J Korean Soc Food Sci Nutr gk 2] o oF )53 A
44(6), 816 ~822(2015) http://dx.doi.org/10.3746/jkfn.2015.44.6.816

20 ZALE Apigenin2] H1975 QIA| H|AHI M| Z0|A{2] Apoptosis 7 &1}

1 1.3 2 1.3 =41.3
SpRfi’ - ol L 2RI . AR . ey
SFUKHTH HEUANHTL Y Dot pE
“ZHostistm o njyst
RSP | EHB AN ST SANSIIVL S8 W HYTst

Induction of Apoptosis by Gamma-Irradiated Apigenin in
H1975 Human Non-Small Lung Cells
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ABSTRACT The objective of this study was to evaluate the anticancer effects of gamma-irradiated apigenin against
various human cancer cells. Structural changes were analyzed by high pressure liquid chromatography. Gamma-irradiated
apigenin showed a new peak distinguished from the main peak of apigenin (non-irradiated). Cytotoxic effects in human
normal cells (HS68) were not observed upon gamma-irradiated and non-irradiated apigenin treatment. However, gam-
ma-irradiated apigenin treatment significantly increased cytotoxicity against non-small lung cancer cells. For apoptosis
induction activity tested by Annexin V/PI staining, gamma-irradiated apigenin showed a stronger effect than non-irradi-
ated apigenin, and the level of reactive oxygen species was apparently elevated by gamma-irradiated apigenin treatment.
These results suggest that gamma irradiation could be an effective method for development of a new physiological
compound from an original compound by inducing structural changes.
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2% apigenin(Sigma-Aldrich Co., St.
Louis, MO, USA)2 <%= 99.9% ©]4S Fulste] A3
thH(Fig. 1).

Alge] #Arpd 2AHE A9 11.1 pBq, Co-60 591d2
Z AMgehe kA ZARAA(IR-221 gamma irradiator,
MDS Nordion, Ottawa, Canada)2 ©]-&3}o] 4-2(20+2°C)
oA Az 10 kGyol AFER HAMSIS o] 247}
30, 50 ¥ 100 kGy7t ¥]%=% stolon S gle W
Ak Mg A (Ceric-Cerous Dosimeter, Bruker Instru-
ments, Rheinstetten, Germany)E Ab&3le] & S5
A5 A4EeATE Dosimeter Al&~EL A Y= 7]
(IAEA)9] Aol £8&3t ZEshs & A&t en, &
TR QA= £5% olvisith

Apigenin2| HPLC 24X

Fuk AL apigenin®] & Wslol] #ato] A1517]
23sle] HPLC system< ©]-&3}3it}. AH-8-3F HPLC(Alliance
HPLC system, Mo. 2690, Milford, MA, USA) &X¢] DAD
(Diode Array Detector)E& AFE3F o, 72 Agilent
Eclipse XDB-C18(4.6 mm><150 mm, 5 pM)& A}-&-3}91
t}. o] 542 A B=methanol : 0.1% formic acid& A}-&3}

OH

OH O

Fig. 1. Molecular structure of apigenin.

o, 25 35°CE FAIg AHolA f<4 0.8 mL/min
o2 3t olFA fulEE MeOH(100%)N14 0.1%
formic acid(100%)2] A o2 4587 M3lA|A X319
=3

Apigenin2| HMME =4 U AM=Z =M T}t

vk AR apigenin®] GAIET B ThFSE ShAIE
Fol gk A3 54 BQ1E] flete] AAMETEE
Al AFSEAEHSER)E, SHMEFEE I HTHP-
1), A7&ESW 480R), (MDA MB 231), $1¢HAGS),
24 HCT 116+ (p55 wild type and p53 mutant)] 2
#HHPC 9 and H1975) MEFE =425 (KCLB,
Seoul, Korea) 22 -5 EYgrtol A g 2183515t} HS
68 AlZ+ 100 unit/mL2] penicillin—streptomycin(Gibco,
Gaithersburg, MD, USA) &4 A¢} 10% fetal bovine se-
rum(FBS, Hyclone, Logan, UT, USA)°e] i3 RPMI
1640, DMEM(Gibco)& AF&-3te] 37°C, 5% COq incubator
ol Al wFstHA AbEatith A H 6% SAEF] A
£ 10% FBS, 1% antibiotic(100 unit/mL penicillin, 100
png/mL streptomycin)< 3 7}3F RPMI 1640 =+ DMEM
WA & o]838}e 37°C, 5% CO; incubatoroll A 13}
th Al 548 71sh] fate] AT B vheder 23
7199 M EFZS 96-well plate(Corning Inc., Lowell,
MA, USA)ell 2x10" cell/mL7} ¥ %5 90 ulLy 33}
AAZE S 9k 8] FAAIZ § 50 kGy ZAHE apigenins:
Zyzk 125, 25, 50 ¥ 100 pg/mLe] s==2 A& slo] 37°C,
5% COz incubatorol| Al 24A]7F &<t v k3 T} Al H5A4]
< RIStk AE 5749 g2l Carmichael 5(19)9]
WS S85te] AT e QAT W A
= wl e F 2+ welloll 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT, Sigma-Aldrich Co.) A]2F5 mg/mL)& 30 uL® ¥
L 2A1%F 5<F COy incubatoroll A WF-g-A| 7] 2L vl A5
= AASATE MTT A2kl A7l ¢s) 3/d¥ formazan
o] mol7] $&te] 2zt wellol dimethyl sulfoxide(DMSO,
Sigma-Aldrich Co.) 100 pLE #7}8}aL 30% ¥ 517 nm

A FHE=E FASI

o]

Annexin V/P| O|SEMZ E5t sizto| 2Hat

H) A8 9F A E H1975(2x10° cells/wel)E 96 well cell
culture plate®] 53t 24A13F 5k kA A7 § 50
kGy® WA ZAE apigening 25 2 50 yM A 2] 3}o]
24X 7F =t vkttt CellS trypsin-EDTA A &8}
conical tubedl] E-& % FACSE PBS® F+ W washing 3}
T PAEE etk A E pelletS 1Xbinding buffers
o] &3] Zol& F annexin V-FITCS} PI AJofo & 2L 9
Aol A 1587t staining &3l 838 T3St
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HAME LY EMAAZ(ROS, reactive oxygen species)
£d

H| A& A 2 (H1975) W &4 4kA%F-2 2,7 -dichloro-
fluorescin diacetate(DCFH-DA) assay® 573} tH20).
DCFH-DA(Sigma-Aldrich Co.)& AX Wl &4 2k49}
$-3}o] & 33E 2 (dichlorofluorescein, DCF)& &0
Ao m o] Aok Ao A gste] R st= FFE
stoz ME U SHMNALATES SHE F AT AEE
96 well plated] 2x10" cell/mLe] FEZ EF3l0] 24A7F
v kskal PBSE 33] A& 3% o}, 20 uM DCFH-DAE 2t
wellell &3}o] 37°C, 5% CO; incubatorell 4] 1A]3F vl %
3 5 AT oS AASka PBSE 33 A& 3 3 50 uM Ha0,
£ AHglste] A17kE DCF fluorescences =333t}
Controli2 apigenin ™4l PBSE A g5l om, A8+
50 kGy® HAMA ZARE apigening 22z 25 % 50 uM
A stal 2, 4, 6217kl 27 ROS A 55 d23ksich

e =z

o rr
(A

N

SH A2
o Bt e Ana
dojz A= Statistical
Package for Social Science(Ver. 18.0, SPSS Inc., Chi-
cago, IL, USA)E o]83}] one way ANOVA test® #4
o, A8 7o) §24 L Student's two tailed t-test
2 /X0.05 Fell A vlaskeict,
Zut & nFE
ZopM =ALEl apigenin®| X H3}

ek Aol mhE apigenin®] T& BlskE gR1EH7] ¢
3lo] kA 2AFE(30, 50, 100 kGy) apigenin¥} H] ZA}
H(0 kGy) apigenin® HPLC peakZ H]ud}le] Fig. 2]
e it Apigeninoll didt # A A 0pg-S A9y 9
34 200 nmoll 4] 400 nm7}A] HPLC-DADZ 2 713%F A3}
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Fig. 2. HPLC chromatogram of UV spectrum, apigenin was de-
tected by Agilent Eclipse XDB-C18 (4.6 mmX 150 mm, 5 uM)
and the mobile phase consisted of 0.1% formic acid water. The
flow rate was 1 mL/min and the detection wavelength was set
at 200 to 340 nm.

PR Rt DA
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280 nm7F Ho Fad o glE ol ol HH EAu
o7 Mesdth(Fig. 2). U ZAME(0 kGy) apigenin®] 7
% @4 main peakE &<1& 4 2o apigenin®] =7}
Aol ALgE 7o 4ds Aoz FekE Y thFig. 3). 30
kGy ZvhA ZAFES] A9 radiolysis peakE©] #1920
©1} 100 kGy AZ o2 ZAke AT 45 7rbd 24}
of o& & 5] peakE T 4= AUt v
50 kGy Ago 2 FZALE apigenin®] 4§ 7wk FAb
ol&l 3719 M EE peakEol AFHE AES & F AATH
ol vk 24kl oJ@l apigenin®] Tx(Fig. 1) & ©]
AFS 2r3 = 9] ¢ 3o methylZh X3 Ao
A E 9o, H-NMR % C-NMR& &3 as 2

P Aoz Al o]# gt A3 Sung &
(2De] ATrellA] ofo] AZ et 3H5tE T s}l genistein
of ZuA (50, 100, 150 kGy)& ZAFsH] radiolytic peak
& g% A+ Ao} vieg AEE Bl =gk 7vpd
ZAH4 genistein®] radiolysis 3}3E-& W8 ste] ats}
s e A v AT vE] E2 84S B
o= A7 Bad vk ok (22). whEbA] apigenindll kA
S ZARSE A9 vkl AR o)A 0= apigenind]
main peak’} A AFAHA A 28 radiolytic peak”}

\

moHe HUofy

— [Apigenin main peak]\ 0 kay
- ”" 30 kGy
=] g & g A
F — 2 A e = = =
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oo [Apigenin radiolysis peaks]
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Fig. 3. Chemical structure of apigenin used in the study. Struc-
tural analysis of gamma-irradiated and non-irradiated apigenin.
Apigenin was gamma-irradiated at the doses of 0 kGy, 30 kGy,
50 kGy, and 100 kGy, respectively, and structural change was
detected by HPLC gamma-irradiated apigenin was detected by
Agilent Eclipse XDB-C18 (4.6 mm X150 mm, 5 uM) and the mo-
bile phase consisted of 0.1% formic acid water. The flow rate
was 1 mL/min and the detection wavelength was set at 280 nm.
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Fig. 4. Cytotoxic effects of non-irradiated apigenin (A) and irra-
diated apigenin (IA) in methanol on the proliferation of human
skin-derived primary fibroblast cell. HS68 cells were treated
with non-irradiated (12.5, 25, 50, and 100 uM) and irradiated
apigenin (12.5, 25, 50, and 100 uM) for 24 h, and the cell via-
bility was determined by MTT assay as described in Methods.
Significant differences between control and gamma-irradiated
apigenin groups were evaluated by unpaired Student's t-test. n.s.
denotes no significance.
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(Fig. )7 oheFgh ohAl o] gk 545 7F 2¥& Fig. 59
eI HS68 AZA o] fhebid AR 9 vl 2ARE
apigenin< Z}7ZF 12.5, 25, 50, 100 pM =2 g3 &
MTT assays &3ate] A 5706l #ste] Frbet A3 2E
AF A Fo A AE H54d0] YERA] eroktt. whebA
b 2AF B v AR apigenin®] A2l AAdA el o
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3 20 3 20 Fig. 5. Cytotoxic effects of non-irradiated
% . . o AL . apigenin (A) and irradiated apigenin (IA) in
: 2 2P SO HM O 12 90 DS ,0° 9° ®  uM methanol on the proliferation of various hu-
G vgf: = 2SS u QT (P BN RO ¢ P
s ¥, Al o ¥ A A man carcinoma cells such as THP-1, SW
0 kGy 50 kGy) 0 kGy 50 kGy) 408R, MDA MB 231, AGS, HCT 116+ (wild
120 [PC9] 120 [H1975] type), AGS HCT 116+ (mutant typfe), PC9
100 = 100 and H1975. All cells were treated with non-
=2 80 S el @ L AT AT AT irradiated (12.5, 25, 50, and 100 uM) and
g’ 60 % 60 irradiated apigenin (12.5, 25, 50, and 100
S 40 £ 40 - UM) for 24 h, and the cell viability was de-
> 20 3 20 termined by MTT assay as described in Me-
S ° % thods. The results are expressed as meant
* P 9 P02 5 SO UM S P o S b 99 S O HM SEM (n=3). "P<0.05 vs control by unpaired
&‘o N ?‘3' vg_, A K V'} \?f; O H (\“ AV vg, vf) o \v'j. R . . y P
< ¥ e v Ty < ¥ Ad Student's t-test.
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ZiotM EALEl apigenin®| apoptosis S&E 2HE
Fubad ZAbel o3 fri=¥l apigenin $heEo] #HH(H
1975) M E A apoptosisE FEF=XZS LolR 7] 93]
25, 50 uM A28t 24A17F F Annexin V/PI 418 53
apoptosis @& A= Fig. 69 YRR ebA #EE
9 A2 g o Aol FU3HAl Annexin V/PT G4
Zmb ZAE apigenin A ] ol A apoptosise] WE S

AT % Ak F AZARS FAE Aol At

A4 A4

Cubg

iy

Annexin V Pl

Annexin VIPI

0 kGy

50 kGy

Fig. 6. Visualizing confocal microscopy test of apoptosis in the
non-small cell lung carcinoma (H1975) cell. Untreated (U), non-
irradiated apigenin (A), irradiated apigenin (IA). H1975 cells
were treated with non-irradiated (25 and 50 uM) and irradiated
apigenin (25 and 50 uM) for 24 h, and the Annexin V/PI was
determined by visualizing confocal microscopy test as described
in Methods.

d apoptosisdl] 213t AYE = A4 Annexin V/PI &

S okl 7Hed s gjlskal o, vkl AL apige-

nin A7} 23t H 2EY2E Fie SAIE 2] apoptosis

£ T 7= Aol gk 7 A7 28 Ao R wust
3]

to] & of apigenin & 3H3E

N
=]
x
P

AI-El_l apigeningl i}gAfi% AHA] .Tll_|-7_<|'
ZupA Al 98] X% apigenin 3}EEo] HA(H
ST A a2 o

7 ZAE apigenine 25, 50 pM A &
A zF Zol FA7 & ROS 2 52 <l
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“ Fig. 7. Effects of non-irradiated apigenin
1A 50uM i i i i i
gen species in the non-small cell lung
carcinoma (H1975) cell. Non-irradiated
apigenin (A), irradiated apigenin (IA).
H1975 cells were treated with non-irradi-

and irradiated apigenin on reactive oxy-

ated (25 and 50 uM) and irradiated api-
genin (25 and 50 uM) for 2, 4, and 6 h,
and the reactive oxygen species (ROS)
was determined by 2',7'-dichlorofluorescin
diacetate (DCFH-DA) assay as described
in Methods.

skttt Fheba wjzARE A TRe] A9 25 pMel A= Azt
o #HAIRLe] ROS L& o] Hm|3gl o1t 50 uMell A= 64
¥ ROS AAZE #EE Ak vk 7vbd 2AME
AT A9 4, 6AIE T F& oFEA o Z ROSVF HE
= A2 2 YElY apigenin = 33HE0] H G A 0
o G S vl A o® AR AT ROSE super-

=

oxideZ H|&3}o] hydrogen peroxide, hydroxyl radical,
oA AbstE & X Ao R Fhte] o Hak
E 7B R hgAo] vl A3 BT sER deA
ATH25). B3 YutE o 7 ROSE AAA o] £A4-8 F4
Tk oA 3 Yol A+ apoptosis signaling kinase 1(ASK1)/
mitogen—activated protein kinase(MAPK) A HAZE &
3l 27] apoptosisE FZ8HE o2 d4#H A UTH26).
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A AEE i 3 AAE
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FA| 32l 2] 2 3

jaied

Apigenine 50 kGyE ZAE A9 & 315Eo] AAES
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2 AR AEHEHSER) et 548 Hrksk A3 540
= Fo R Yepwt) vhdet Sl 3k &8 Aot
A #HH1975) M EF2] A vh2 A Eo| vls] a3
7F =2 Ao2 YET Annexin V/PI 948 F3 7}
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10.

REFERENCES

. Kim EY, Kim AK. 2011. Enhancement of TRAIL-induced

apoptosis in human hepatocellular carcinoma cells by apige-
nin. Yakhak Hoeji 55: 49-55.

. National Cancer Information Center. 2013. Cancer inci-

dence rate. http://www.cancer.go.kr/mbs/cancer/subview.jsp?id
=cancer_040101000000 (accessed Sep 2014).

. Statistics Korea. 2014. Causes of death statistics in Korea,

2012. http://www.index.go.kr/potal/main/EachDtIPageDetail.
do?idx_cd=2770 (accessed Feb 2015).

. Kim SS. 1998. A study on the related factors of Korean can-

cer-outbreaks. J Korean Soc Health Statistics 23: 1-16.

. Mclntire SN, Cioppa AL. 1984. Cancer nursing: A devel-

opmental approach. Wiley, New York, NY, USA. p 557-
571.

. Kiihnau J. 1976. The flavonoids. A class of semi-essential

food components: Their role in human nutrition. World Rev
Nutr Diet 24: 117-191.

. Rhim TJ, Choi MY. 2011. The antioxidative effects of Rho-

dodendron brachycarpum extracts. Korean J Plant Res 24:
456-460.

. Yoon JA, Hahm SW, Park J, Son YS. 2009. Total polyphenol

and flavonoid of fruit extract of Opuntia humifusa and its
inhibitory effect on the growth of MCF-7 human breast can-
cer cells. J Korean Soc Food Sci Nutr 38: 1679-1684.

. Peterson J, Dwyer J. 1998. Flavonoids: Dietary occurrence

and biochemical activity. Nutr Res 18: 1995-2018.
Li RR, Pang LL, Du Q, Shi Y, Dai WJ, Yin KS. 2010.



822

11.

12.

13.

14.

15.

16.

17.

18.

uhA) - ol

Apigenin inhibits allergen-induced airway inflammation and
switches immune response in a murine model of asthma.
Immunopharmacol Immunotoxicol 32: 364-370.

Shukla S, Gupta S. 2010. Apigenin: A promising molecule
for cancer prevention. Pharm Res 27: 962-978.

Long X, Fan M, Bigsby RM, Nephew KP. 2008. Apigenin
inhibits antiestrogen-resistant breast cancer cell growth
through estrogen receptor-o. dependent and estrogen receptor-
a-independent mechanisms. Mol Cancer Ther 7: 2096-2108.
Byun EH, Kim JH, Sung NY, Choi JI, Lim ST, Kim KH,
Yook HS, Byun MW, Lee JW. 2008. Effects of gamma
irradiation on the physical and structural properties of f-
glucan. Radiat Phys Chem 77: 781-786.

Kim JK, Sung NY, Srinivasan P, Choi JI, Kim SK, Oh JM,
Kim JH, Song BS, Park HJ, Byun MW, Lee JW. 2008. Effect
of gamma irradiated hyaluronic acid on acetaminophen in-
duced acute hepatotoxicity. Chem Biol Interact 172: 141-
153.

Ananthaswamy HN, Vakil UK, Sreenivasan A. 1970. Effect
of gamma radiation on wheat starch and its components.
J Food Sci 35: 795-798.

Charlesby A. 1981. Crosslinking and degradation of poly-
mers. Radiat Phys Chem 18: 59-66.

Byun MW, Seo JH, Kim JH, Kim MB, Oh NS, Lee JW.
2004. The comparison of a conformational alteration of
ovalbumin irradiated with radiation of gamma and electron
beam. J Korean Soc Food Sci Nutr 33: 1169-1174.

Lee JW, Kim JH, Sung CK, Kang KO, Shin MG, Byun
MW. 2000. The changes of allergenic and antigenic proper-
ties of major allergen (Pen a 1) of brown shrimp (Penaeus
aztecus) by gamma irradiation. Korean J Food Sci Technol
32: 822-827.

A7 A4

19.

20.

21.

22.

23.

24.

25.

26.

Cubg

Carmichael J, DeGraff WG, Gazdar AF, Minna JD, Mitchell
JB. 1987. Evaluation of a tetrazolium-based semiautomated
colorimetric assay: Assessment of chemosensitivity testing.
Cancer Res 47: 936-942.

LeBel CP, Ischiropoulos H, Bondy SC. 1992. Evaluation of
the probe 2',7'-dichlorofluorescin as an indicator of reactive
oxygen species formation and oxidative stress. Chem Res
Toxicol 5: 227-231.

Sung NY, Byun EB, Song DS, Jin YB, Park JN, Kim JK,
Park JH, Song BS, Park SH, Lee JW, Kim JH. 2014. Anti-
inflammatory action of y-irradiated genistein in murine peri-
toneal macrophage. Radiat Phys Chem 105: 17-21.

Jung HJ, Park HR, Jung U, Jo SK. 2009. Radiolysis study
of genistein in methanolic solution. Radiat Phys Chem 78:
386-393.

Wang C, Kuzer MS. 1997. Phytoestrogen concentration de-
termines effects on DNA synthesis in human breast cancer
cells. Nutr Cancer 28: 236-247.

Wang W, Heideman L, Chung CS, Pelling JC, Koehler KJ,
Birt DF. 2000. Cell-cycle arrest at G2/M and growth in-
hibition by apigenin in human colon carcinoma cell lines.
Mol Carcinog 28: 102-110.

Cutler RG, Plummer J, Chowdhury K, Heward C. 2005. Oxi-
dative stress profiling: Part II. Theory, technology, and prac-
tice. Ann N Y Acad Sci 1055: 136-158.

Moungjaroen J, Nimmannit U, Callery PS, Wang L, Azad
N, Lipipun V, Chanvorachote P, Rojanasakul Y. 2006. Reac-
tive oxygen species mediate caspase activation and apopto-
sis induced by lipoic acid in human lung epithelial cancer
cells through Bcl-2 down-regulation. J Pharmacol Exp Ther
319: 1062-1069.



