key molecular signaling pathways and 

therapy targets. Acta Oncologica, 488: 11-21. 

6. Schultz DR and Harrington Jr. WJ (2003) Apoptosis: pro-

grammed cell death at a molecular level. Seminars in Ar-

thri�s and Rheuma�sm, 32: 345-369. 

7. Paglin S, Hollister T, Delohery T, HackeK N, McMahill M, 

Sphicas E, Domingo D, Yahalom J (2001) A novel response 

of cancer cells to radia�on involves autophagy and for-

ma�on of acidic vesicles. Cancer Research, 61: 439-444. 

8. Levin B and Yuan J (2005) Autophagy in cell death: an in-

nocent convict? Journal of Clinical Inves�ga�on, 115: 2679

-2688. 

9. Mor�more G and Poso AR (1988) Amino acid control of 

intracellular protein degrada�on. Methods Enzymology, 

166: 461-476. 

10. Kelekar A (2005) Autophagy. Annals of the New York Acad-

emy of Sciences, 1066: 259-271. 

11. Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T, 

Thompson CB (2005) Growth factor regula�on of autopha-

gy and cell survival in the absence of apoptosis. Cell, 120: 

 [
 D

O
I:

 1
0.

18
86

9/
ac

ad
pu

b.
ijr

r.
15

.3
.2

29
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
rr

.c
om

 o
n 

20
25

-0
7-

06
 ]

 

                             9 / 12

http://dx.doi.org/10.18869/acadpub.ijrr.15.3.229
http://ijrr.com/article-1-2053-en.html


237-248. 

12. Chen N and Karantza V (2011) Autophagy as a therapeu�c 

target in cancer. Cancer Biological Therapy, 11: 157-168. 

13. Alı´a M, Ramos S, Mateos R, Bravo L, Goya L (2005) Re-

sponse of the an�oxidant defense system to t-Butyl hy-

droperoxide and hydrogen peroxide in a human hepatoma 

cell line (HepG2). Journal of Biochemical and Molecular 

Toxicology, 19: 119-128. 

14. Tseng HC, Liu WS, Tyan YS, Chiang HC, Kuo WH, Chou FP 

(2011) Sensi�zing effect of 3-methyladenine on radia�on-

induced cytotoxicity in radio-resistant HepG2 cells in vitro 

and in tumor xenogra3s. Chemico-Biological Interac�ons, 

192: 201-208. 

15. Murakami A, Ashida H, Terao J (2008) Mul�targeted can-

cer preven�on by querce�n. Cancer Le6er, 269: 315-325. 

16. Braganhol E, Zamin LL, Canedo AD, Horn F, Tamajusuku 

AS, Wink, MR, Salbego C, BaKas�ni AM (2006) An�prolif-

era�ve effect of querce�n in the human U138MG glioma 

cell line. An�cancer Drugs, 17: 663-671. 

17. Conklin CM, Bechberger JF, Macfabe D, Guthrie N, Kurow-

ska EM, Knaus CC (2007) Genistein and querce�n increase 

connexion 43 and suppress growth of breast cancer cells. 

Journal of Carcinogenesis, 28(1): 93-100. 

18. Liu G and Chen X (2002) The ferredoxin reductase gene is 

regulated by the p53 family and sensi�zes cells to oxida-

�ve stress-induced apoptosis. Oncogenesis, 21: 7195-

7204. 

19. Shan BE, Wang MX, Li RQ (2009) Querce�n inhibits human 

SW480 colon cancer growth in associa�on with inhibi�on 

of cyclin D(1) and surviving expression through Wnt/beta-

catenin signaling pathway. Cancer Inves�ga�on, 27: 604-

612. 

20. Csokay B, Prajda N, Weber G, Olah E (1997) Molecular 

mechanisms in the an�prolifera�ve ac�on of querce�n. 

Life Sciences, 60: 2157-2463. 

21. Aghdassi A, Phillips P, Dudeja V, Dhaulakhandi D, Sharif R, 

Dawra R, Lerch MM, Saluja A (2007) Heat shock protein 7 

increases tumorigenicity and inhibits apoptosis in pancre-

a�c adenocarcinoma. Cancer Research, 67: 616-625. 

22. Lee TJ, Kim OH, Kim YH, Lim JH, Kim S, Park JW, Kwon TK 

(2006) Querce�n arrests G2/M phase and induces caspase

-dependent cell death in U937 cells. Cancer Le6er, 240: 

234-242. 

23. Kim JK, Roh C, Kang MY (2013) γ-H2AX-based dose es�ma-

�on for radia�on exposure in MCF-7 cells. IAEA-CRP Re-

port 17075-R1.  

24. Bradford MM (1976) Rapid and sensi�ve method for the 

quan�fica�on of microgram quan��es of protein u�lizing 

the principle of protein-dye binding. Analy�cal Biochemis-

try, 72: 248-254. 

25. Klionsky DJ, Abeliovich H, Agos�nis P, Agrawal DK, Aliev G, 

Askew DS, Baba M, Baehrecke EH, Bahr BA, Ballabio A, et 

al. (2008) Guidelines for the use and interpreta�on of as-

says for monitoring autophagy in higher eukaryotes. Au-

tophagy, 4: 151-175. 

26. Mouria M, Gukovskaya AS, Jung Y, Buechler P, Hines OJ, 

Reber HA, Pandol SJ (2002) Food-derived polyphenols 

inhibit pancrea�c cancer growth through mitochondrial 

cytochrome c release and apoptosis. Interna�onal Journal 

of Cancer, 98: 761-769. 

27. Nair H, Rao K, Aalinkeel R, Mahajan S, Chawda R, Schwartz 

S (2004) Inhibi�on of prostate cancer cell conlony for-

ma�on by the flavonoid querce�n correlates with modula-

�on of specific regulatory genes. Clinical and Diagnos�c 

Laboratory Immunology, 11: 63-69. 

28. Chowdhury SA, Kishino K, Satoh R, Hashimoto K, Kikuchi H, 

Nishikawa H, Shirataki Y, Sakagami H (2005) Tumor-

specificity and apoptosis-inducing ac�vity of s�lbenes and 

flavonoids. An�cancer Research, 25: 2055-2063. 

29. Shen SC, Chen YC, Hsu FL, Lee WR (2003) Differen�al 

apoptosis-inducing effect of querce�n and its glycosides in 

human promyeloleukemic HL-60 cells by alterna�ve ac�-

va�on of the caspase 3 cascade. Journal of Cellular Bio-

chemistry, 89: 1044-1055. 

30. Singhal RL, Yeh YA, Praja N, Olah E, Sledge GW, Jr. Weber 

G (1995) Querce�n down-regulates signal transduc�on in 

human breast carcinoma cells. Biochemical and Biophysi-

cal Research Communica�ons, 208: 425-431. 

31. Chi YS, Jong HG, Son KH, Chang HW, Kang SS, Kim HP 

(2001) Effects of naturally occurring prenylated flavonoids 

on enzymes metabolizing arachidonic acid: cyclooxygenas-

es and lipoxygenases. Biochemical Pharmacology, 62: 1185

-1191. 

32. Ong CS, Tran E, Nguyen TT (2004) Querce�n-induced 

growth inhibi�on and cell death in nasopharyngeal carci-

noma cells are associated with increase in Bad and hypo-

phosphorylated re�noblastoma expressions. Oncology 

Reports, 11: 727-733. 

33. Van Erk MJ, Roepman P, Van der Lende TR (2005) Integrat-

ed assessment by mul�ple gene expression analysis of 

querce�n bioac�vity on an�cancer-related mechanisms in 

colon cancer cells in-vitro. European Journal of Nutri�on, 

44: 143-156. 

34. Bruix J, Boix L, Sala M, Llovet JM (2004) Focus on hepato-

cellular carcinoma. Cancer Cell, 5: 215-219. 

35. Fuss M, Salter BJ, Herman TS, Thomas Jr. CR (2004) Exter-

nal beam radia�on therapy for hepatocellular carcinoma: 

poten�al of intensity-modulated andimage-guided radia-

�on therapy. Gastroenterology, 127: 206-217. 

36. Apel A, Herr I, Schwarz H, Rodemann HP, Mayer A (2008) 

Blocked Autophagy Sensi�zes Resistant Carcinoma Cells to 

Radia�on Therapy. Cancer Research, 68: 1485-1494. 

37. Sugantha PE, Selvakumar K, Bavithra S, Elumalai P, 

Arunkumar R, Raja Singh P, Brindha Mercy A, Arunakaran J 

(2014) An�-cancer ac�vity of querce�n in neuroblastoma: 

an in-vitro approach. Neurological Sciences, 35: 163-170. 

38. Grudzenski S, Raths A, Conrad S, Rube CE, Lobrich M 

(2010) Inducible response required for repair of low-dose 

radia�on damage in human fibroblasts. Proceedings of the 

Na�onal Academy of Sciences, 107: 14205-14210. 

39. Vousden KH and Lane DP (2007) p53 in health and disease. 

Nature Reviews Molecular Cell Biology, 8: 275-283. 

40. Jee YH, Jeong WI, Kim TH, Hwang IS, Ahn MJ, Joo HG 

(2005) p53 and cell-cycle-regulated protein expression in 

238 Int. J. Radiat. Res., Vol. 15  No. 3, July 2017 

Jang et al. / Radiosensitizing effect of quercetin in HepG2  

 [
 D

O
I:

 1
0.

18
86

9/
ac

ad
pu

b.
ijr

r.
15

.3
.2

29
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
rr

.c
om

 o
n 

20
25

-0
7-

06
 ]

 

                            10 / 12

http://dx.doi.org/10.18869/acadpub.ijrr.15.3.229
http://ijrr.com/article-1-2053-en.html


Jang et al. / Radiosensitizing effect of quercetin in HepG2  

239 Int. J. Radiat. Res., Vol. 15  No. 3, July 2017 

small intes�nal cells a3er fast neutron irradia�on in mice. 

Molecular and Cellular Biochemistry, 270: 21-28. 

41. Cho DH, Jo YK, Hwang JJ, Lee YM, Roh SA (2009) Caspase-

mediated cleavage of ATG6/Beclin-1 links apoptosis to 

autophagy in HeLa cells. Cancer Le6ers, 274: 85-100. 

42. Yousefi S, Perezzo R, Schmid I, Ziemiecki A, Schaffner T, 

Scapozza I, Brunner T, Simon HU (2006) Calpain-mediated 

cleavage of Atg5 switches autophagy to apoptosis. Nat Cell 

Biol, 8: 1124-1132. 

43. Maurya AK and Vinayak M (2015) Querce�n regresses 

Dalton’s lymphoma growth via suppression of PI3K/AKT 

signaling leading to upregula�on of p53 and decrease in 

energy metabolism. Nutri�on and Cancer, 67: 354-363. 

44. Shao Y, Gao Z, Marks PA, Jiang X (2004) Apopto�c and 

autophagic cell death induced by histone deacetylase in-

hibitors. Proceedings of the Na�onal Academy of Sciences, 

52: 18030-18035. 

45. Yang XH, Sladek TL, Liu X, Butler BR, Froelich CJ, Thor AD 

(2001) Recons�tu�on of caspase 3 sensi�zes MCF-7 breast 

cancer cells to doxorubicin- and etoposide-induced apop-

tosis. Cancer Research, 61: 348-354. 

46. Kagawa S, Gu J, Honda T, McDonnell TJ, Swisher SG, Roth 

JA, Fang B (2001) Deficiency of caspase-3 in MCF7 cells 

blocks Bax-mediated nuclear fragmenta�on but not cell 

death. Clinical Cancer Research, 5: 1474-1480. 

47. Macip S, Igarashi M, Berggren P, Yu J, Lee SW, Aaronson 

SA (2003) Influence of induced reac�ve oxygen species in 

p53-mediated cell fate decisions. Molecular and Cellular 

Biochemistry, 23: 8576-8585. 

48. Zhao YF, Chaiswing L, Velez JM, Ba�nic-Haberle I, Colburn 

NH, Oberley TD, St Clair DK (2005) p53 transloca�on to 

mitochondria precedes its nuclear transloca�on and tar-

gets mitochondrial oxida�ve defense protein manganese 

superoxide dismutase. Cancer Research, 65: 3745-3750. 

49. Beyza V, Giuseppe P, Huveyda B (2012) Tumor suppressor 

genes and ROS: complex networks of interac�on. Free 

Radical Biology and Medicine, 52: 7-18. 

50. Polyak K, Xia Y, Zweier JL, Kinzler KW, Vogelstein B (1997) 

A model for p53-induced apoptosis. Nature, 389: 300-305. 

 [
 D

O
I:

 1
0.

18
86

9/
ac

ad
pu

b.
ijr

r.
15

.3
.2

29
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
rr

.c
om

 o
n 

20
25

-0
7-

06
 ]

 

                            11 / 12

http://dx.doi.org/10.18869/acadpub.ijrr.15.3.229
http://ijrr.com/article-1-2053-en.html


 [
 D

O
I:

 1
0.

18
86

9/
ac

ad
pu

b.
ijr

r.
15

.3
.2

29
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
rr

.c
om

 o
n 

20
25

-0
7-

06
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            12 / 12

http://dx.doi.org/10.18869/acadpub.ijrr.15.3.229
http://ijrr.com/article-1-2053-en.html
http://www.tcpdf.org

