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Abstract

Chlorophylls (Chls) are the most abundant natural plant pigments.
Four chlorophyll derivatives, including chlorophyllide a and b (Chlide a
and b) and pheophorbide a and b (Pho a and b), were investigated for
their in vitro antioxidative capacities and anticytotoxicity properties to
the cell DNA damage. First, the antioxidative effects of four chlorophyll
derivatives on hydrogen peroxide (H,O,)-induced strand breaks and
oxidative damage were evaluated in human lymphocyte. Lymphocytes
exposed to H,O, at a concentration of 10 and 50uM revealed an
increased frequency of DNA single-strand breaks (ssbs; as measured
by the comet assay) and also the level of oxidized nucleoside (as
measured by 8-hydroxy-2-deoxyguanosine; 8-OHdG). All Chls reduced
the level of DNA ssbs and 8-OHdG within human lymphocytes following
exposure to 10uM H,0, Only Pho a and b were able to decrease DNA
ssbs and 8-OHdG following treatment of lymphocytes with 50uM H,0,,
in a concentration-dependent fashion. It was demonstrated herein that
Pho a and b, were more antioxidative than others. We applied DPPH
free-radical scavenge assays in vitro, and also got similar results. Pho
a and b were higher ability on scavenging capacities than others. In the
second part, the inhibitory effects of four chlorophyll derivatives on
aflatoxin B; (AFB,)-DNA adduct formation, and on the modulation of

hepatic glutathione S-transferase (GST) were evaluated in murine
Il
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hepatoma (Hepa-1) cells. Enzyme-ll::lked immunosorbent assay (ELISA)
showed that pretreatment with Chlide or Pho significantly reduced the
formation of AFB;-DNA adducts, and that Pho was the most potent
inhibitor. However, wash-out prior to adding AFB; totally eliminated
inhibition by Childe and partially eliminated inhibition by Pho, indicating
that the inhibitory effect of Chlide, and to some extent Pho, was
mediated through direct trapping of AFB;. Furthermore,
spectrophotometric analysis showed that Pho treatment could increase
GST activity in Hepa-1 cells. These observations indicate that the
chlorophyll derivatives studied may attenuate AFB;-induced DNA
damage in the Hepa-1 cell by direct trapping of AFB;. Pho provided
additional protection not only by direct trapping, but also by increasing
GST activity against hepatic AFB; metabolites.

We conclude that water extract Chls are able to enhance cells’ ability to

resist H,O,-induced oxidative damage and (AFB;)-DNA adduct

formation, especially for Pho a and b.
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Glossary of terms used in bioinorganic chemistry (IUPAC Recommen

dations 1997) on page 1274
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an
|+

AT A b ENE % -3 $F % 975 4 (Sargeant, et al., 1961) o g&f [

F 7= R GFIRY b ST (hepatic necrosis) ~ &4 # 2 (bile duct
proliferation) ' 2 3+ & 19 i* (parenchymal degeneration)s 3R % - 1963
# > Butler ¥ Barnes(1963)2 7 3 & AFB ehijcd 4k a X & » FF

g ;ﬁ 23 EI—:[%. °
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AFB-epoxide derivatives

+Glutathione +Sulfate +Glucuronic acid DNA

l o

AFB-Mercapturic AFB;-Sulfate AFB;-dihydrodiol AFB,;-Glucuronic AFB;-N7-guanine

acid

Water soluble conjugated compounds exect Mutagenesis

Bl 7 : AFB -cpoxide A %8P ek ik 5

Figure 5: The metabolic pathway of AFB;-epoxide
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¥ F /
Fo8 A FEDNAFG

PR e FF AFB, ¥ 3l 424 4 (trout)~ "3 (duck)~ = v El(rat)

PE- R

7L fe(rhesus) % §5 4 AT (£ - ) o d AR k2 £ W] 0 & fEH

¥ AFB; chac g 2753 £ & » bl4e/] & (mouse) ™ 2 ¥ R A &
(hamster)¥f AFB; sl fix5s » % IR EL kv Hofe 2 B 4 AR

IR G o
c g R B e R A

RipmiimEd dahg % > AFB, ¥ it &

=

VIERE L FHFPRFIL - cF I EB AR AR S

TRRA RN L FRE I R ETRT ES PN

(R=) FRt A REL F e SFi R ae s T2 2 B0&Y 5 {4

% 7 1424 15ppb -
2 FRIFEFAS et AT

AFB, i it §5l4cd P b €& ch- o AFB, A 9 ¥ 7 i
BERBREDE 2 o d BT ¥ 5 AFB,-2,3-epoxide ¥ 1/ %”ﬁd N2
g SN A 20 s 2 AFB1-2,3-epoxide » ¥ & - & me N

DNA ~ % #% % f (ribonucleic acid, RNA) & & F-v B E < £+ H HF 2 &

A5 gk i A 47 (adducts) > $Fiwre 2 4 R R ¥ MniT* (Swinson, et al.,

v

"~

1977) - d 3% AFB;-2,3-epoxide #_ A sl piF i ~»- BF 3+ >

B2¥ 2 R LG40 ¢ 2 DNA ¢ 7 Guanine 7} & % § &£ 5(R- )
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Table 1: Aflatoxin induced hepatoma in the animal model

78 v E2d |Bu] B2 BLEHE (A 3 5F i TH
R A vt
# 4 (trout) | 4 M&F |4 & ¢ 8pug/Ke 16 7 80% Busby, et al.
g5 (duck) 7= |M&F |& &7 30 ug/Ke 14 9 73% Carnaghan
% ¢ H(rat) 28 = [M&F [4&°¢ 1.0mg/Kg |[41-64 F [86% Wogan.et al.
B ® 9% [M&F [j2% 99-1354 mg 39-147 7 62% Sieber, et al.
(rhesus)
gﬂ“"‘/ (B-‘F—Fﬁ}fz‘nm/\ LK‘P’” f—yﬁf‘s%ﬁkz{m
Table 2: Aflatoxin induced hepatoma in the human research
B 8 R I %
P Z 5 | B 1965-1975 # Byip 7 2t g | ts Ry eha 4 o AF Hi|Rensburg, etal)
Mozamblque FloT R EE X G AL 37 AF| 8 € ¥ 8icie = 5 F cgp
ZE o
AL LA |HRRA S LB R K BAFB, #2095 chy 2 o |Peers
Swaziland 1979-1983 & 3 FJg g 4 % ~ Bleafp B 400 B A9 F X engp
AFLHEAFRE P RA&S MR o
¢ AF 5 £
AN I Yo 3R> ® 2. 1978-1982 # " FAFB, k% & & 95 crgf (Autrup
Kenya B A 5 IR R E AL |4 5 AR
ife» A 4% F? AFB1-N7Gua £
E B @] NG & R E’q’qﬁ‘—;g o
e U134 R AR (T G PR | F v s @ » 3 4 #7{Chen
Talwan AR T ‘ﬁL,—,\%ﬁ:vaéﬁ
47 % L F Ak R Bl S o
LM R #1982 & B 41 i25-64 i 2 (L IAFB) i f £ 2297 7 = |Yeh
China RO R DT IR S G R mfyﬁl'ﬁ_&? % o
WA, AT R RSk AT
AFBI ¢h5 £ o
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e S il ]
§- 5§94 3% DAL S

¥4 E & 4 Guanine N-7> #3533 = DNA } ag 8 4 G:.C
—T:A % % (Forster, et al., 1983)
AFB; "2 22 DNA g £ i+ lm R %4 1270 > § i+ § 4 £ AFB,

" s 4 ek F]12_ — (Shen, et al., 1996) - 1995

\-\-H

% DNA 47§ - &
£ Shen % & ¥ 1% < o BUEizid 848 - & E (100 pug/100 g wt)eh
AFB, ¥ » B IL¥ A% #1718 F * (lipid peroxidation)™” 2 8-3 ¥ 2'-2
¥ 5 % 14 1 H (8-hydroxy-2- deoxy- guanosine ; 8-OHdG)4 # » &
# AFB, § 51423 moe chf L 42§ & 2 DNA H m e chifa) - 23
LG dF CB(deed 3 BEaam) B 3 E 7 drd] AFB, 475
A i F eI % sV Py iEF Y 2 8-OHAG 1A 4 0 7
$4ip) AFB, #5515 en§ i i 3 454 ROS #7424 -
% 83 2 HXRDNAJ § chF s 3 N
1 L M2 E 4% A 470% (competitive ELISA) > # f 32 8 1 #
AR (- 2 AT ESRES - S FRKRS)E FRY - 20
PR M R T EFRREY TR E c AT HRYE LA SR
P b 0T A% BRI E S # e T L Tro-AFB1-DNA adduct | ¥
kLt 6A10 kp] & Aflatoxin B-DNA adducts 7 % & (Hsieh,

1993 ) -
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B+ DNA 25§94 % B, % & enie? {54

aflatoxin — DNA adduct

Figure 6: The mechanism of aflatoxin-DNA adducts formation
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ESZ2F SR T g kfeftb B TGS o iTE

Z e Y 0 B AALRG F R Willstatter » #3714 & F o E

b v M gEDt Ly A Ewe? Gzt - R Fh o T
B 1915 E R f Y F B o RE e o Fischer M9 /83 7 M2 % {r

ESRPET2SH > ] R F BT EEFELY
¢ & k=i d 4 B Pyrrole #7i = &1 Porphyrins g # > 3 1929 #

A1 &= Haemin > Fg & 7F o S350 i 5§ R

Poe rESFOCESEARE- PRI E A - P2
7 FE B ESF > Oy T - R E % (chloroplast) > H ¢

»\-
\*@w
ﬁ

FRESMGE T2 RBESEAF ) FHF AT

(thylakoid membrane) + % & #F T _Fid-v F 5 &
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B R BHFED Kfok & EF g0k o kL Y denE ik AL

BARABMER - BH L AMEDLE o - B LR D

E]%};}‘{:%ow }"’_‘_/ ﬁﬁé{:%b\lj{’\ B Sk o ;I"a }\,40\—3-7\}}3’4:? AN
TFE G HH s L W F i ATP 0 & %51 NADPH ?

ﬁ*ﬁ\'@!" st SR E RehA d e m KR 0 PR BV R F’ﬂ ViI%mﬁT
3 AR ELLF P e COy o 2B LT e R E BT eh
O GBS 5 FHhcis e » 3§ 7 RESH L 9] 25915 h O,

—Ha T o EEFOAAT EREL LD 2 B Pyrrole frm o
AR E G ke EEPE R &4 0 fL & tok(porphyrin) (B ) H
Pe B RFEE - BERST 0 B STk it ¥ - SR G
25 A d £4afl % JEfR4a (phytol chain) > &2 R8P o - £ 487 i
ES 2 AT - Tenizfo- a3 ag ¥4y P 23 chlorophyll
a (Chla) (B~ ) ¢ chlorophyll b (Chlb) (B4 ) = f& > & % #
A ESZRR 0 A2 ot REREELEFT (blicd
BEPER ) fjkg 4 X% et BT A 5 04 chlorophylla 3 &) 0 %
L g Lo R 4AeniE 40175 % chlorophyllide a (%487 ¥ %
% > Chlide a) ; %4 4 ¢ 424+ B|25 % pheophytin a (% 4% ¥ %

% >Phe a)’ % pheophytin a & - ) % 4 {8 5440 3) = pheophorbide

a(WiEwip it E %% o Phoa)shipte (B ~ B+ - )eoptvh 3 8
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Bl- : Porphyrin i & &4

Figure 7: The chemical structure of porphyrin

o
_ I
CH=CH, “H CH=CH, C—H
CH, CH,CH, CH, CH,CH,
CH, CH, CH, CH;
Phytyl ~O—C—CH,CH, o Phytyl —C—CH, CH, '
“ CH,0—C o oo-¢ D

Il
o

B ~ : Chlorophyll a ¢it § % T# Bl1 : Chlorophyll b enit & & T#

Figure 8: The chemical structure of  Figure 9: The chemical structure
chlorophyll a of chlorophyll b
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CH CH

. CH,CH, CH,CH,
Chlorophyllase
H,C
T CH, CH,
H
]
<|:H2 CO,CH,
COZCZOHSQ
Chlorophyll a Chlorophyllide a
Magnesium Magnesium
and/or low pH and/or low pH
dechelatase dechelatase
i
CH CH,
Chlorophyllase

CO,C,,H

220" 39

Pheophytin a

Chla =893.5 Phytol : C20H39=279 =

Chlide a

Chl a—Phytol + 1H =893.5-279+1=615.5
Phea = Chla-Mg+2H =893.5-23+2=2872.5

Phoa = Chla-Mg+2H —Phytol + IlH =893.5-23+2-279+1=594.5
Chl a : Chlorophyll a, Chlide a : Chlorophyllide a, Phe a : Pheophytina,  Pho a : Pheophorbide a

B E &R a ip b S

Figure 10: The related metabolites of chlorophyll a
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Fo g EHBFad e d maay
i CH,
CH CHO CH CHO
CH,CH,
Chlorophyllase
CH,
CO,H
Chlorophyll b Chlorophyllide b
Magnesium
Magnesium
dechelatase
and/or low pH and/or low pH dechelatase
ﬁHz ﬁHZ
CH CHO CH CHO
CH,CH,
Chlorophyllase
CH;
CO,H
Pheophytin b Pheophorbide b

Chlb =907.5 Phytol : C20H39=279

Chlideb = Chlb —Phytol + IH =907.5-279+1=629.5 Pheb = Chlb-Mg+2H =907.5-23+2=2886.5
Phob = Chlb - Mg+ 2H — Phytol + 1H =907.5-23+2-279+1=608.5

Chl b : Chlorophyll b,  Chlide b : Chlorophyllide b,  Phe b : Pheophytinb, Phob : Pheophorbide b

B--ES8FDb iphlicd &

Figure 11: The related metabolites of chlorophyll b
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CH=CH, CH,
CH, CH,CH,
CH, CH,
Mad—C—CH,CH, CH, C—ONa
i N
o Mao —C 0

B~ = Chlorophyllin e 5 &4

Figure 12: The chemical structure of chlorophyllin
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BRI T R R

FTHESE AN ) e RSP FR S I “CHR
ﬁﬁ§%$Ma$%£#4§&&R&mnﬁ@ﬁ&ﬁ’ﬁfﬁﬁi
LA A2kl Refsum popend f > B L Q7 fr henE 8% A9
Bt 95% > BT 4 5%:E %% 7 4k ~ 4 fc(Baxter, 1968) ¢

FlmPe e 3 ¢ IR I B A R 0] % a0 Caco-2 e i
740 IR Phe ¥ 105 d RPN cpFU BT TR 5 A0S FUR IR o JRF AR
| % Caco-2 'w¥e w3 |z » i » B3k & Yu(Ferruzzi, et al., 2001) » F]pt B

BEFESFTAL TS T T BE A WY ] A m e

FREP A FES LR Y 45F F %4 i 372 $-Chlidea~ b Pho
a~b )58 HIR(E, 2003) 0 gt vh 0 R EF e € D S 5 RPN E TR
M wmFpESE 0 M P tetrapyrrole BHEY R E S F hTE
(Bortlik, et al., 1990 ) o W} T T HF EZ 2 TA L qpmd o F
AR Y ] AR AR T T SR IRk B T T 0
WRIEFNRY > g E g AR Rk
CESFRES A PR WS

A ESEZRT > % 4 1944 # Smith 2 E% 2L A2 4 5 §
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v FIRE G PrF A 0 1951 £ Weingarten ¥2 Payson # IR 0 %
%%%ﬁ&ﬁﬁkfmgﬁ@ﬁﬁﬁg’?UW%B@%ﬁ%ﬁﬂ
vho e RSN R E A Y 5 0§ P R AT R IR DA 4E T T
I (Young and Bergei, 1980) -

TE RO PMESZRRAEETPETT 5 F > Lai & 1979 &
R sk o B $ 5 E 3 K F B4 27 Salmonella typhimurium
assay’ % v ¥ " Frid| 3-Methylcholanthrene 2! Benzo[a]pyrene #73!
ARDRE > DEFEFTEE R L4 o EFrdlamnk g & (Lai
et al, 1980) - 4F 40 £ % % (Chlin) » $f v - & R K F & 4o
N-methyl-N’-nitro-N- nitrosoguanidine (MNNG) - N-methyl-nitrosourea
3 'E R %M eniT* (Warner, et al., 1991) ¢ ¢k > Chlin ¥+ F 8 & 4¢
REE S IR S N N RS ry
Fi Madrd] Salmonella typhimurium # 24 % % ¢1iT % (Ong, et al.,
1989)> 4% &2 H s FL R ¥ 0y % % (4v vitamin A ~ vitamin C -~ vitamin
E - retinoic acid 2 % B-carotene)p +* #& > Chlin #r4|§ 8+ % #7 %
efm e R %% & F(Whong, et al., 1988 ; Ong, et al., 1989) -

T2 HRRFNEY > b AR FhF %k FIHEF S b4
RSB ANT BEAREY T HESE L Chlin 7 e

4-nitroquinoline 1-oxide ~ 3-hydroxyamino-1- methyl-5H-pyrido [4,3-b]
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SoF 2 {é%\'y)%‘;?
526 E Al A B
indole & £ il @ & 2 chde H¥7ig & chR % (Negishi, et al,, 1997) ; #f 5*
o nF ke 2 E R AELES KRR ¥ S F-2-amino-3-mrthyl

imidazo[4,5-f]quinoline (IQ)2- % > L& & Chlin € 3 4 X X ¥+ F (1Q)
B A $engt 1§ (Dashwood and Liew, 1992) o 11+ &3k 4 w2 & o
& AEHE G R F R £ 8% 2 Chlin £ § R 0T o

Sato = & 1984 # R F B FEFR

-~

$E 4%
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w
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gﬁm
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=i

Bl a3 BRRknadafi%st a-b P o+ > B3
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* (Sato, et al., 1977) o & &3+ sz ¢ o WA X T L A7 P a2
F&pd Aenie* T 5 Chlin ¥ 7 5 seenif 548 DNA 7 £ 31 %
i i 2 (Kamat, et al., 2000) o &3 % & e F S k45 0 d W E
% % >t porphyrin #f 04+ H > 7 £ S «hporphyrin #47 FE 14
Frlg freniB § it iF ¥ (Day,etal, 1999) # $2.5 F FofAcd B4 &
O, (Pasternack, et al., 1981)~ H,0, (Day, et al., 1997) £ 3 i_
peroxynitrite it 4 (Szabo, et al. 1996)> H ¢ » 7 § &~ %
porphyrin #4= & > 3t HyO, #1734 9 4w ve > 5088 DNA 4
% &5 iy It FF e 4 (Milano and Day, 1999) o gt #b » 8 7 +
p %% = (electron spin resonance, ESR) % 3 % % 45 1 » Chlin & 7
FHIEMEE e 4 (Kumar, et al., 2001) o
R B IE O IFRDIEAfE R AL R e d F P4SO S 4
ernPhase [fi¥2 > 2 %2 12 GST 2 2 enPhase [IfiZ% - a7 7 £ %2 H
SR A PR R T RS o A AT T R B 1 R
34 2% ch > & 355 Fuit £ 4 (Teel and Huynh, 1998) ~ % & eh¥
P~ ¥~ (Hayashi, et al., 1992)~#" & § % P~i~ (Bishayee, et al., 1995) 17 2 3§
+ fit % (Zuber, et al, 2002) % - ¥ % % o7 porphyrin 2 w5z ¢
P450 » 5 #p B > Cobalt protoporphyrin(®] - = ) ¢ % X im¥z ¢ ‘m¥e d

% P450 =n 3 & (Sinclair, et al., 1982) = 44 “t > Yun & & & $# 1995 #
i
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rA R R R o e ok B8 (microsomes) 2 AR W % 0 A E S 2

%t Phase I fi¥ % P2 8 ¥ A1 3 kB 0 Chlin £ e 32 % 15 > #7ip

AN

=i

Hed & P450 fe2 Y PR O DPrfl e FIPrELAESRZE
porphyrin e 4 » $13° AFB, #7531 4234 2 chifedf (5% > L 5 ¥ i
*ﬁf Fr4] PA50 ¥ 2 cns R E 3" M AFB enis it o

¥ Phase Il iz % <0 > Lampe % § & (2000) & %f 57 iz % 32

KRB ROFEER S AN LS A BER EF S T

o pE 4 B R GST-au 22 GST-p triEfe > A i > o 20 E Y hd A fg

+ 44 1L

RS BT PRHN A s SR 0 e A WA

2

2
= [ Pafé;- RE 4 =it GST enie® > 7RE- 3 g%:«gﬁ_ﬁg
i REFaES

TAFER EL TR > BEFENE o

m
&
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HO —C —CH,CH, CH,CH, —C —OH

CH3 CH3

CH CH =CH,

CH=CH,  CH,

Bl = : Protoporphyrin it £ 54

Figure 13: The chemical structure of protoporphyrin
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% ¥ 114 »cdrd] DNA 1§ © 48 » Flpt 287 7 12 Chlin 5 %P8 5 5% -
BE S F AR

- AEHE

(-) £%% kFpp ot
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4
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1
s

6k vk F AT B SE ST WH 3 nse DNA I 2
5 - & FJ;‘

(Z) A &Fm k™ ohimve chi 3t

T i G w IR fE 0 L BF/EF AP DR L o i
Bihd E 4G g TR gt 4~10x1070 FERp o 2 ¢ RS N
MT IR 2 0 K1k 20-40% o T FRiwie AR K F AR 0 F }
Fol o~ B T e € 32 HIFLR O E P F ot meBig g
PP o FI AP UM R TR VG REIETY o

ARHME T HEL PREER A2 252 BENT IR
G 2 Fe g ¢ I BEEL ¥ 09 8% % (phosphate buffered saline ;
PBS)#- > n f— b - mﬁrﬁ » 12 Ficoll-Paque (Pharmacia Biotech) %
BHw x> B AR T 400G 0 o 35 A 4aiE A BRI T IR T
B oo 5 K PBS FiR 18 o 4o » i § ST RPMIL640 35 % 234 B
"2 Hic o
S~ AYHIEPRRES R
(-) EEF 5P RS

) * 35 4p B sxi% 4P ¢ & A 17(Reserved Phase High Performance
Liquid Chromatography ; RP-HPLC) 14 fig B %= (% 5 4 #- 4p (A solvent)
(Almela, et al., 2000) > & 37 & StdoT

4 47 ¢ += * Spherisorb ODS-2 (250x40 mm), particle 5 um (C5s)

B R FF © Waters Model 510
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£ A kI f BT 5 a7 ke DNA I
- 5

¥
1
i

i# #2241 ¢ Waters Model 680 p & - & 474 %
LB E L Waters U6K
%23 14 P B ¢ Fluorescence detection,
¥ 48 A ¢ 1M Ammonium acetate/methanol (2/8,v/v)
s~ 4p B ¢ Acetone/methanol (2/8, v/v)
ATk R D EeE k& 440nm o 2tk £ 660nm

L% Z-REPF R A7 2§ % P (retention time) %

& 2% 4% 4 (visible absorption characteristics)Fg % °
(=) w2 s P %

Ll 07 S O ‘m”?/] A RERTDESZEYE HO, 75 3
PG RETY i R AR ESF RSS2 T 0 A
w3 PRE% UREFRSEERZ F RIEE (e BREER
FREFER) T 0 2 i fme = o RFhwmie 55548
2T e B - ST e T R SR T 90% ik 2T wiie
72 TR 1 2 ek

*F 7 JI* B 8 EH 2 CellTiter96”Aqueous One solution Cell
proliferation FE & B K P|T A FH T hiwme 272 FIER TE S Z K
EPfR g 03 T g S o 1 [3-(4,5-dimethylthiazol-2-yl)

-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium;MTS]
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BEme X e AR TALE M N LG R g Y

dehydrogenase ¥ * @ *» %7 H tetrazolium ring > ;= formazan > %
490nm T F LRI E B R B (B ) o Fpt g xRk Bk pEAT R
Ripme iR f 7o ¥ 0T 5 RIS e indp R(Cory, et al., 1991) -

QCH,COOH 2
2 S03 OCH,COOH 03

O, Q @r

MTS o Formazan

B+ = : MTS tetrazolium ¥* H formazan # i~ e’ ﬂfi&_ Y
Figure 14: Structures of MTS tetrazolium and its formazan product.
¥-fmre a3 A D] 24 3V F 32 & x (24-well plate © § 2x10°
cells/well)® > 2 37TC T8 % 24 | s > P ML FNE S Z LE B
FroeorEFRZ30L4; 0T 2F CEERR SN R
* RPMIL640 32 % 7L 1% 5 F Beendpd)e o Fd ) pF A BL1 H-tm 72 1Y
PBS iFiefs » fif § dk R T B 100 pL ehim e g 2] 96 3Lk ih
£ % r (96-well plate)® » 4r » 20 pL o MTS 34 > . 37C T % 4

| PF o I * B2 £ E A 17 R (Enzyme-Linked Immunosorbent Assay ;

—\

ELISA); 490 nm /PJ)E' w3k E s |1’}7§/? i PE g S __.% ° ";ﬁ‘;'v}';é%

g% & FwmieEAS fm¥e 3% S K (survival)Ht B 3 NG

'

It e ks R A .
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FSA Ak E I BB T T Shin e DNA ) 2 0 58

-
Y-8 FEy

(= )‘}%“,f 1,1-diphenyl-2-picryl-hydrazyl (DPPH) p o 2 it # =p| 2_

- ARAF CEZE RS BRE 0 A4RF e VR ¥ DPPH
fd B kERILE TR EE RS i 4 o 7] DPPH A 5 % o
pd AT DPPH " 332 5 % ¢ > &515nm ™ 7 %
IR Gk B B b LB LS ;tés-g Mk iE oo d Lb;ﬁ.u H gk A
i “f DPPH f o fherii 4 > S k5 4 0 % 7 % 4 "f DPPH p ¢
R4 g5 AT Y 3 %+ Shimada = ;2 > B = /ﬁ""f DPPH p d &
g 4o FAMES R PR o fAR Y B0 04mL e~ 0.8
mL 7@ fie % ¢ DPPH (10 mM)=h? f8iai% » 393 R (54 % 30 4
48> 18 * 4k kB 2+ (Spectrophotometer U-2000 Hitachi)#% /F] 515nm =
v & {8 (Shimada, et al., 1992) o

‘T’ ‘(scavenging effect)=[(F7 4] % 3k 15 Asjspn — F & B ek

* A Asisom)/ FH] K E Asisum|<100%

(2)H,0, 3 % DNA § 4F 3 22 E£% % odnd 7

Ho0, & 4 RNE GBS §f HA3 > F L W0, &4 49 3
ﬁ"‘{maf‘* ,T*g g xime DNA #6285 Viv* mipip » i
= DNA %74 (Wei, et al., 1999)> F] H,O, - 4% * ¥ it {4+ DNA

AF % eef % (Halliwell and Gutteridge, 1999) -
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Poif B35 %20 RPMI 1640 32 % A2 'mve sk » B30 cE dpo
B B M T shiwre cfic® (5(2000 B /mL) A B4~ 7 K
B(5~20~50 uM)n & A E % % k5B 2 3 37°C T F s 30 4 4
B r HYO ® B f8 k& & 5 10uM & 50uM*t 37°C T F i 5 4 48
ML e SN T B g o Kﬁ—i PR FT Oy o H
R T A A IT(E E B A1) 1 % PR 8-OHAG % DNA 3
enfe i e
(I )DNA § L3 A5 > 2

P52 kB DNA ehf it 2 » ¢ 4541* HPLC &
# 40 & 7/ % %2 (Gas Chromatography-Mass Spectrometry ; GC-MS)

BdkAns A5 o FliaF 2 XD T kA 2 Guanine
(Halliwell, 1998) > % DNAGuanine 7 C8 =% & F|/& 1§ & F it
Faiz g it2 {57 F 4 8-OHAG: F]t p| £ 8-OHAG ¥ i 5 DNA
FitgTendgih e A - IR EH 4 DNA § MG ARAR
Mepfw s B 1 AR RE o gt b > DNA X B K fRerugfe? - 3
P g A DNA i % chf 1o blde > 1% 2 29 F e 0 o
DNA > § * -k 21 2 GC-MS % Bl £ 8-OHdG > +“ 4= 4| * &2 |-k
f#15 v HPLC | £ #7 1% ¥/ 51 8-OHdG & % (Lunec, 1998); f % *DNA

X BnidE A2 0 10 sodium iodide % B~ % phenol ¢ /& © 8-OHdAG 3

37



¥
1
i

B8R ATEEI 5L 6 HRET - E R 7 5t0e DA §

7z & (Helbock, et al., 1998) -
A it DNA A s ds kfzdEsa? 51F torg 2 p 8

8-OHdG 7 & =1z% 4 > Ostling f= Johnson (1984) #% 1141 * -] " 48

f

% 77 7% (microelectrophoresis) i /Bl ¥ — ‘w2 DNA #7452, > H ik
AT AR RS T EEREEE - we DNA i iR
Singh % A (1988)i = && 4+ #c -] i % % 7 /& /% (alkaline microgel
electrophoresis) » T 7 3} 9 H ‘w2 B 4 T & 2 (single cell gel
electrophoresis ; SCGE) » ~ f§ £ 5 £ % 4 47 (comet assay) » H ¢ -
DNA 3% f3 B s J8 bbb fhendhin @ d2 (7 » FI0 7 2 0 ip] 5] dm v
DNA =¥ 3% %7 %] (single-strand breaks ; SSBs)(B] -7 ) - # R 3 X
2 DNA 3G 2 a $rpF o ST P BT 2380 0 Fla &1
A %ﬁf\z’ T AT IR A BE o L SRR SE Bk 2k
gL E kT o AR B DNA Fla A+t @ g i
e gHE o FES BB aued ki DNA 1§ aizk o P
]k # E (tail moment) S#c k=% DNA 3R § B 5 4 #(Olive,

et al., 1990)
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Tail length (TL)}——

Tail Moment =
TL x %DNA (.

Damaged cell

Undamaged cell

g]_l.

(%)

W R T TELR T DNA AF S (@) 1 F
3 5 (+ B a5 302 & #5 £ (Tail Moment) & £ 7+
ARG AR

Figure 15 : Under a fluorescence microscope, the comet-like images

resulting from the extension of DNA were scored as a
reflection of the single-strand breaks.Tail moment was

defined as follows: TM = TL x % DNA
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Bt ¥ A BheniE 3 1% % (normal melting gel agarose) @ 71~ 3L B

ForTwEIERPENACS Ak FRAGHGFERY 2L F

Bed LA 3TCT R bk F R IR iR 0 b~ 47 B

3 9% 7% (low melting gel agarose, LMA) » & 58 #1250 ik i3 ~ gL 7

ETINS

B EWELER RN ACTS Ak FRAGHFERY

10mM Tris, pH=10, 1% sodium sarcosinate, 1% Triton X-100 2 10%
DMSO):» 3~ 4CT F & 1 /] PFig mre wop B o
2.DNA fZ %11 3 3%

el B d KRR Y Bl D SkpiRts o B YRS R A
Pooode r TR R T g T AR Y RR RS
(unwinding) - ¥ 20 » 48f5 > BECT AT R AET 5 300mA »
R 25V 240 BER G 30 A 4B T AR & 1802 Tris buffer # e o

3.DNA § i 4 i & 4

7 5 12 ethidium bromide % ¢ & > & #* ¥ & &g pes > & 400 3x =
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Making a cell slide

&7 onp an agarose

|
L7

|
s i

Layer 3. 0.5%LMPagarosed0 u |

Layer 2: 0.5% L MPagarose90 u |
+ cell suspension 10 |

Layer 1: 0.65%agarose300 u |

l

& solidify at 4C.

Femove a cover-
glass only

/

300mM MaOH + 1mM EDTA
{(pH13.5)
Dark f under 15C

Unwinding 15min.
!

Electrophoresis 15min.
at const. 300mA & 25V

Cell lysin
ysing Neutralization
b Drip 400mM Tris(pH7.5)
) ) 10min. x 3
Lysing solution
2.5M MaCl
0.1M EDTA Dying
0.01M Tris (pH10.0)
10% DMSO
1% Sodium Lauroyl Drip 20 ¢ g/ml EtBr
Sarcosinate Put a cover-glass
1% Triton X-100
Analysis
Put in the dark place
F4C. Fover 1hr.
flucrescent microscope
excite 515-560nm
barrier S90nm
Bt = 0 2 h A 47 e AT )

Figure 16 : Protocol of comet assay
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() 83 3 2-2 3 5 L ¥+ H (8-hydroxy-2- deoxyguanosine ;
8-OHAG) | %
1. DNA & B~ 4 3

& 3F DNA eh= FE 1 > MR ¥ #F LRIk T 217 DNA 9
F B3 A DNA %4 & ' 2 - DNA % 38 4] * Genomic
DNA -purification kit (Bertec Enterprise, Taiwan) o % § 2 ‘e crff = 3% 'm
RSB RPESFRR AL > AR IO, A EF LG 0 A
% 15mL Rl F P> Mo e T R hims o2 E 2 100 UL
PBS #-im% &) > %18 4 » 700 pL extraction solution #-im¥% ;3 ! o
4v » 4 uL proteinase K » % >t 56°C-Riz#%*¢ & Flwre = 2 A4 (H 13

P PEE) 0 201845 2 2R o 4~ 700 uL 1 DNA binding buffer » #% & 35

#5775 607% % 3] ~ spin column® f #- spin column £ » collection
tube > 14 12-14000 rpm &< 1 4 45  #-£F Kk A collection tube » £
% %8 ) H > A spin column @ 4v » 700uL 5 wash solution iFi% (2 4
FREAF = 3 = =0 ) ¢4 ¥ DNA 773 3% spin column %4 # o #-spin
column £ &FTehE FME | F 0 B~ 60Cehida g 5-10 ~ 45 0 3K
Ethanol Z 7% o 4c » 50 uL > 60-70°C £ elution solution | spin column >

BT 23 245 EDNAZ D o £ 126000 rpm Bres 2 A ds o T E AR
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= 0%

%’FFI ERES

2 ok #r3 (ADNA v %33 DNA *:-200C & * o
2. DNA 7% &
DNA # 260nm jf & = % £ & > F-v F ] & 280nm feF
Bk HFma sk e F] P> W U % 260nm A E i 7 A kPl % DNA LB
1 OD 5 5 50 pg/mL e7E% DNA » P~ 31 50 pL DNA 73 % 4 > 2
ek Rt & g9 5 @& % 4k kR 3 (Spectrophotometer
U-2000 Hitachi)t&#] 260 nm s 5k g W+ 3= 5 0 4k S48 5 chik
B
DNA (pg/mL) =50x0D260 3# x4} & #
L DNA Gh# B L3 25 3v Feom g a HER% - b
"k kR 3t (Spectrophotometer U-2000 Hitachi)# iB] 280 nm 7% %
E > #& DNA 50D260 nm /OD280 nm = 1.8 > % 260 nm/280 nm =
1.8 (1.6-2.0) # 77 & it A2l ¥ 5 % 260 nm/280 nm<1.8 # 7& v &
DRI “/Tfi’aii ;% 260 nm/280nm>1.8 % 7+ 3 RNA /5 % -
3.8-OHAG «hip] %
8-OHAG =g = 4 | * s & 4] ELISA = /2 i& {7 & 45 (Japan
Institute for the Control of Aging, Japan) - 7 £ - 8-OHdG monoclonal
antibody 17 PBS #ff > # % #-° T coating 8-OHdG 796 i* ELISA

ffg"i” F=:3 .é;z:tz_b it 'Qa» SOHL 1k S B SOHdG’fﬂ-gzpui’(OS 2,
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5% ¢ 5 8-OHAG i}ug 27 coating 8-OHdAG - 4= i+ 8-OHdAG +i4g -
m*? DNA % B4 ¢ 618-OHdG 4 \} ' coating 8-OHdG £ 8-OHdAG
PR % £ £ 96 3t ELISA # JI%,@ e
| B {SN % $ 4 0 4o~ 250 pL ¢ washing (3R B A= R
SrenE BILFY o EEILHEEE A SHH o HEB A ¥ g7
g A §z A 5 e washing (AR 0 A4 - = o S PFim e DNA F 34
? 1 8-OHdG ¥7 8-OHdAG #uk % & =3 » T coating 8-OHAG 7
8-OHdG #u#d i & %96 3¢ ELISA # ¢ -
£ #-100 pL o= AT A F e x BIbEY o T ESF
# %%“ﬁ?fﬂ Bifte > 37TCTF & 1 [ BF > pinE B gy

8-OHAG £ %2 & o 1 -] P8 8N F 4 F[H > 4c » 250 uL ¢ washing

"3>S-

BRI AR BenE BIVF P o fEdE 2 L 3% ELISA {2 4 o i
B ELISA 4 ¥ % §77% chigrd Mok g 3 e washing 3% £4F = =t o

4t » 100uL ¢ chromatic substrate 3,3’,5,5’-tetramethylbenzidine
(B4 ANFI AR A= Bty @ > ESHR e Ac@ L 3 ETF

& 15 & 48 #1840 » 100uL £ phosphoric acid % i+ & ¢ F Ji > 1 *

ELISA reader ** 450 nm ;p| & v& sk @ o 11 &% 8-OHAG sk & & 7
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’ 2
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@ Bedficdh 1 SPSS™ 10.0 4Rt dc AR i 7 A 45 > 11 MeantSD
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N A RSy P

“4 F %%k F P4 08 RP-HPLC A 45 » 3 % & #5iE 9996 1

F(BL=~FZ L)

A ]

7 & PF R (min)
B+ - ! #%%-kZPF -Chlorophyllide a = 4 2. RP-HPLC 4 47 [

Figure 17 : Elution profile of the chlorophyllide a by RP-HPLC.
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7§ PF B (min)
Bl - ~ # % % -k 3 P~F -Chlorophyllide b = 4 2. RP-HPLC 4 #7 ]

Figure 18 : Elution profile of the chlorophyllide b by RP-HPLC.
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7% § PF R (min)

B~ 4 #* % % k3 P~F -Pheophorbide a = 4 2. RP-HPLC 4 7 ]

Figure 19 : Elution profile of the Pheophorbide a by RP-HPLC.
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Figure 20 : Elution profile of the Pheophorbide b by RP-HPLC.
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Table 3 Effect of chlorophyll derivatives and HO, on human lymphocyte

viability'

% oz s ¥

S 2ok Eeimd H4hEF L & T EH T s DNA ST G 2

1

lymphocyte viability (%)

Chlorophyll derivatives SuM 20uM 50uM

Chlorophyllide a 97.51+6.4 98.415.3 96.2+4.3
Chlorophyllide a + 10uM H,0, 96.8+2.5 97.81£3.8 97.5+2.4
Chlorophyllide a + 50uM H,0, 95.81£3.2 96.1£2.5 97.1£3.4
Chlorophyllide b 98.8+2.2 96.843.5 99.2+4 .4
Chlorophyllide b + 10uM H,0, 97.44.2 97.913.8 98.1+4.5
Chlorophyllide b + 50uM H,0, 96.£2.8 96.9+3.3 96.51+2.5
Pheophorbide a 95.816.5 96.913.4 99.4£2.5
Pheophorbide a + 10uM H,0, 96.813.5 97.7£3.2 95.7+4.2
Pheophorbide a + 50uM H,0, 95.2+2.4 96.51+2.8 96.31£3.2
Pheophorbide b 98.41+1.6 99.7£3.3 99.8+2.6
Pheophorbide b + 10uM H,0, 97.242.6 96.5+4.3 97.2%1.6
Pheophorbide b + 50uM H,0, 95.2+2.8 95.1+0.3 98.1+2.5
Chlorophyllin 98.5+2.3 96.412.2 95.416.1
Chlorophyllin + 10uM H,0, 96.0+0.3 97.8+1.2 96.812.1
Chlorophyllin + 50uM H,0, 96.7+2.3 99.1+0.9 97.5£3.8

' Mean+SD, Viability (measured by the MTS assay) was determined both prior

to (100%) and following chlorophyll derivatives and H,O,,
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Zow L LM T Shame b~ H0,88 & (8 i e !

Table 4 Effect of pretreated H,O, on human lymphocyte viability'

lymphocyte viability (%)

10puM 50uM

H,0, 99.412 .4 98.217.1
' Mean+SD, Viability (measured by the MTS assay) was
determined both prior to (100%) and following H,O,

treatment.
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= ‘}ﬁ-“,ﬁ% 1,1-diphenyl-2-picryl-hydrazyl (DPPH) p d 2kt 4
Bl-Lt-HBrE%Z }\fﬁ’»iﬂ}"i‘*“/ﬁ“‘ff DPPH p o g i 4 o ‘)73“
“,’T‘El d Fenie 4 d 381 &%=t 2 Pho b>Pho a>Chlin>Chlide b>
Chlide a° 4% 1 E % % 3§85 % » FF: Pho>Chlin>Chlide > ¥ b form
>a form o H ¥ if 3| 50%53;;““,/1% DPPH p ¢ A(IC50)#7% & chE % %k
B A % E_Phob: 75 1M+ Phoa: 120 uM, » Chlin : 360 uM » Chlide a -

Chlideb : >800 uM (% 1) o
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—&— Chlorophyllide a
—O— Chlorophyllide b
100 A —w— Pheophorbide a
—4— Pheophorbide b
—— Chlorophyllin

Free radical inhibition (%)

0 100 200 300 400

Chlorophyll derivatives (uM)
B=-+- : ﬁ.ﬁ;‘%%?}éﬁﬁx;ﬁ;ﬁ‘-% DPPH p d e 4 o
Figure 21 : DPPH-scavenging capacity of chlorophyll derivatives. The
absorbance inhibition for DPPH was monitored at 515 nm. Results
represent the meantSD ( :Chlorophyllide a,  : Chlorophyllide b,

Pheophorbide a, : Pheophorbide b,  : Chlorophyllin.)
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%3 1k 50%:H DPPH f d F(IC50)1 % & hE % 4 k&

Table 5: DPPH radical scavenging effect of chlorophyll derivatives
calculated in terms of I1Cs

Treatment [Cso(UM)
Chlorophyllide a >800
Chloropyhllide b >800
Pheophorbide a 120
Pheophorbide b 75
Chlorophyllin 360
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i

z ~ H)0,3% % DNA § i35 i}
AP RS T e b 95% i G X T o

DNA chy Mg, o d 2w 7 5 Mm% &7 k& HO, T

~Im|

TORMEEFRETOTES 0 L ARk ARAT AT A DNAS
oAU Hiwe BT A2 T AT T AT R E DNA ¥4
f2 & > & EUp|E DNA § © A& 4 8-OHAG hg £ » ¥ %% H,0, & 4
Kk T imre P £ Fid = DNA A o &= B ® w2 DNA 4
Benfe R o MEE A2 TEHEREH S > I0uM H)0, 22 § 1 3F i &
ol e 60 B (& # £ 100 vs 6386) 5 50uM H,0, 2 § 1 4F i didy
F A4 150 B (k8 £ 100 vs 14537) - M= -+ = 7 o4 LRk
Ter R 32 DNA ST 25 4457 AW > 102 % f1* VisCOMET® #
R 7T eni % o gt oh > R DNA § 45§ 24 -8-OHdG #7 £ >
# I 10uM H,0, 2. 8-OHdG #dy 1 234 e 4 (0.55 vs 2.30) 5 50uM
H,0, 2§ Y45 & fdr 4 e 40 7 2(0.55vs3.98)c Flpt {1 * £ &

& 95 DNA 75 &I £ § 1 S BE4 3 > ¥98 7 # = T 2. DNA 4F

§ o AEF HLOy g R M e R -
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27 THO, A A MM T imre 5 VI G B R

Table 6. Effect of H,0, upon human lymphocyte DNA damage'

DNA damage

Comet assay” 8-OHdG(ng /ng DNA)
H,0, 10uM 63861803 2.30+0.13*
H,0, 50uM  14537+1692° 3.98+0.33"
Control 100£21° 0.55+0.06°

'Mean%SD; Values featuring different letters differ significantly
as regards H,O; levels (ANOVA p < 0.05),

*Mean tail moment (TM) was calculated for the comet assay.
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4000~5000

8000~9000

12000-14000

18000~20000

Bl=+t=- 2k ~47 DNAJF G el %
Figure 22 : The tail moment (integrated value of DNA density multiplied
by the DNA migration distance) was used as the primary measure of

DNA damage
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Figure 23: Effect of Chlororphyll derivatives pretreatment upon 10uM
hydrogen peroxide-induced DNA damage for isolated human

lymphocytes. DNA oxidative damage was measured using the comet

assay in lymphocyte DNA. Results are the meantSD. (@:Chlorophyllide

a, (O: Chlorophyllide b, A: Pheophorbide a, /\: Pheophorbide b, l:

Chlorophyllin.) Values with different letters differ significantly as regards
oxidative damage when comparing between different chlorophyll
derivatives (ANOVA, p < 0.05); * p < 0.05 refers to differences in
oxidative damage as compared with the control (without chlorophyll

derivatives).

61

50



¥
1
i

25
— —&— Chlorophyllide a
< —O— Chlorophyllide b
zZ —w¥— Pheophorbide a
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=
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0.0
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Chlorophyll derivatives (uM)

Bl- Lo : 7 e FRARERGESZZREFBSTEL LS 10uM

H,O, #7348 F 1Y 45§ cn X 30 = 3k 'w ¥ DNA 4 # % % (8-OHdG)

Figure 24: Effect of chlorophyll derivatives pretreatment upon 10uM

hydrogen peroxide-induced DNA damage for isolated human

lymphocytes. DNA oxidative damage was measured using the 8-OHdG

levels in lymphocyte DNA. Results are the meantSD. (@:Chlorophyllide

a, (O: Chlorophyllide b, A: Pheophorbide a, /\: Pheophorbide b, l:

Chlorophyllin.) Values with different letters differ significantly as regards
oxidative damage when comparing between different chlorophyll
derivatives (ANOVA, p < 0.05); * p < 0.05 refers to differences in
oxidative damage as compared with the control (without Chlorophyll

derivatives).
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Figure 25: Effect of chlorophyll derivatives pretreatment upon 50uM
hydrogen peroxide-induced DNA damage for isolated human

lymphocytes. DNA oxidative damage was measured using the comet

assay in lymphocyte DNA. Results are the meantSD. (@:Chlorophyllide

a, (O: Chlorophyllide b, A: Pheophorbide a, /\: Pheophorbide b, I:

Chlorophyllin.) Values with different letters differ significantly as regards
oxidative damage when comparing among different chlorophyll
derivatives (ANOVA, p < 0.05); *p<0.05refers to differences in oxidative

damage as compared with the control (without chlorophyll derivatives).
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Figure 26: Effect of chlorophyll derivatives pretreatment upon 50uM
hydrogen peroxide-induced DNA damage for isolated human

lymphocytes. DNA oxidative damage was measured using the 8-OHdG

levels in lymphocyte DNA. Results are the meantSD. (@:Chlorophyllide

a, (O: Chlorophyllide b, A: Pheophorbide a, /\: Pheophorbide b, Il:

Chlorophyllin.) Values with different letters differ significantly as regards
oxidative damage when comparing among different chlorophyll
derivatives (ANOVA, p < 0.05); * p < 0.05 refers to differences in
oxidative damage as compared with the control (without chlorophyll

derivatives).
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EEA R EIATL P BT T R e DNA 1 2 i%
5= % HHh
b= & W

RSB Ty et i)

1954 # p d Keh@dFIp» B F 892 ;&Hf}ﬁs Mo EW RSB LS
Fenpd AR P BERE VR4 o- A PRI Fy YR ALE R
Ly e n- BIER R UM FEF AT T T IR
wmre P nged B g T 3 DNA > Bt g & lwfe ihE it 8 5 = (Sies,

1986 ; Halliwell and Gutteridge, 1999) -

¥ 5 % ARenfede 14§ P (phytochemicals) & st 4 % ?K i v 4
g d RiFod WITE R - B EEE P Pt BES T bde D E
%% NP BT E A2 E2C B2 E AN EESST A
LF GHEPT LG 4y R RIEE R A oOng  F H & 1989
ESFTFRAEFEOGEREFECES T O ES R AL G
R ML ot > Kamat £ § & 2000)iF 3 4 I E & & i
itszd b a4 % C - glutathione & mannitol k =4F o

ERNE S B AN

Al W SV VPRI O

i

¥t ‘3:7}‘ ¢ oL ‘;”'J 757\

chlorophyll a ¥2 b (Almela, et al., 2000) > 2 F78# & 5% = &>

hlorophyll
a® b ez g5 2501 (Ferruzz,etal., 2001) - e ¥4 ¥ % d
Rt aE It > X P 7 hlorophyllase ek & SE2 3 4 0 8 £ %
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= & 3

%3 2Rl ARG A 2 B R B (% 5 E % % (Chlide)

(Trebitsh, et al., 1993) o pt ¢k > + T P AR MEIRE T > Gl4oE F4§

w’%ﬁ

\Fj\

PR WA S e BEARY S IR T bepy o 2 AR S B
AT I RREZE €23 B EHF Y orphyrin Tk eh4E
S om R RAER %2 (Phe) » & %MdsM i £ % 2 Pho) - Ferruzzi
%8 (2001) 1% 4 4 4] % Caco2 Jm% 58 698 § 4 . » Phe
T d A SER N o BRSO TR K o B T IR

(F, 2003) » ipdt F &£ hNHE f BB FRIEHRE > L

s

% % Chlide # Pho » F]#* &4 %12 Chlide & Pho % ¥ % % chit 84
PREFFL T O REBES A AL S R
PR R E S SO T A TR T iy (e o

S EBE B AWMT I g R

Frenzilli 5 % (2000) # #-%+4r 4 & % % (Chlin)2 2 6§ ©+ & ¥

18 600 &4 o e & A AT T im0 AR B e A
ﬁ"nggg ; F?ﬁﬁ’r—@ | 959611 } endmre 13 8 K EE ‘/‘,’F‘t"’:&fm’?iﬁ' v

HESEFNEF L P RARA B S 200 pM & 50 uM e M AT R
BEEAFHRLI 2B L v Bhiwe g B F - R o ¢t s Frenzilli
% 8 % (2000)+ A 3734 = 3k fw%s DNA 93f § 428 > % . DNA § it

HHEFwre iy M ERAH Aot BE R AT RS LT
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DNA § 45 6 his % - & o
*F A A WM T Ik e (2000 B/E L)ArR R %R Bk
Bs S0uMe & E RPiER h A Y kT 3w 5 1.5x107 B ki
EoZ 203 0nmESE whn o TIAREER o Lp Wk
o447 1% Senfp bl T4 o 1945 Ferruzzi % £ % (2001) ¢

Frdpd 193 5-10%5 85k % & 7 i~ %3 Coca-2 -]

¢ TmL 75 2% E %% (Lopez-Ayerra, et al., 1998 ) » F]pt 4&
T AMBEHRET I ZHEN300 S RTEHEE oMLY &

Flooyvimem g m A E P o Kumar ¥ 5 4 %1999 & 5 - =3%
J1 Chlin #23 it eng A 7 s # Mg plasmid DNA % & & 6 Gy 7y
EHEARKT €¢A4F T 2HNEH > F DNA Bt L

ik )k & 0 Chlin (10uM~100uM) - H DNA enF it if T iR 2%
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PR ESRAOREPGTALEET LA T e DNA 3 2 #: 3

‘—:- ET F‘fF["E

% %% Chlin %8 9 4 @ 3 3 F ek (22.6~68.1%:%r 5] DNA
O ¥rA) > BEF 1% pulse radiolysis kF € Chlin 445 4 &
gy 4 IR izt pod L (hydroxyl radical ~ deoxyribose peroxyl
radical ~ singlet oxygen) £ Chlin % & et GIRE F A £ i 4em 32 B -
223 4p % B K & ¥ # (rate constant) (Kumar, et al., 1999 ; Kamat,
et al., 2000) -
gt #k > 1 * Electron Spin Resonance (ESR) k 4 47 Chlin £
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical r2 2 5,5-dimethyl-1-
pyrrolidine-N-oxide with hydroxyl radical % p o it 8 5 Ry 4
¥ f Chlin £ 7 3 & Mp d A it 4 (Kumar, etal., 2001) » ¢
BRE AP 85k DPPH f d fheni % 2 Koo faigd
FHLE LY Chlin ey M2 2y L&- At s
AR AR BEEZ G EB L iK/T‘ Ad A4 > IR Pho a
% b #»c% vt Chlin 3% o
fs 8 ot (ex vivo)sr T 3 ¥ IR 1 Chlin 7 Fr] £ BUFR0E 4088
POt AT Fenig HiEE A A7 1 Bt 50uM <5 Chlin m,’l‘ 4o
Fr41 7 53% e thiobarbituric acid reactiove substance (TBARS) &2
30.6% ¢ lipid hydroperoxides % p o g 4 ; FprH fng 22

SOD ¢ GSH ¢hg £+ 4p et A *e Chlin p& ki chg 5 L4 e
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YIF ESFORFEA SR HEE I TR EMNT e DNAH G 2 B8
5= % HHh

JE & 9 Chlin 22 524 % C -~ mannitol 1/ % tert-butanil % +* & $-% &5+
ok AR andE L a4 PF o Chlin edred Y0 4 B 0 2 w4
% Cen2 8 od B 7 4o Chlin 7 14 %28 42 S48 e 7% 00k $ 407 54 40
“rig & iy v % 2 (Kamat, et al., 2000) ©
I ~ ks (porphyrins) i b iE#

Fo Aok 2545w B yrrole ¥7i = vt gk Tk (porphyrins)
Y x5 B & ¥ g4E(conjugated double bounds) - F & %+ B § 2
ipve oo fedef & (lutein)® 3§ % (zeaxanthin)z 7 9 B & i
B R EVRT R I BREEE EF L D B
Hing (Mg B4 > TR £ 3 11 BR B  Fl LB iR
e ingletoxygen & p o FE BEE i 4 o

JE P F p # ¥ it (autoxidation)sF AT 3 ¢ R IR L R-F S E zi £
g ¥ o HiE g i (peroxide value, POV g ervt A % 4o £ 5% % X5
*d ESRena 17T 3 £ %% n B33 p d A (n-cation radical)sis
AoRTE%Z AN I L E R FE AL T F A A5 tetrapyrrole
radical catio » FRFEE T IV MNFELA D Lk L@y anEF
it * (Endo, et al., 1985) -

FOESFL AR e IR SO £ AER T A

33+ p d 4 > b 4o tetraarylporphyrin (Borg, et al., 1970) -

69



¥
1
i

EEZavkEPprd FHEF L & T 0T hiwe DNAa‘Fu}* 24
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bacteriochlorophyll -~ bacteriopheophytin (McElroy, et al., 1974) ~ 43
+ 2§ 4R S et g%k (Ravikanth, et al, 1994) -~ 33 des giTk
(Renner and Fajer, 2001)r4 2 H @ sge i3k S5 i £ 3 X (Jayaraj, et
al., 1996 ; Scheidt, et al., 1996) » F]pt ¥ 11 £ end JFF £ % & chik
FAEF Y TR LG TR ST U T R sl hiE

Z_p d 2 P er(Endo et al. 1985) :

ROO" + Chlorophyll — ROO : ¢’ Chlorophyll*"
ROO : ¢ Chlorophyll'™ +ROO* — Inactive products
(ROQO; peroxyl radical)
oy RAREHE ANBE Poadad Lt
bt F W F 3 RS ;{ﬁy% B R P Lin
BB AP F R BT g HE SR iy L 4
# % - Lanfer-Marquez % & # (2005)f]*  -#* By Z2 FL2ouRp
(B-carotene blenching method) » kp| 2 E % % X # A & chdeg v i
Ao Rk g A3 A ((CHO) chES % #2424 Pheb it F 5 7
# (-CH;) #Phoa € § #sh g b a0 4 )oinfhenis % 2 £ 7 %1
* DPPH p d gheifipsc dpt 8- 3o
RAFTY 0 L- PR ERAESF A HA R e chin

e ? F IR WIRER ALY ks £ DNA

4*‘%

85 e

r
St
bk
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o R R F Vi 2 e 3P4 # 8-OHdG PF o Chlidea 22 b 2 ¥ >
% Phoa 2b2 A HEFOLEa £Fa b .fé;%ﬁ;iﬂ‘fﬁli\

e T A L AR M A ? RPNRIEF o R FE-

LEGE IR 0 L3 AL AL R A S

EEhid? @ "Ee¢HESZ R P HALRE AR P #

B

oA BB F A gt_;f%}*ﬁﬁj%}iév’ﬂHZOZ?K,_”‘ B e % >
>3 ERT 0 HO, Pl Pho s fAfilmie chy it i 3 5 ¥ j&
DPPH =g 2% ® » % F Pho edg i i% .5 » B =x §_Chlin > & {¢
H_Chlide « F e £ % F A WA $ it §F 24 k447 Chlide 7 7
#3455 Chlin 7 § 4/ 3+ @ Pho cns{f? 27 3 @i & Bag+ - i
L F T ER RS &G F & 3 i 4 (Longo, et al,
1973) 5 i3 &¥ Flafedfiradm 3 @ > B E i e ffmPd R aE
SBRITAY LK S TS it RO REFEF IS Pho B R A H
P AR e iR E % A (Phe) 0 AT S L4B3E T o 4 AR A

7 423 hE % % 3 (unpublished data) - B AT ¢ > T Hiw

%t e Pho 215 0 % 1 R BHET % Lmte ¢ H0, § 4 f2

—

o RE G i 4 3 AL TS A R TS hmie

A 4 Fenton ie# (B= ) # & B#gs FHEenF 0§ 3 % 55 o
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Frd EHFREPAFEHE RE E TR T e DNAJ}F 2%
-5 By

20
CE
P

Frd FRFREBm2 HHE g3 908 $Fm%e DNA G

AT L g FHEFESZEZ A A SR RS 2o
S FE e DNAE G 8 o d NI P TR 7HH)ELEET
121G serdrd] DNA %% 0 5]t 223 2 Chlin 5 #RF % 282 ¢
S F R F B TR o

-~ R R

BEOKERp A  EaE
S~ AHEPERES R
(=) ‘wPe fReig B~

A& 3 12 Hepa-lclc7 (Hepa-1)im? i 5 77 5 % > e gk p 3t
SE1EFPT A FhEEFE P P < (Bioresource Collection and
Research Centre Taiwan). = Hepa-1 ‘w?2 % -] BV % o 72 (mouse
hepatoma)’ ¥ 3 % = 90% Dulbecco’s Modified Eagle Medium (DMEM)
B 10% 2o gauddAY o FRAAEITCERYE %
COY/95% ehz § ¢ o ApM PR 3 dp 41 2w e fRay fE Lehd im e
¢ % P450-1A erB > ¥ 3 AFB, 7 8 R AR chimie 3 |

(Karenlampi, 1987)
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% 94 % Bi(AFB)MLA sigma 2 7 - #PEF2 fFS £ o

= % H_¥-i§ £ ¢ dimethyl sulfoxide (DMSO);% &2 » AFB, 0 &

PR RS e 3R S0mg/mL gk R 0 2 (8 E U E
KR E R g F A K E0020C fERA T
d % Hepa-1 % b4t AFB, § 8 RACE chiwse 3 12 s % 48

| EES o dmPeen Bk £ (LDS0) & 68 ng/mL (Karenlampi, 1987) »
20 AF BRenmie iF A 95901 e » Bt AFB, #7:E B e
JER Z((0-~5ng/mL~10ng/mL) > & &P/ 5 48 | FF -

) dmiz A LR R

I

(
~F %A% Hepa-1 fm¥e e 7 o Jk & ch ¥ % 1% 5 4% AFB,

FH g aniFd > L aFHESEFhRES R 0 R RAET
dnre 3 MRk MREFERSAERZF BiEE (fHERSER ~F
EﬁF’**fr’,ﬂ_f;) LR g NI EERA I - AN S R IS N;rg%\
AR A A - B et 5 R T 00% i 2 T e
AT G 2 e e
AFT 7 A * B 8 EH 2 CellTiter96” Aqueous One solution Cell
proliferation ###| % % jp| _Hepa-1 ‘m% &7 F )k B chi % % R 5B

PREE TR R AEAHEE R R - &
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CE
bES

(Qf) ;J-a- % 4 %’;DNA#F%”}* f:ll"'% mimé'j-a— f’*ﬁﬂm
W2 I N ES RN we R IE R Gd 4 F
i #i(molecular trapping) e # o d *TE % % £ § porphyrin it £ &

W Figd &4+ T gHah kiF¥ 4 (hydrophobic interactions) 1 i®

5\*\-

‘3\

» IS

i

#

%
]

Eat

*
A&
A

PR SAF A Fla MO RRPY TEwme? DNA

NN

LN~

$ =~ R ¥ 5 T (Hayatsu, 1992 ; Dashwood and Liew, 1992) - ie

T
3
[

+
Tt 3 4R 4 BT e N A e v X R B T E %
Fiier dmte oo B3P inf2d i3 0 2@ 0 DNA ¢
BEEEE s Fp TR % o

*F % #-Hepa-1 wmP2 {7 96 /| Fenim e 2 £ F 50 A W30
0 ~24~ 48 ~72 LB AR LPBS Filmiz 2 =t o A
Hepa-1 m?2 30 ~24 /] kﬁ/] v 2 FBERO 520 50uM)eniE % #
-k % P~ 3~ (Chlide a, Chlide b, Pho a, Pho b, or Chlin)+ F ¥ % 2_ {5 » &
Aok B- w-Hepa-l e % 48 [ BF T2 L PR 4R QR

% (0ng/mL, 5ng/mL, or 10 ng/mL)&2 £ % 2 K 555 X F 1 %,

fe#-Hepa-1 'm#e %% 48 | FFis v PBS ijitimie ¥ 7 £ 7 e FC
-k 7P~ 4= (washout variation) » ¥ % 48 | pF ~72 | pFH ,;’J* |
# % (0 ng/mL, 5 ng/mL, or 10 ng/mL)> # P sh8_f g L+ 48]

PR ok F b ek A e R R
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(2 ). Aflatoxin B;-DNA adducts 74 7
1.-Zm?2 * DNA 7 & cip] 2

DNA 7 & ep| 2 & 11 PUREGENE® DNA Isolation Kit (Gentra
Systems, Minneapolis, MN)z& | 8 % & 3F 27 P 2_o B3 Fm iz 1Y
trypsin-EDTA = T 4z f > 3t.< {5 chldm e 12 PBS 7% 4¢ » 3mL 7 cell
Lysis 3 ifil » © S icchme e @ > % 8 3§ TR v
23 e fE o 2R e JfRR A D 15mL i iEE P oo

4v > 15uL ehRNAse A 372 £ 355 5 % 25 % » & 37C 7 15-60
A kB (s B A B AN E R P 4 Fre 4e » 1 mL protein precipitation ;3 ;% B
i 20 de 2000x g 10 A b -

Mz 7 DNA et ik & » 7 5 3mL 100% isopropanol # % 50
oo EFH 2000xg 3 A4 DNA SR IR o Bl FR (S 6
He § dvkis4e » 3mL 0 70% ethanol |4 3# ¥ #ek ik
DNA -

4v » 15mM Na,COs: 30mM NaHCO; (pH9.6) 37°C 2 /| BF i& ik

BRAFE S beor 23 BAEM 95%  AF 0 @ DNA ST - A ¥4z

o XA - F 5 - &¢ i DNA 28 %281 DNA 15 £ -

_kn

B (& # DNA )k & 12 hydration solution 3 & = 0.5ug/ul  (25pg/ 50

uL) > = & pFFFA20CH * o
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2. Hepa-1 w*2 ¥ AFB;-DNA adducts =p] %_
AFB;-DNA adducts 7R T £ * < 3] ELISA 3
FEBEEAT > P AT
(1). Imidazole ring-opened AFB,-DNA adducts 57 & =
*F B Fimre ¢ o1 AFB-DNA adducts > #F0 & Jf L & =
¢ fr § ¢ imidazole ring-opened AFB;-DNA adducts (iro-AFB;-
DNA)> 1% 5 Fiplfk e fidim o B g hp R A FFF 4
BB L AR E 0 A BT s SR B2 5 DNA
bo M BRPLAN R R Y 0 Tde » & A f23Y di-chloromethane o $§3
% {8 » £ 4v » m-chloroperoxy benzoic acid » **if J§ 25 ) pF o
¥ 4 ~» & F e chloroform > 123 "/T‘ AF RPEHAL O AFB, » &%
v~ 95%¢e f% 0 i@ DNA Wik is 3t o 5 7 3 AFB,-DNA adduct *
7 imidazole 4= B > £ 4r » NayCO;/NaHCO; i3 /% o # & = ih
iro-AFB|-DNA » 1 sz k3% 260nm B| 2 DNA 07 & » £ sk
¥ 360nm B E AFB (h3 £ ' B AKLEZ G By et 428 2
i# AFB; °
(2). #FLkh F 96 3¢ ELISA # (coating ELISA plate)
# 96 3¢ ELISA # > % ‘hEl- b H & - 3L 4 100uL

71 iro-AFB1-DNA adducts solution(5ng/100uL) o i& »~ 37°C 128 $8 it
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E =

R
A Al WD

TN 24 ) PEH T o

P~ 1 96 3¢ ELISA # # 2 PBS-Tween(0.1%)#-% — 34 p R ek
TR GRFCE o 4 200 1

119 FCS PBS Tween ;3 /&>t — 34 ¢ » & » 37 CILiE §8 %32

1 /B> i %34 K  firo-AFB-DNA adducts 7 » '}

2L B M PR -FUl eniE Y o B fs £ 1 PBS-Tween #-% - 3t i

(3). FLRl(6A10):7e 4]

1% A g L a2 2 g T Firo-AFB1-DNA adduct | ¥ &
i 6A10 *;p|¥ AFB;-DNA adducts 7% & (Hsiech and Hsieh,
1993 ) -

(4). A 3k (Hepa-1 DNA adducts) 2t 1% & Jk & 77 iro-AFB;-DNA
e 8l

= W EAR A A F]pt B 160 pL k28 & (10 ~ 25~ 50 ~ 100
250 ~ 500 ~ 1000 fmole) ¥7 160 puL =2 6A10 32482 £353 > =& B3
or 100 puL REAE 0 A l4er 3BT (2 E )0 B3 3TCEE 4
F 90 A48 o ¥ b B 320 uL Hepa-1 fm% 1 DNA # 4 2 320 ul
1 6A10 FLBER £33 > uE BRIV~ 100 pL R > A )4 X 6

BitP (A E ) EW3TCEEHFE BRI A4 HFH#90C 15
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A Al WD

& 48 %-DNA #1215 » 2% 5 10 ~ 48 > 12 PBS-Tween #-well p i

(5).5c » § = = $add

4v ~ conjugated = =X FRE > 2 111500 st ’L’njﬁr%% %> 19 FCS
PBS Tween ¥ »& fF3t4e » 100 uL> % >t 37°CIEE 407 & 90 4 48
12 PBS-Tween #- % — 3t p F ik gz i o & {6 | * 0.0IM
diethanolamine % ELISA # = =t o £ 4 » 100 pL <= f= B (alkaline
phosphatase substrate) > I 3x » 28 458 H & & > B {2 & 405nm
e ELISA 2|3 % (ELISA reader E1-340 Bio-Tek Instruments)ip] 2 3¢ #

(6). 3% 25

EEER:

100%-(standard » & # & & ¢ /% F AL & ¢ x1009%)

<P A

1009g-(sample * & & & & ¢ /& treatment * & & & ¢ x100%)

LA R Eﬁ“m" ;Y8 0 AFB;-DNA adducts & & 42 (5] =
L)y Fumpdw fFene 7V &4 Hepa-1 fm* ¥ AFB,;-DNA adducts

[P

2z

Ik
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Figure 27: Standard curve of AFB;-DNA adducts
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(= ). Glutathione-S-transferase(GST) /& 4 4 +7
Lin% ¢ $ob Héng §
3o [k R % Bradford (1976)2 % i %8 - £ 1173 kA&
BSA[ 100 mg/mL(for stock-20°C) 1~ 0.5~ 025+ 0.125~ 0.0625
0mg/mL] 2 = &8 ¥ & > £ B 20uL e 355 % 4v » 140 pL e
ko e 96 well sz 32 £ ¥ o BioRad 3¢ T4 4773 %
(Bio-Rad protein assay dye R-250)r2 PBS #1§ 5 &,% well £ 4 »
200uL R £353 > kR RIEAE 595 nm gk K iE o f i
e A8 3o H kA (mg/mL) e
2. Glutathione-S-transferase ;& g £
| GST %184 * Calbiochem® GST assay kit 3% 4] & % jp] %_>
R E ] GST ft% & it GSH ik #&(-SH) # 2 I-chloro-
2,4-dinitrobenzene (CDNB): & J&(Bl= + ~) > #T & 2 e B il &
340nm T & 3 B ftiE(e=9.6 mM-lcm-1) > & H i~ i Av e
e BN & HF R ehd 23 F > a3+ 5 GST &0t 3 M (specific
activity) o
B RPN 40 pL P e 4 » 160 uL 7 3 BSA ¢ potassium
phosphate buffer #§ & > P~ 20 pL 2 » &k L R Fantd g9

¥4~ 360uL 7 7 CDNB/potassium phosphate buffer e8 & j &
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Figure 28: The reaction of CDNB with GSH
20uL 7 GSH &R £355 (5> Ak g Ak & 340 nm oz sk
GRS (time scan)5 4~ 48 > TR E A KR BPEFRF 1 F o F
F 4 PA A H GST it g3 o
TE N e

1.Net Rate: (AA340nm/min)= Slopeyepa-1 = i+~ Slopepjank
2.GST #77% 14 (mU/mL)= (Net Rate/0.0096)* #-§ 715 #c
(U=mol/min, 0.0096= GSH-CNDB extinction coefficient)
3Efs i E B AY 9 B2 £ T o # Hepa-1 fme ? GST
‘}é 'Ié‘_(mU/mL)% v e ¢ G BT ez € (mg/mL) o H = mU/mg
Fo HRL T o
Z RT3

3 2 ficdy 4 SPSS” 10.0 4% szt B (7 4 49 0 12 Mean+SD
%1 0 12 ANOVA #sg £ 4 47 > ¥ 12 Duncan’s Multiple Range test

FAEF L Bt i 0 P<O.05 (73 B3t b L B oo
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Table 7. Effect of Chlorophyll derivatives and AFB, on Hepa-1 cell

viability.'

B, 8]
wE
‘,
i

TN

Hepa-1 cell viability (%)

AFB,; (ng/mL)

Chlorophyll derivatives 0 5 10

Control 100 98.66+0.56 97.05+0.89
Chlorophyllide a 101.50+0.68 101.84+0.89 103.23+0.47
Chlorophyllide b 103.78+1.02 98.92+1.22 106.06£0.89
Pheophorbide a 102.11+1.45 98.86+0.87 105.74+3.45
Pheophorbide b 96.86+2.11 97.13+1.47 105.11£1.02
Chlorophyllin 97.77+1.57 95.66+1.23 95.79+2.11

! Mean+SD relative to control (no chlorophyll derivative treatment).Cells were treated for

48 h with 50 uM of each chlorophyll derivative, then treated with the chlorophyll derivative

and AFB, for another 48 h, after which an MTS assay was performed at 96 h to determine

viability.
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Table 8. Effect of AFB; upon Hepa-1 DNA damage'.

AFB;-DNA adducts

AFB; 5 ng/mL 1.80%0.16
AFB; 10 ng/mL 2.6310.16
Control 0.15+0.07

' Mean+SD. Cells were treated for 48 h with 5,10 ng/mL AFB; to determine

AFB;-DNA adducts.
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Figure: 29 Effect of pretreatment with chlorophyll derivatives before
challenge with 5 ng/mL AFB,. AFB;-DNA adducts formation in
extracted Hepa-1 cell DNA was measured using ELISA assay as a
biomarker for AFB, carcinogenic potential. Results are expressed as the

mean = SD. * significant difference (P < 0.05) from control value.
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Figure 30: Effect of pretreatment with chlorophyll derivatives before
challenge with 10 ng/mL. AFB,. AFB;,-DNA adducts formation in
extracted Hepa-1 cell DNA was measured using ELISA assay as a
biomarker for AFB, carcinogenic potential. Results are expressed as the

mean = SD. * significant difference (P < 0.05) from control value.
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Figure31: Effect of pretreatment with followed by wash-out of
chlorophyll derivatives before challenge with 5 ng/mL AFB,.

AFB;-DNA adducts formation in extracted Hepa-1 cell DNA was

measured using ELISA assay as a proxy for AFB, carcinogenic potential.

Results are expressed as the mean + SD. * significant difference (P < 0.05)

from control value.
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Figure 32: Effect of pretreatment with followed by wash-out of
chlorophyll derivatives before challenge with 10 ng/mL AFB,.

AFB;-DNA adduct formation in extracted Hepa-1 cell DNA was

measured using ELISA assay as a proxy for AFB, carcinogenic potential.

Results are expressed as the mean + SD. * significant difference (P < 0.05)

from control value.
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%4 © AFB, %>t Hepa-1 m* & GST & {2 8 4K

Table 9: Effect of AFB, upon Hepa-1 GST activity'.

GST activity
AFB,; 5 ng/mL 082.77+25.2
AFB; 10 ng/mL 753.88+45.0
Control 1107.12456.2

"' mean+SD. Cells were treated for 48 h with 5,10 ng/mL AFB,

to determine GST activity.
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Figure 33: Effect of chlorophyll derivatives on GST activity in
AFB-induced Hepa-1 cells. Cells were first treated with various
derivatives for 48 h and then treated with 5 ng/mL AFB, for another 48 h.
GST activity was evaluated using a commercial kit. Results are expressed

as the mean * SD. * significant difference (P < 0.05) from control value.
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Figure 34: Effect of chlorophyll derivatives on GST activity in
AFB-induced Hepa-1 cells. Cells were first treated with various
derivatives for 48 h and then treated with 10 ng/mL AFB, for another 48
h. GST activity was evaluated using a commercial kit. Results are
expressed as the mean = SD. * significant difference (P < 0.05) from

control value.
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Effects of Chlorophyll-Related Compounds on Hydrogen
Peroxide Induced DNA Damage within Human Lymphocytes
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Chlorophylls (Chl's) are the most abundant natural plant pigments. Four chlorophyll-related compounds
(CRCs), including chlorophyllide a and b (Chlide a and b) and pheophorbide a and b (Pho aand b),
were investigated for their antioxidative capacities to protect human lymphocyte DNA from hydrogen
peroxide (H202) induced strand breaks and oxidative damage ex vivo. Lymphocytes exposed to HzO-
at concentrations of 10 and 50 M revealed an increased frequency of DNA single-strand breaks
(ssb's; as measured by the comet assay) and also an increased level of oxidized nucleoside (as
measured by 8-hydroxydeoxyguanosine, 8-OHdG). All Chl's reduced the level of DNA ssb's and
8-0HdG within human lymphocytes following exposure to 10 uM H20-. Only Pho a and b were able
to decrease DMA ssb's and 8-OHAG following treatment of lymphocytes with 50 xM H:O-, in a
concentration-dependent fashion. It was demonstrated herein that Pho a and bwere more antioxidative
than others. We applied DPPH free-radical scavenge assays in vitro, and got similar results. Pho a
and b had higher ability in scavenging capacities than others. We conclude that water-extract Chl's
are able to enhance the ability of human lymphocytes to resist H:Os-induced oxidative damage,
especially for Pho a and b.

KEYWORDS: Chlorophyll; hydrogen peroxide; DNA damage; comet assay; 8-hydroxydeoxyguanosine

(8-OHdAG)

INTRODUCTION

Free radicals and oxygen radicals are constantly generated
n vivo and cause oxidative damage to DNA that is probably a
significant contributor to cancer. Epidemiological studies have
shown an inverse relationship between the consumption of
vegetables and the incidence of human cancer (/). For most
cancer sites. individuals who reflect a low frut and vegetable
mtake experience about twice the risk of cancer compared with
those who feature a high intake of fruit and vegetables (2).

Chlorophylls (Chl's) are the most abundant and widely
distributed green pigments found m plants, and are important
mn photosynthesis. For human life, Chl's are constituents of the
diet, especially in the form of green vegetables and fruts (3).
Chlorophylls or their dervatives have also been used as additives
for food-coloration purposes (4). In the pharmaceutical sciences.
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Chl has been made available as an over-the-counter drug such
as chlorophyllin (Chhin; a senusynthetic, water-soluble sodium—
copper salt denvative of chlorophyll); such a drug type has been
widely used for controlling body, fecal. and uninary odor among
geriatric patients (5).

Chlin has been found to exhibit antioxidant activity by way
of mhibition of lipid peroxidation in rat liver (6, 7), and also
by means of its ability to protect mitochondria from oxidative
damage induced by various reactive oxygen spectes (ROS) (8).
Chlin has also been shown to inhibit radiation-induced DNA
and mutochondnal membrane damage (9), and it would also
appear to be a potent protector of DNA with regard to oxidative
damage (/0). Recently, Chlin has been used in cancer-related
studies (11).

Natural Chl's deriving from plant leaves might be degraded
mto different forms. For example, chlorophyll @ and 5 may be
dephytylated by chlorophyllase in vivo to form chlorophyllide
(Chlide) a and b. respectively. Further, Chlide a and b may
lose magnesmum to form pheophorbide (Pho) a and b. These
compounds might be termed chlorophyll-related compounds
(CRCs). Earlier studies have focused on the digestion and
absorption of Chl's (/2. 73). Chl's may be digested to
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pheophytin and then absorbed within the mucelle fraction
according to the caco-2 human-cell model (72). Within the
myeloma cell. the uptake of Chl’s was converted into Pho (13).
For the rabbat, both Chlide and Pho are the final metabolites of
Chl's (unpublished data by Yang).

A pumber of earlier studies have indicated that vegetable
extracts consisting of a greater number of Chl denivatives reveal
a more positive relationship to the ability to inhibit mutations
mn the Ames salmonella system (74, 13), and also a greater level
of amtgenotoxicity in the Drosophila wing spot test (J6).
Furthermore, amimal studies have also shown that the application
of Pho was effective with regard to both antitumor and anti-
mflammation activities for ICR mouse skin (I7). as well as
acting as photodynamic sensttizers against tumors for muce (78,
19).

The antimutagenic effect of CRCs has been well documented.
Recently, limited data appeared on the antioxadative capacity
of these compounds 1 a fissue culture model. In this experiment,
CRCs (Chhide g and b and Pho a and &) were tested for their
antioxidative capacities in the context of their ability to protect
(human) lymphocyte DNA from hydrogen peroxide (HxO,)
mduced DNA damage. Measurement of 8-hydroxy-2'-deoxy-
guanosine (3-OHdG) 1s the commonest method of assessing
DNA damage. but there is no consensus on what the true levels
are in human DNA (20). Here, we measured DNA oxidative
damage, both by the level of 8-hydroxy-2'-deoxyguanosine (8-
OHAG: test for oxidized base radical) and by way of the comet
assay (test for single-strand breaks) The comet assay can be
applied directly to the cell and measured DNA strand breaks.

MATERIALS AND METHODS

Chemicals. The chemicals used in these experiments were purchased
from the following suppliers: agarose. Triton-100, dimethy] sulfoxide,
and EDTA diodinm salt dihydrate from J. T. Baker, USA; sodium
chloride, hydrogen peroxide, potassium chloride, Trizma base, glucose,
N-lauroylasarcosine, ethidivm bromide (EtBr), and 1.1-diphenyl-2-
picrylhydrazyl (DPPH) from Sigma. USA; low-melting-peint agarose
from BDH. UK. Frosted microscope slides were acquired from Fisher
Scientific, USA.

Chlorophyll Related Compound Extracts. Chlorophyll-related
compounds (CRCs) were obtained from spinach purchased in Taipei,
Taiwan. It was prepared as previously described (21). Chlorophyll a
and b were purified from spinach and dephytylated by the catalysis of
chicrophyllase isolated from plant (Ficus macrocarpa) leaf, to form
Chlide a and b, respectively. Chlide a and Chlide b were further
magnesivm (Mg) dechelated to form Pho a and Pho b, respectively.

Isolated Human Peripheral Blood Lymphocytes. Blood samples
(10 mL) were obtained from healthy donors, and lIymphocytes were
isolated using a separation solution kit (Ficoll-Paque Plus Iymphocyte
isolation sterile solution; Pharmacia Biotech, Sweden.) For the experi-
mental procedure, cells were harvested within 1 day of blood samples
having been taken, and cultured with AIM V medivm (serum-free
Iymphocyte medinvm; Gibco Invitrogen, USA) in a humidified atmeo-
sphere of 5% CO; in air at 37 °C for 24 b

Treatment Procedures and Cell-Viability Testing. After culture.
Iymphocytes were exposed to one of four different CRCs (Chlide a
and b, Pho a and b, with Chlin as a positive control), each of which
was used at three concentrations (3, 20, or 50 uM) for 30 min at 37
°C. DNA damage was induced by exposing lymphocytes to HaO; (10
or 50 uM) for 5 min on ice. Treatment on ice minimizes the possibility
of cellular DNA repair after H:Os injury. Cells were centrifuged (100g
for 10 min), washed, and resuspended in the same medinm for the
comet assay and the assessment of 8-hydroxy-2'-deoxyguanosine (8-
OHAG) levels in DNA. All experiments were carried out in triplicate.
Cell viability was tested using the MTS assay (22). beth prier to and
after either CRC or HyO; treatment.

DNA Single-5trand-Break Damage Estimation Using the Comet
Assay. DNA single-strand break (ssb) damage was determuned using

Tail length (TL)

Urdsmaged cel

TL = tail length

% DNA = DNA of tail given as a percentage

Figure 1. Under a fluorescence microscope, the cometiike images resuiting
from the extension of DNA were scored as a reflection of the single-
strand breaks. The tail moment was defined as follows: TM = TL x %
DNA.

the comet assay (23). Cultured lymphocytes (~10° cells/ml) were
embedded in 75 uL of 1% low-melting-point agarose on a microscope
slhide (precoated with agarose) at 37 °C. The gel was allowed to set at
4 °C. and cells were lysed for a period of at least 2 h in Iysis buffer at
4 °C. Cells were then alkaline-unwound, following which electrophore-
sis was carried out using the electrephoresis buffer at 4 °C for 15 min
at 25 V with the current adjusted to 300 mA. All steps were conducted
under dim light to prevent the occurrence of additional DNA damage.
Following electrophoresis, slides were neutralized with neutralization
buffer and stained with ethidium bromide. Under a fluorescence
micrescope (MNikon COOLPI3000), the cometlike images resulting
from the extension of DNA were scored as a reflection of the single-
strand breaks. Duplicate slides were prepared for each experimental
point sample. and 50 cometlike images selected at random per slide
were evaluated to determine average DNA damage values. A computer-
ized image analysis system (VisCOMET 1.3, Impuls, Gemmany) was
employed to determine various comet parameters such as tail moment.
The tail moment (integrated value of DNA density multiplied by the
DNA migration distance) was used as the primary measure of DNA
damage (24) (Figure 1).

Measurement of Oxidized Nucleoside Level by 8-Hydroxy-2'-
deoxyguanosine (8-OHAG). Lymphocyte genomic DNA was purified
using a genomic DNA purification kit (Bertec Enterprise, Taiwan),
while 8-OHdG in lymphocyte DNA was gquantified using an ELISA
kit (JTapan Institute for the Control of Aging. Japan). Briefly, samples
or standards of 8-0OHAG (0.5, 2. §, 20, 80, and 200 ng/mL) were placed
in microtiter plates (8 = 12 wells; split type), which had been precoated
with 8-OHdG. A monoclonal primary antibody recognizing 8-OHAG
was added, and the plates were incubated for 1 b at 37 °C. The plates
were then rinsed with PBS and subsequently incubated with an enzyme-
labeled secondary antibody for a period of 1 h at 37 “C. Following
this, plates were rinsed with PBS. and the chromatic substrate 3.3°.5,5"-
tetramethylbenzidine was added, and mcubation was carried out for
15 min at 37 °C in the dark. The reaction was terminated by the addition
of phospheric acid, and a forther 3 min later. plates were read on a
Microplate Reader that measured the absorbance at 430 nm. A standard
curve was established by plotting the measured absorbance versus the
logarithm of the concentration of 8-OHdG standards. Results were
expressed as nanograms per microgram of DNA.

Measurement of DPPH Radical Scavenging. The 1.1-diphenyl-
2-picrylhydrazyl (DPPH) radical scavenging method previously reported
(25) was modified as follows: CRCs were dissolved in ethanol prior
to reaction with a methanolic solution of DPPH (10 mM). The decrease
in absorbance at 515 nm was determuined with continuous data capture
at 30-min intervals using a spectrophotometer (Hitachi U-3000). The
DPPH scavenging capacity of CR.Cs was expressed as a proportional
(percentage) inhibition (%6 inhibition), and was determined by the
following expression:

% inhibition = [( gy — 4 s Aecumet] * 100

where Aconml is the absorbance of the sample at time = 0 and Azamgle is
the absorbance of the sample at time = 30 min.

Statistical Analyses. Data are reported as the mean + standard
deviation (SD) of triplicate determinations. Statistical analyses were
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Table 1. Effect of CRCs on Human Lymphocyle Viability and DNA
Damage?

DNA damage
viability® (%)  comet assay (TM)®  8-OHdG (nolug of DNA)

chlorophyllin

5uM 98.5+23 110+12 0.53+0.08

20 uM 954+232 135+33 053+0.03

50 uM 954 +6.1 11322 0.63+£0.05
chlorophyllide a

5uM g7h+64 113+£22 053+0.08

20 uM 984+53 136 +30 0.68+0.08

50 uM 95.2+43 12035 0.60 £0.04
chlorophyllide b

5 uM 98.8+22 120+ 31 047 £0.10

20uM 95.8+35 126 £ 55 0794009

50 uM 99.2+44 104 £ 36 0.61+0.08
pheophorbide a

5 uM 958+65 BA+132 0.66 +0.05

20uM 95.9+34 100+ 25 0.55+0.04

50 M 994+25 99+ 26 046 +0.07
pheophorbide b

5 uM 9B4+16 95+20 063+0.08

20uM 99.7+£33 IES 0.62£0.08

50 M 998+26 100+ 31 043+£0.10
confrol 100 100+ 21 0.55+0.06

3 Mean + SD. Viability (measured by the MTS assay) was defermined both
prior to (100%) and following CRC pretreaiment. ©Mean tail moment (TM) was
calculated by means of the comet assay.

Table 2. Effect of H;O; on Human Lymphocyte Viability and DNA
Damage?

DMNA damage
viability? (%)  cometassay (TMy  B-OHUG (yg/ug of DNA)
Ha0z
10 uM 99.4+24 6386 + BO3T 2300139
50 uM 982+71 14537 + 1602¢ 3850330
control 100 100 £ 217 0.55 +0.06

3 Mean + SD. Viability (measured by the MTS assay) was defermined both
prior to (100%) and following CRC prefreatment; no significant difference with regard
to cell viability was apparent. ¢Mean tail moment (TM) was calculated for the comet
assay. “Values featuring different letiers differ significantly with regard to Hz0:
levels (ANCWVA, p < 0.05).

performed using a Student’s i-test to compare differences between
control and CRC-pretreated groups. One-way ANOVA was used to
test for differences among the CRC groups. Post hoc comparison of
means was performed by Duncan’s multiple comparison, and p < 0.05
was considered to represent a statistically significant difference between
test pepulations.

RESULTS

The matial viability of, and the level of DNA damage meurred
by human lymphocytes from this expennmental procedure, 1s
revealed in Table 1. When human lymphocytes were pretreated
with each of these CRCs, the subsequent cell viability did not
change sigmificantly, nor did the level of cell death or oxadative
DNA damage compared with the solvent control. Following
free-radical attack, the viability of and DNA damage sustained
by human lymphocytes were determined, and the data are
summanzed i Table 2. The viability of human lymphocytes
at the expenimental procedure also did not differ sigmificantly
from control. When cells were challenged with free radicals.
however, a significant mncrease in DNA damage was noticed
compared to the control. The effect of lymphocyte exposure to
10 g H,0, was 60-fold (from 100 to 6386) greater with regard
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Figure 2. Effect of CRC pretreatment on 10 uM hydrogen peroxide
induced DNA damage for isolated human lymphocytes. DNA oxidative
damage was measured using the comet assay (A) and 8-OHdG levels in
lymphocyte DNA (B). Results are the mean = SD. (@, chiorophyllide 3
O, chiorophyllide &; w, pheophorbide & +w. pheophorbide & W,
chiorophyllin.) Values with different letters differ significantly with regard
to oxidative damage when comparing between different CRCs (ANOVA,
p < 0.05); *p < 0,05 refers to differences in oxidative damage as compared
with the control (without CRCs).

to DNA ssb damage than was the case for the control. and a
significantly enhanced level of 8-OhdG adducts (from 0.55 to
2) was also observed When lymphocytes were exposed to 50
1M HyO,, the level of oxidative damage increased sigmificantly
as revealed by the level of ssb’s (from 100 to 14 537) and
oxidized nucleoside formation (8-OHdAG from 0.55 to 3.98),
when compared to the control.

The effect of CRC pretreatment on 10 4M H,O; mduced
DNA damage 1in human lymphocytes 1s presented in Figure 2.
For each concentration of CRC-pretreated cells, a significantly
reduced level of DNA ssb’s and 8-OHdG formation following
H,0; exposure was observed (p < 0.05). It may also be seen
from this figure that the protective effect on lymphocytes of
pretreatment of such cells with each of the CRCs at the lower
dose for each (5—20 uM) occurred in a dose-dependent manner.
Those lymphocyies pretreated with Pho a or & (5—50 uM)
experienced a greater level of protection against H2O- exposure
than did lymphocytes exposed to the other test compounds. and
in a dose-dependent manner. The maximum protective effect
for lymphocyte pretreatment was seen for pretreatment with 50
1M Pho a and b (respectively 75.28% and 76.17% mnlbition
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Figure 3. Effect of CRC prefreatment on 50 uM hydrogen peroxide
induced DNA damage for isolated human lymphocytes. DNA oxidative
damage was measured using the comet assay (A) and 8-0HdG levels in
lymphocyte DNA (B). Results are the mean + SD. (@, chiorophyliide &,
O, chiorophylide b; w, pheophorbide a w, pheophorbide b m,
chlorophyllin.) Values with different letters differ significantly with regard
fo oxidative damage when comparing among different CRCs (ANOVA, p
< 0.05); *p < 0.05 refers to differences in oxidative damage as compared
with the control (without CRCs).

compared with the solvent control; Figure 2A). A similar result
was noted when the level of Pho a or b protection to H,O,
exposure was assessed m the context of the production of
8-OHAG adducts (Figure 2B).

The protective effect of CRC pretreatment on 50 uM H,O,
mduced DNA damage for human lymphocytes 1s presented in
Figure 3. At a 50 uM H,0; challenge, both Chlin and Chlide
failed to demonstrate any degree of protection against DNA
damage and the level of damage for both cases was sinular to
that of the positive control. With regard to Pho a and b, both
expressed antioxidative protective effects at all of the concentra-
tions tested: pretreatment with such agents elicited a decrease
m DNA ssb’s (19.63% and 20.18% inlibition compared with
the solvent control) and 8-OHdG adduct formation following
H,0; exposure (Figure 3). The lymphocytes pretreated with
etther Pho a or b exhibited protection against not only low doses
of H20; exposure, but also high doses of H;Os-induced DNA
damage.

The free-radical scavenging capacity of CRCs 1s shown i
Figure 4 Four CRCs were tested; they exhibited diverse
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Figure 4. DPPH scavenging capacity of CRCs. The absorbance inhibition
for DPPH was monitored at 515 nm. Results represent the mean £ SD.
(@, chlorophylide & ©, chlorophylide b; w, pheophorbide & w,
pheophorbide &) M, chlorophyllin.)

antioxidative capacities regarding their ability to scavenge the
DPPH free radical The scavenging capacities of Pho did appear
to be more pronounced than that of Chlide’s. The ICs; value
for DPPH mhibition of Pho 5, Pho a, and Chlin were,
respectively, 75, 120, and 360 uM. while the corresponding
figures for Chlide @ and b were somewhat greater than 800 uM.

From DNA damage and free-radical scavenging tests, CRCs
had antioxidative effects and the composition of magnesum
1on in CRCs might affect their antioxidative ability under erther
eX VIVO Of 1n Vitro stress conditions.

DISCUSSION

Exposure to an adverse aerobic environment can elicit the
generation of reactive oxygen species (ROS) resulting in
oxidative stress (26). Excess ROS generation can significantly
alter the structural and functional relationships of biomolecules
and has been implicated as a cause of oxidative DNA damage

27). Chlin has been reported to exhibit a greater level of
antimutagenic activity than the well-known sute of antioxidant
vitamins including retinal, S-carotene, vitamuin E. and vitamin
C (28). Furthermore, Chlin’s antioxadant ability 1s more
substantial than that of vitamin C. glutathione, and mannitol
(8). Natural chlorophylls, 1 contrast. have been litile studied
i this regard (16). Our results showed that Chl’s from water
extract of spmach sigmficantly reduced smngle-strand-break
formation and 8-OHAG adduct level: furthermore, Pho a and b
experienced a greater level of protection than Chlin. The results
might explain partially why vegetables contaiming chlorophyll
denvatives would protect against and reduce the risk of ROS-
related diseases.

The basic structure of CRCs contains a porphyrin-related
chlorne rmg skeleton, which possesses more than 10 conjugative
double bonds, and appears to be a responsible chemical structure
for antioxidant activity (29). We examined the free-radical
scavenging capacity of CRCs, which quenched DPPH (10 mM)
to process a stable free radical. Endo et al. (30) indicated that
CRCs provide the hydrogen donor to reduce free radicals such
as DPPH, and identified a m-cation radical of porphyrn
compounds when CRCs react with free radical using electron
spin resonance spectroscopy. Hydrogen peroxide 1s believed to
cause DNA oxidative damage by generation of hydroxyl radical

via the Fenton reaction. For the present study, we remam
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uncertain regarding the precise quantity of fernc 1ons i human
Iymphocyte to induce hydroxyl radical generation, but we
compare the composttion of the water-soluble CRCs mvestigated
in the present study: Chlin contains a copper ion in its porpliyrin
structure and Chlide contains magnesinm ion while Pho differs
markedly in that such molecules do not contamn any metal 1ons
i the porphyrin ning. It remains possible that Pho acts by way
of an 1on-chelation effect to reduce metal-induced hydroxyl
radical generation, thus protecting DNA from oxidative damage
(31). We speculate that both Pho a and b exert their antioxidative
capacity not only by the porphyrin stabilization of ROS. but
also by their mnherent ion-chelation capacity.

In conclusion. the water-extract-Chl derivatives reduce the
DNA damage induced by hydrogen peroxide 1n 1solated human
Iymphocytes. Pho compounds were more effective than Chlide.
These compounds might act as free-radical scavengers and as
chelating agents to protect human lymphocyte DNA from
oxidative damage.
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Abstract

ATM: To study the immunological effects of physiological
doses of purple sweet potato leaves (PSPL).

METHODS: The randomized crossover study (two periods,
each lasting for 2 wk) involved 16 healthy non-smoking
adults of normal weight. The 6-wk study consisted of a
run-in (wk 1) PSPL diet (daily consumption of 200 g
PSPL) or a control diet (low polyphenols, with the amount
of carotenocids adjusted to the same level as that of
PSPL) (wk 2-3), washout diet (wk 4), and switched diet
(wk 5-6). Fasting blood was collected weekly in the
morning. T-lymphocyte function was assessed via the
proliferation and secretion of immunoreactive cytokines.
Salivary IgA secretion and the specific cytotoxic activities
of cytotoxic T lymphocytes and natural killer (NK) cells
were determined.

RESULTS: The plasma B-carotene level increased with
time in both groups, while the plasma polyphenol level
decreased in the control group, and no significant
difference was detected between the two groups.
Although plasma polyphenol levels did not significantly
increase in the PSPL group at the end of the study, they
were significantly elevated in urine. PSPL consumption
produced a significant increase in proliferation responsiveness
of peripheral blood mononuclear cells (PBMC) and their
secretion of immunoreactive IL-2 and IL-4. As well, lytic
activity in NK cells was elevated in a time-dependent
fashion. Salivary IgA secretion significantly decreased in
control group after 2 wk, and returned to baseline following

dietary switch to PSPL.

CONCLUSION: Consumption of PSPL modulates various
immune functions including increased proliferation
responsiveness of PBMC, secretion of cytokines IL-2 and
1L-4, and the lytic activity of NK cells. The responsible
determinants of PSPL remain to be elucidated, as does
the biological significance of the present ohservations.

© 2005 The WG Press and Elsevier Inc. All rights reserved.
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INTRODUCTICN

The high consumption of vegetables and fruits has been
linked epidenuologically to a decreased sk of cancer and
cardiovascular diseasel’. Their beneficial effects have been
attributed partly to the presence of numerous polyphenolic
compounds, which display antioxidant and free radical
scavenging propertiest. Polyphenols are the major
phytochemicals in fruits and vegetables. A vanety of in witro
studies have shown that polyphenols such as flavonoids

are antioxidants®, immunomodulators™, and exhibit

antigenotoxic effects?.

Purple sweet potato leaves (PSPL), which are easily
grown in tropical areas such as Taiwan, have the highest
polyphenolic content, 1 particular flavenoids, of all the
commonly grown vegetables, and exhibit free radical
scavenging ability™. Supplementation of diets with PSPL
would seemingly be prudent. However, this recommendation
1s premature, since little is known from human expenmental
studies about the physiologic effects of dietary PSPL on
the immune system.

As with many vegetables and fruits, PSPL are nich 1in
carotenoids. The immunomodulatory activity of carotenoids
in animals and human beings is well known® . Presently,
we sought to evaluate whether physiological doses of
polyphenol via consumption of PSPL affected the immune
status of healthy subjects. In order to calibrate the
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immunomodulatory effect of carotenoids, the amount of
carotenoids consumed by the test and control groups was
similarly adjusted. The results are consistent with a
beneficial immune effect of PSPL.

MATERIALS AND METHODS

Subjects

Sizteen non-smoking healthy adults (seven men and nine
women, aged 20-22 years), with normal weight (body mass
index 20.9-21.6 kg/m?) were recruited for the study. All
subjects were in good medical health. Their screening histories
did not reveal indications of any gastrointestinal disorder.
Vitamin supplements or medications were not taken 1 mo
preceding the study and during the study period. The study
was approved by Medical Ethical Committee of the Taipet
Medical University and all participants gave their wrtten
consent.

Sample collection and processing

Study design The leaves used were obtained from purple
sweet potatoes planted and tended at the Taoyuan District
Agriculture Improvement Station, Taipei Branch, Taiwan.

The randomized crossover study was conducted during
September to November 2003. Subjects were randomly
divided into control group and experimental group, all of
them ran in a low pelyphenol diet for 1 wk (wk 1). After
that, control group consumed a control diet (low polyphenols,
with the amount of carotenoids adjusted to the same level
as that of PSPL) for 2 wk, expenimental group consumed a
PSPL diet (daily consumption of 200 g PSPL) for 2 wk
(wk 2-3). The washout diet (a low polyphenol diet) was
followed for 1 wk (wk 4), and then, the control and
experimental groups were given switched diet for 2 wk
(wk 5-6). Results were presented in a total study peniod of
6 wk.

Subjects were provided PSPL and control diet for lunch
and dinner by the Department of Dietetics of Taipei Medical
University Hospital. The meals were eaten in the hospital
cafeteria. Each subject returned any uneaten food to allow
food intake to be recorded. A list of the food products that
the subjects were not allowed to eat was provided. Each
subject kept a record of food consumption, which was
checked to ensure comphiance with the diet.

Collection and preparation of blood samples Blood from
fasting subjects was collected once weekly in the morming
between 07.00 a.m. and 09.00 a.m. Blood was drawn from
an antecubital vein into the mbes containing 1.6 g/ of EDTA
or Li-heparin, which were immediately placed on ice in the
dark Plasma collected by centrifugation at 1 500 r/min for
10 mun at 4 °C was stored at -80 C untl analysis.
Collection and preparation of urine samples Before
and at the end of the intervention period all volunteers
were asked to prowvide a 24-h urine sample. During the
collection period urine was stored at 4 C and kept in dark
bottles. Exact sampling time and urine volume were
determined, and each sample was stored at -20 C uatil
analysis.

Analytical methods
Total polyphenols in urine and plasma Total polyphenols

1n urne and plasma were measured using the Folin-Ciocalteau
method!"¥. The absorption at 750 nm was measured
spectrophotometrically. The total polyphenol content was
expressed as gallic acid equivalents (GAE).

Plasma B-carotene Carotenoids were extracted from
plasma with absolute ethanol (containing 1% pyrogallol)
and hexane, separated by C18 reverse phase hugh-pressure
hiquid chromatography using spherical 3 micron packing.
B-carotene was identified and quantified using an external
standard®.

Preparation of peripheral blood mononuclear cells
(PBMC) PEMC were isolated by density gradient centrifugation
using Ficoll-Paque (Amersham Biosciences, Buckinghamshire,
UK) and resuspended in complete RPMI-1640 culture
medium (Invitrogen, Carlsbad, CA, USA), containing
50 mL/L heat-inactivated fetal bovine serum (FBS,
Invitrogen), 2 mmol/L L-glitamine, 100 000 U/L penicillin,
and 100 mg/L streptomycin.

Lymphocyte proliferation PBMC (1x10° cells/L) in
medium contaimng 5% of FBS were sumulated by T cell
mitogen concanavalin A (Con A; 5 mg/L; Sigma Chemical
Co., 5t. Louis, MO, USA) for 120 h at 37 "C. Proliferation
was measured using the BrdU proliferation enzyme
mmmunoassay kit (Oncogene, Merck, Darmstadt, Germany).
Quantification of cytokine secretion PBMC were
stimulated with Con A as described above for 48 h to
measure IL-2 and IL-4 secretion. Cell-free supernatants
were collected and stored at -80 C until analysis. IL-2 and
IL-4 were measured by ELISA kit (Biosource, Camarillo,
CA, USA).

Cytotoxicity activity assay of NK cells The specific
cytotoxic activities of natural killer (NK) cells were tested
using a Promega CytoTox 96 kit (Promega, Madison, WI,
USA). K562 cells were susceptible target cells to the cytotoxic
effects of NK cells. K562 cells and PBMC including NK
cells, resuspended in phenol red free RPMI-1640 culture
medium containing 5% FBS were coincubated in 96-well
round bottomed plates for 4 h at 37 ‘C. The following
PBMC/ K562 cell ratios 30:1, 20:1, 15:1, 10:1, and 7.5:1
were used to find a good effect between NK cells and K562
cells. During the incubation, the NK cells destroyed the
target cells and lactate dehydrogenase (LDH) was released.
Spontaneous release of PBMC or target cells was controlled
by separate incubation of the respective population and
detergent was added to lyse all target cells into a complete
cytotoxicity. At the end of incubation, the cells were lysed
and centrifuged. Fifty microliters of aliquot of each well
was transferred into another 96 well flat-bottomed plate
and 50 L of fresh LDH substrate solution was added to
each well. The plates were incubated at room temperature
for 30 mun, and the reaction was stopped by the addition
of 1 mol/L acetic acid. The resulting light absorbance was
measured in microplate reader at 490 nm. The percentage
of cells exlubiting cytotoxic activity was calculated.
Salivary IgA secretion A small absorbent pad was used
to collect saliva before brushing of the teeth in the morming.
All samples were centrifuged at 13 000 g1in a nucroliter
tube. The supernatant was stored at -20 'C until analysis.
Salivary immunoglobulin A (IgA)*? was measured nsingan
immunoassay kit (Salimetrics, State College, PA, USA).
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Statistical analysis
All values were expressed as meanTSD. The data were
analyzed using SPSS version. Statistical significance was

determined using pairs 7 test. P<0.05 wwas considered
statistically significant.

RESULTS

All participants tolerated the intervention well and completed
the study. Physical characteristics of the subjects are
summarized in Table 1. Body mass index and the percentage
of body fat did not vary significantly during the study.
PSPL-related daily dietary intake was 902 mg GAE of total
polyphenol and 23.42 mg of B-carotene. Control subjects
ingested the same amount of B-carotene from 40 to 45 g
carrots (268.76 Jig/g of B-carotene) each day.

The concentrations of plasma [-carotene and polyphenol
measured throughout the study are summarnzed in Table 2.
Plasma [-carotene level increased with time in the PSPL
and control groups. However, plasma polyphenol levels
decreased 1n the control group, although the decrease was
not significantly different from the PSPL group. In the latter
group, the urine levels of polyphenol were significantly
elevated (8.2020.95 to 10.27£1.39 mg GAE/dL).

Table 1 Physical charactenistics of subjects (meantSD)

Before After
Subjects
Male Female Male Female

" 7 9 7 9

Age (yT) 21#15 W12 15 20:12
Height (cm) 175457 161.9:72 1754257 1619=72
Body weight (kg) 64590 338204 63.9:92 347406
Body mass index (kg/m? 21.0+2.6 206223 214424 209+23
Body fat {%) 164+45 268+49 174245 28746

Table 2 Change of plasma and urine p-carotene and polyphenol
levels in subjects (meantSD)

Bacaline Washout 1wk 2wk

[f-carotene mn plasma (umoel /L)

Control 0.085x0.06 0.076+0.02 0.104+0.03 0.125+0.05*

PSPL 0.0910.04 0.107=0.04 0.12520.05 0.139:0.04
Polyphenol in plasma (mg GAE/dL)

Control 61.61+1.39 61.04+1 %4 58.86+1 38 59.02+] 35

PSPL 59.21+334 388711653 39445200 60.01+1 41
Polyphenol inurine {mgGAE/dL)

Control 8382150 B28+119 6.762131" 6.95%1 36°

PSPL 8202095 825+138 10.30+0.89~= 10.27%1 3%~

*P<0.05 for 2wk vs baseline, washout, 1 wk. “P<0.05 for baseline rs 1 and 2 wk.
*P<0.05 for control vs PSPL.

Proliferation responsiveness of Con A-activated PBMC
mereased significantly after consumption of PSPL (Figure 1).
Secretion of T-helper lymphocyte cytokine IL-2 increased
after consumption of PSPL for 1 and 2 wk (Figure 2A).
The ability of PBMC to secrete immunoreactive IL-4 also
significantly increased during the same perod (Figure 2B).
Lytic activity of NK cells was also affected by PSPL
consumption (Figure 3). The results showed that a PBMC/

target cell ratio of 30:1 had the highest percentage of
cytotoxicity, and the other ratios had the same trend but no

[
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Figure 1 Proliferation responsiveness of PBMCs. *P<0.05 for baseline vs
washout, control 1 and 2 wk. °P<0.05 for experimental 2 wk vs washout, confrol
1 and 2 wk.*P<0.05 for experimental 1 wk vs experimental 2 wk.
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Figure 2 Concentration of interleukin-2 (A) and interleukin-4 (B) secreted by
PBMCs. *F<0.05 for experimental 2 wk v baseline, washout, control 1 and 2 wk.
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Figure 3 Lytic activity of MK cells. ®P<0.05 for experimental 2 wk vs baseline,
washout, control 1 and 2 wk. *P<0.05 for control 2 wk vs washout, control 1 wk,
experimental 1 and 2 wk_
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significance (data not shown). The percentage of Iytic actvity
of NK cells in a PBMC/target cell ratio of 30:1 was
elevated in the PSPL group after | wk, and then was further
elevated. Salivary IgA secretion in the control group
decreased sigmificantly, but returned to the basal levels after
2 wk of PSPL consumption (Figure 4).

=]

=1

=
1

Salivary Igh concentration ( a/mL)
53 s 2

(=] = =] =
T T T

— -
Experimental/ w
2 wk

Baseline

Figure 4 Concentration of salivary IgA detected by immunoassay kit. *F<0.05
for experimental 1 wk vs experimental 2 wk

DISCUSSION

The present study demonstrates that consumption of
polyphenol-rich PSPL results in a marked total polyphenol
increase in the unne. Most polyphenols peak in plasma
1-2 h after a single polyphenol intake, and are quickly
eliminated from the circulation™. The prolonged ingestion
of polyphenol-rich PSPL did not result in increased plasma
pelyphenol concentrations as expected. We also measured
the total polyphenol in plasma 0, 2, 4, 8, 12, 24 h after
consumption of PSPL in a previous study. The plasma
polyphenol level raised 2 and 4 h after consumption of
PSPL and further increased after 24 h, but there was no
sigrificance (data not shown). Although polyphenol was not
dufferent 1n plasma from fasting subjects throughout the
whole study penod, physiological functions were significantly
modified.

P-Carotene-rich carrots were used to calibrate the
effect of carotenoids from PSPL. As expected, B-carotene
concentration in plasma was not significantly different. In
another study, the dietary supplementation with f-carotene
(8.2 mg) or lycopene (13.3 mg) for 12 wk does not enhance
cell-mediated immumnity in healthy free-living elderly humans
beings'¥. A low-carotenoid diet reduces T-lymphocyte
function, which cannot be restored by the daily supplementation
with carrot juice containing 21.6 mg P-carotene, 15.7 mg
O-carotene, and 0.5 mg lutein®. Presently, control subjects
ingesting 23 42 mg of f-carotene each day do not display a
significantly altered T-lymphocyte function.

The imnmne system provides markers for determining
the biological health benefits of phytochemicals. Flavonoids
suppress a vanety of immune functions including Iymphocyte
proliferation, lytic activity of NK cells, and cytokine
secretion in witre™. The same study demonstrated that
supplementing a low polyphenol diet with polyphenol-rich
fruit juices results in sigmificantly increased lymphocyte

proliferative responsiveness, IL-2 secretion by activated
lymphocytes, and the Iytic activity of NK cells in healthy
subjects™ . These results are in apreement with the findings
in our present study.

Many health benefits are associated with the consumption
of tea, and are mainly attributed to the polyphenolic
constituents. In arnmals, these constituents exert antioxdatrre
activities and improve the antidotal capability of the liver.
We found similar oxidative effects following the 2-wk
regimen of PSPL consumption in humans beings (data not
shown). Free radicals impair the integrity and functionality
of membrane Iipids and affect sipnal transduction and gene
expression in immune cells"®. One potential mechanism
underlying the immunomeodulatory effect of polyphenols
15 their ability to act as an antioxidant, resulting in a lower
generation of free radicals.

I1-2 and IL-4 are both produced by activated T cells
following én vitre stmulation by T-cell mitogens such as Con
A TL-2 is primarily produced by T-helper-1 cells, and IL-4
by T-helper-2 cells™. In our study, consumption of
polyphenol-rich PSPL resulted in increased secretion of
IL-2 and IL-4, which paralleled an enhanced proliferative
response of these cells.

Pure flavonoids suppress a vaniety of immune mechanisms
including lymphocyte proliferation, lytic activity of NK cells
i pifrs'™. In animal models, quercetin also increases Iytic
activity of NK cells®™. A study of healthy human subjects
clearly showed that supplementing a low-polyphenol diet
with polyphenol-rich fruit juices significantly increases
lymphocyte responsiveness to mitogen activation and
enhances lytic activity of NK cells"™. The present findings
are entirely consistent with the prior observations and support
the suggestion that polyphenol possesses immunoactivity
i pivo that differs from the actvity observed 7# tifro. Possibly
the polyphenol doses used in vitrs are different from
polyphenol in plasma concentrations and/or have the
specific function of the metabolites of polyphenol.

IzA 15 the most important immunoglobulin m saliva,
serving as a main immunological defense of mucosal
surfaces!'™. Salivary IgA is a sensitive indicator of the
humoral immune response to infection ™. In our study,
salivary IzA secretion significantly decreased when subjects
consumed low polyphenol diet and returned to the basal
level after PSPL consumption, indicating that PSPL
consumption may protect mucosal surfaces.

In conclusion, dietary intervention in the form of PSPL
consumption can modulate vanious immune functions. The
active constituents in PSPL need to be determined in further
investigations.
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The inhibitory effects of four chlorophyll derivatives (chlorophyllide [Chlide] a and b and pheophorbide
[Pho] aand b) on aflatoxin By (AFB -DNA adduct formation, and on the modulation of hepatic glutathione
S-transferase (GST) were evaluated in murine hepatoma (Hepa-1) cells. Enzyme-linked immunosorbent
assay showed that pretreatment with Chlide or Pho significantly reduced the formation of AFE,-DNA
adducts, and that Pho was the most potent inhibitor. However, wash-out prior to adding AFB, totally
eliminated inhibition by Childe and partially eliminated inhibition by Pho, indicating that the inhibitory
effect of Chlide, and to some extent Pho, was mediated through direct trapping of AFB,. Furthermore,
Pheophorbide spectrophotometric analysis showed that Pho treatment could increase GST activity in Hepa-1 cells. These
Clutathione S-transferase observations indicate that the chlorophyll derivatives studied may attenuate AFB, -induced DNA damage in
GST the Hepa-1 cell by direct trapping of AFE,. Pho provided additional protection not only by direct trapping,

Keywards:
Aflatoxin B,

Chlorophyllide
Chlorophyll derivatives

but also by increasing GST activity against hepatic AFB, metabolites.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Epidemiological studies have demonstrated that high consump-
tion of fruits and vegetables is associated with reduction of cancer
risk in humans [1]. The beneficial effects of fruits and vegeta-
bles have been partly attributed to the presence of numerous
phytochemicals. However, many of these phytochemicals elicit
chemopreventative effects in experimental animals only at doses
far above the concentrations commonly encountered in the human
diet. One promising exception may be chlorophyll and chlorophyll-
related chemicals.

Chlorophylls are naturally catabolized into two related chem-
icals, chlorophyllide and pheophorbide (Fig. 1). The chlorophylls
found in green vegetables are made of a porphyrin ring to which
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University, Mo. 250 Wu-Xin Street, Taipei 110, Taiwan. Tel.: +886 2 27361661
fax: +886 2 27373112,
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fax: +B86 3 2118700.
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(S.-P. Hu).
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is attached a long-chain phytol tail, and in which a Mg atom is
chelated. Removal of the phytol tail from chlorophyll forms chloro-
phyllide {Chlide), and the removal of both the phytol tail and the
chelated Mg atom forms pheophorbide (Pho). The chlorophylls
chlorophyll a and chlorophyll b vary slightly in the chemical struc-
ture of their porphyrin ring and are converted into chlorophyllide a
(Chlide a) and pheophorbide a (Pho a) or chlorophyllide b (Chlide b)
and pheophorbide b (Pho b), respectively. These naturally occurring
chlorophyll derivatives are abundant in green vegetables, but only
a few studies have explored their chemopreventative properties
[1-4].

In contrast, extensive studies have been done with Chlorophyllin
(Chllin). Chllin is a commercially prepared, water-soluble, sodium-
copper salt derivative of chlorophyll sold under the trade name
Derifil. Chllin has been shown to be antimutagenic [5] and anticar-
cinogenic [6] when tested against various carcinogens. In particular
Chllin has been shown to protect against the cancer-causing aflatox-
ins [7]. The mechanism of action has been demonstrated to involve
trapping carcinogens via binding of the planar ring structures of the
carcinogens to the planar ring structure in Chllin [8].

Aflatoxins are toxic metabolites produced by certain fungi. Afla-
toxins regularly contaminate foods such as maize, peanuts, and fer-
mented soybeans. The problem was first recognized in 1960 when
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Fig. 1. Chlorophylls and their derivatives. Chlorophylls a and b are converted into their respective derivatives by dephytylation into chlorophyllide and subsequent magnesium

dechelation into pheophorbide.

there was severe outbreak of a disease referred as “Turkey X’ Dis-
ease” inthe UK., in which over 100,000 turkey poults died. Aflatoxin
By (AFB{) is the most prevalent aflatoxin. Studies have shown that
concurrent infection with the Hepatitis B virus (HBV) during afla-
toxin exposure increases the risk of hepatocellular carcinoma (HCC)
in developing countries [9], particularly in Africa and Southeast
Asia. Aflatoxin exposure and HBV infection are cosidered to be the
two major risk factors for HCC. Although HBV can be controlled by
vaccination, few interventions for aflatoxin exposure are available.

In animals, aflatoxin is metabolized through a number of com-
peting pathways. In one pathway, AFB; has been shown to be
activated by cytochrome P4503A4 (CYP3A4) into an epoxide, AFB,
8,9-epoxide [10]. This highly reactive epoxide is known to form
a covalent adduct with guanine yielding AFB;-N”-guanine (the
major AFB{-DNA adduct in the liver) [11]. Studies have shown
that AFB;-N7-guanine causes a GC—TA transversion at a hotspot
centered around codon 249 in the p53 gene [12], and that this p53-
inactivating mutation is frequently found in HCC patients [13]. The
adduct AFB1—N? -guanine is therefore used as a biomarker for afla-
toxin poisoning, and it has been observed that elevated levels of
this adduct are associated with an increased risk of liver cancer [7].

A major metabolic pathway detoxifying AFBy involves the glu-
tathione 5-transferase (GST) enzymes. GST enzymes conjugate
AFBq 89-epoxide with glutathione, preventing the epoxide from
forming an adduct with DNA and facilitating the clearance of the
bound epoxide from the body. In mice, the constitutive activity of
alpha-class liver GSTs is high enough to protect mice from AFBq
exposure, whereas in rats the constitutive GST activity is not great
enough to protect them from AFBq exposure [14]. Experimentally
feeding rats phytochemicals can boost hepatic GST activity and pro-
tect against AFBy exposure [15]. It has similarly been observed in
primates that Macaca fascicularis has a naturally high GST activity
against AFBq, whereas humans do not [16].

In this study we challenged murine Hepa-1 hepatoma cell
cultures with AFBy and measured the protective effects of the
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chlorophyll compounds Chllin, Chlide a, Chlide b, Pho a, and Pho
b. AFB{-DNA adduct formation was used as a measure. A wash-out
experiment was used to see if the chlorophyll compounds produced
their protective effect by conjugating with AFB;. GST activity was
measured to see if the protective effects correlated to an increase in
GST activity. To our knowledge this is the first test of Chlide or Pho
chemoprevention against AFBy toxicity. This study will help elu-
cidate the basis of epidemiological observations of dietary cancer
prevention in humans as well as explore the mechanism of action
of these chlorophyll derivatives.

2. Materials and methods
21. Chlorophyll derivatives

Chlorophyll derivatives were prepared from spinach purchased in a local market
in Taipei, Taiwan. They were prepared as previously described [17]. Briefly, chloro-
phylls a and b were extracted from the spinach was purchase from a local supplier,
washed with cold water, and quickly freeze-dried the sample with liguid nitrogen
and grind it into powder with pestle and stored at —70 =C until extraction. Grind and
extract total pigment with 80% acetone; centrifuge the crude extract at 1500 « g for
5min; and keep the supernatant and discard the pellet. Subsequently chlorophyll a
and b were purified by liquid chromatography using a combination of ion-exchange
and size exclusion chromatography with a CM-Sepharose CL-6B column. Analyses
of chromatography fractions were performed by measuring the absorbance at 663.6
and 646.6 nm, which are the major absorption peaks of chlorophyll a and b. Chloro-
phyll 2 and b were dephytylated to Chlide a and b, respectively, by chlorophyllase
isolated from the leaf of Ficus macrocarpa. The Chlide a and b were further Mg-
dechelated to form Pho a and b by acidification with acetic acid, and allowed to
stand for 2 min. All the samples were then dried under helium and stored at —70°C
for later use. Chlide and Pho, being more polar than chlorophyll, could be dissolved
in phosphate-buffered saline { PBS) for use.

The purity of the chlorophyll derivatives was higher than 95%, as determined
by reversed-phase high-performance liguid chromategraphy (RP-HPLC). Analytical
separations were performed on a 5 wm Spherisorb ODS-2 column (25 cm = 0.4 cm,
Cis ). The chlorophyll derivatives were detected by fluorescence detection (excitation
and emission wavelengths at 440 and G60nm) and eluted using a linear gradi-
ent from solvent A (B0% methanol in 1M ammonium acetate) to solvent B (B0%
methanel in 1 M acetone) (Fig. 2) [ 18] Chillin was from Sigma Chemical Co. (St. Louis,
MO
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Fig. 2. Elution profile of the chlorophyll derivatives by RP-HPLC. Chlorophyll derivatives (chlorophyllide a (A); chlorophyllide b (B); pheophorbide a (C); and pheophorbide b
(D)) were separated on a 5 pm Spherisorb ODS-2 column (25 cm = D.4cm, Ciz ), eluted with solvent A (B0% methanol in 1 M ammonium acetate) and solvent B {80% methanol
in 1M acetone) by a linear gradient, and detected by a fluorescence detector (excitation and emission at 440 and 650 nm, respectively ). All compounds prepared for this

study showed greater than 95% purity.

22 Cell culture

In this study we used Hepa- 1. an immortalized murine hepatoma cell line (Hepa-
1c1c7) obtained from the Bioresource Collection and Research Cenire (Taiwan).
Although mice have been observed to be resistant to AFB, toxicity, the Hepa-1 cell
line is highly sensitive to AFB, [19]. Cells were maintained by subculturing twice a
week in Dulbecco’'s Modified Eagle Medium (DMEM) with 10% fetal bovine serum
and incubating at 37 °C in a humidified atmosphere of 5% C0z/95% air. For use in
experiments, cells were harvested from continuous culture and adjusied to the
appropriate cell density after counting on a hemocytometer.

In a control experiment to rule out cytotoxicity, Hepa-1 cells were cultured with
the highest concentration of chlorophyll derivatives used (50 M) and all the con-
centrations of AFB; used in later experiments. The media change protocol was the
same as that used in AFB,-DNA adducts analysis described below. Cell viability was
determined at 96 h using an MTS assay kit (Promega, Madison, W1) following the
manufacturer’s instructions |20].

2.3. Analysis of aflatoxin Bi-DNA adducts

The effect of chlorophyll derivatives on AFB)-DMNA adduct formation was stud-
ied by treating Hepa-1 cells with different concentrations of AFBy and chlorophyll
derivatives. Briefly, 1« 105 Hepa-1 cells were cultured for 96 h with daily media
changes. Cells received two PRS washes during each media change. The 0 and 24h
media changes contained different concentrations (0, 5, 20, or 50 pM) of chloro-
phyll derivatives (Chlide a, Chlide b, Pho a, Pho b, or Chilin). The 48 and 72 h media
changes contained the chlorophyll derivatives and AFB (0, 5, or 10 ng/ml). Thewash-
out variation of this experiment used media containing only AFB, during the 48 and
72 h media changes. In order to measure DNA damage afier AFB, treatment, DNA
was purified at 96h from treated Hepa-1 cells using a PUREGENE™ DMA Isolation
Kit {Gentra Systems, Minneapolis, MN).

The levels of AFB,-DNA adducts were then measured by competitive ELISA using
antibody GA10 as described previously [21]. Briefly, the ELISA used Immulon 2 plates
(Dynatech Laboratories, Chantilly, VA) coated with 5ng of imidazole ring-opened

AFB,-DNA in PBS by drying overnight at 37 =C_ The test solutions contained unbound
AFB-DNA and antibody. Goat anti-mouse IgG alkaline phosphatase (1:1500) and
then p-nitrophenyl phosphate (1 mg/ml in 1 M diethanolamine, pH 8.6) was added
to the DNA. After 90 min incubation at 37 *C, absorbance at 405 nm was read on a
Bio-Tek microplate reader (Bio-Tek Instruments, Inc., Winooski, VT

For the test samples, 25 g denatured Hepa-1 DNA in 50 i hydration solution
was mixed with 50 pl diluted antibody before being added to the wells. The level
of AFB,-DNA in the test samples was quantitated relative to a standard curve based
on known concentrations of AFB;-DNA.

For the standard curve, highly modified imidazole ring-opened AFBE;-DMNA was
serially diluted with nonmedified denatured calf thymus DNA such that 50 pl con-
tained from 0 to 1000 fmol adduct and 50 pg DNA. These samples were mixed with
an equal volume of diluted GA 10 antibody {50 L, diluted 1:1.25 » 10°), added to the
wells, and measured by competitive ELISA.

24. Analysis of glutathione S-transferase (G5T) activity

GST activity was measured with a GST assay kit (Calbiochem, Bad Soden, Ger-
many)} using glutathione (GSH) and 1-chloro-2 4-dinitrobenze (CDNB) as substrates
122]. Briefly, CDNB-GSH conjugate formation {GST activity) was recorded contin-
uously in potassium phosphate buffer (pH 6.5) containing cell lysates, G5H, and
CWDB using a specirophotometer set at 340 nm. The slopes (AAsgp/min) of the
sample and blank were recorded over a 5-min period, and the extinction coeffi-
cient of the CONB-G5H conjugate was 9.6 mM-' cm-'. The activity was expressed
as A concentration of CDNB-CSH conjugate/mg protein.

2.5, Statisticol analysis

All values were expressed as means +5.0. Data were analyzed using SPSS soft-
ware (Version 10.0). Statistical significance was determined using one way ANOVA
followed by Scheffe’s post hoc multiple comparison test. P<0.05 was considered
statistically significant.
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3. Results
3.1. Cytotoxicity

We first tested our experimental system to see if any of the
components caused cytotoxicity when measured by MTS assay.
Treatment of Hepa-1 cells with the maximum dose (50 M) of
chlorophyll derivatives alone showed no significant decrease in cell
survival. Likewise, when treated with either AFB alone or in com-
bination with chlorophyll derivatives, no significant decrease in cell
survival was observed.

3.2. Effect of chlorophyll derivatives on formation of AFB;-DNA
adducts in Hepa-1 cells

As a biomarker for mutagenicity, AFB1-DNA adducts were mea-
sured in a competitive ELISA with a monoclonal antibody designed
to specifically bind AFB{-DNA adducts [21]. Fig. 3A shows the
amount of AFB{-DNA adduct formed after treatment with 5 ng/ml
AFBq in the presence of 0-50 uM of each chlorophyll derivative.
All chlorophyll derivatives increasingly inhibited AFB1-DNA adduct
formation as the dose was increased. At high concentrations, all
chlorophyll derivatives showed statistically significant inhibition.

()

fmol AFE,-DNA adducts / ug DNA

Contred  Chlide a Chlidek  Phoa Phob

Chilin

Chiorophyll derivatives (M)

(B)

fmol AFB,-DNA adducts / ug DNA
5]
(=]
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Contrel  Chiidea Chlideb Phos Phob
Chlorophyll derivatives (M)

Chilin

Fig. 3. Effect of pretreatment with chlorophyll derivatives before challenge with
S5ng/ml (A) or 10ngfml (B) AFB,. AFB,-DNA adduct formation in extracted Hepa-
1 cell DNA was measured using ELISA assay as a biomarker for AFB, carcinogenic
potential. Results are expressed as the mean + 5.0. Note that histograms (A) and (B)
do not use the same scale y-axis. (*) Significant difference (P< 0.05) from control
value.
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Pho a and b produced the greatest inhibition among the chlorophyll
derivatives.

Fig. 3B shows the same experiment as above using 10 ng/ml
AFB,. Note that the baseline with 0 pM of each chlorophyll deriva-
tive has a higher amount of AFB;-DNA adduct formation than was
seen with 5 ng/ml AFB;, consistent with an AFB-dose-dependent
formation of adducts. Again, increasing concentrations of chloro-
phyll derivatives showed increasing and statistically significant
inhibition of AFB{-DNA adduct formation with Pho a and Pho b
among the most potent inhibitors at high concentration.

3.3. Effect of wash-out on formation of AFB; -DNA adducts in
Hepa-1 cells

All or part of the inhibition of formation of AFB{-DNA adducts
in Hepa-1 cells seen after chlorophyll derivatives treatment may
be due to direct binding of AFB1 by the derivatives, thus pre-
venting AFBy from being metabolized into AFB; 8,9-epoxide and
forming DNA adducts. In order to address this possibility, a wash-
out experiment was performed in which the cells were pretreated
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Fig. 4. Effect of pretreatment with followed by wash-out of chlorophyll derivatives
before challenge with 5ng/ml (A) or 10ng/ml{B) AFR,. AFB,-DNA adduct formation
inextracted Hepa-1 cell DNA was measured using ELISA assay as a proxy for AFB, car-
cinogenic potential. Results are expressed as the mean+ 5.0, Note that histograms
(A) and (B) do not use the same scale y-axis. (*) Significant difference (P< 0.05) from
control value.
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with chlorophyll derivatives during the first two media changes, but
only AFBy and no chlorophyll derivatives were present in last two
the media changes. We reasoned that if the chlorophyll derivatives
inhibited AFB adduct formation by directly binding the AFB,, then
there should be no inhibition of AFB; if there was no chlorophyll
derivate present in the media during treatment with AFB;.

Fig. 4A shows the results of the wash-out experiments with
5ng/ml AFBy. Compare Fig. 4A to the parallel experiment in Fig. 3A
and note that in the cultures receiving no chlorophyll derivative
treatments (0 M), the level of AFB{-DNA adduct formation is the
same; this indicates that the two experimental data sets are in
agreement. All chlorophyll derivatives at all concentrations inhib-
ited AFB1-DNA adduct formation less in the wash-out experiment.
Most dramatically, Chlide a and b no longer inhibited AFE1-DNA
adduct formation in the wash-out experiment. Pho a, Pho b and
Chllin all had reduced inhibition of AFB{-DNA adduct formation in
the wash-out experiment, but could still significantly inhibit adduct
formation. Fig. 4B shows similar results when using a concentration
of 10 ng/ml AFB;.

3.4. Effect of chlorophyll derivatives on GST activity in Hepa-1
cells

To explore the possibility of an indirect protective effect of
chlorophyll derivatives on AFB-induced DNA damage, the effect
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Fig. 5. Effect of chlorophyll derivatives on GST activity in AFB,-induced Hepa-1
cells. Cells were first treated with various derivatives for 48 h and then treated with
Sng/ml (A) or 10ng/ml (B) AFB, for another 48 h. GST activity was evaluated using
a commercial kit. Results are expressed as the mean +5.0. (*) Significant difference
(P=0.05) from control value.
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of chlorophyll derivatives on GST activity in AFB{-treated Hepa-1
cells was studied (Fig. 5). Chlide a and b did not show any statisti-
cally significant difference in G5T activity in AFBy-treated (at either
5 or 10 ng/ml} Hepa-1 cells. Pho a, Pho b and Chllin treatment had
significant dose-dependent increases in GST activity.

4. Discussion

In this study we looked at the protective effects of chlorophyll
derivatives against AFB{-DNA adduct formation. We found a signifi-
cant inhibition of AFB{-DNA adduct formation. We further showed
that the wash-out experiment partially or completely eliminated
this inhibitory effect. Finally, we examined the effects of the test
compounds on GST activation and found that Pho and Chllin could
significantly increase G5T activity.

Pho a can be used to kill cells through photodynamic ther-
apy, where a light source such as a laser is used to stimulate free
radical production by Pho a, ultimately leading to growth arrest
and apoptosis [23,24]. Because chlorophyll compounds can become
cytotoxic in certain situations, we first tested for cytotoxicity and
found that none of the treatments used in the study caused cell
death.

Levels of AFB;-DNA adducts have been positively associated
with risk of liver cancer and have been used as a biomarker of AFBq
exposure [25]. By measuring AFB-DNA adduct formation we were
able to observe protection against adduct formation by chlorophyll
derivatives in a dose-dependent manner. The degree of protection
was greatest for Pho and least for Chlide.

Numerous in vitro studies have indicated that chlorophyll
derivatives attenuate chemical genotoxicity by forming a molecular
complex with promutagens [8,26-28], which may involve strong
chlorophyll-AFBy interaction via their planar unsaturated cyclic
rings [27]. The complete elimination of the Chlide inhibitory effect
after the wash-out experiment shows that the effects of Chlide
occur in the culture media and not in the cells. The best explanation
for its activity is that Chlide is directly binding to and neutralizing
AFB;. The fact that the effects of Chlide are dose-responsive also
supports such a conclusion.

That Chllin and Pho also showed a reduction of ability to inhibit
AFB-DNA adduct formation in the wash-out experiment means
that part of their effects are related to their presence in the cell cul-
ture media. The simple explanation that Chllin and Pho also bind
and neutralize AFBy is reasonable. That Chllin and Pho retained
activity after wash-out was surprising. Hypothesizing that some
Pho may have been absorbed into the cells, we performed a control
experiment {data not shown) in which Hepa-1 cells were treated
with the test compounds, Chlide a and b and Pho a and b, for 48 h
then thoroughly washed free of medium and tested for presence of
these chlorophyll derivatives in the cells by HPLC analysis of ultra-
sonicated cell lysates; Pho a and b could be found in the cell lysates
whereas very little Chlide a and b could be found. Thus, in the
wash-out experiment, Pho was retained between media changes
sequestered in the cells and was available to bind to AFBy entering
the cells when the cells were challenged with AFBy

However, it is also possible that, in addition to directly bind-
ing AFBq, Chllin and Pho (but not Chlide) interact with and change
the Hepa-1 cells, increasing cellular resistance to AFB{-DNA adduct
formation. Thus, part of the protection provided by Chllin and
Pho would have been via direct binding of AFB, and part of the
protection would have been provided by stimulation of cellular
defenses. Such a hypothesis also fits the wash-out data; after the
pretreatment media containing Chllin or Pho was removed and the
AFB;-containing media was added, the cells could still have been
resistant to AFBy because the cells themselves had become resistant
to AFB; due to a dose-dependent stimulation of cellular defenses.
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This mechanistic hypothesis is attractive because it would also
explain why there is a difference in the magnitude of the protec-
tive inhibitory effect of Chlide versus Pho or Chllin. Because the
chlorophyll derivatives have similar molecular structures and were
present in the same molarities, a simple binding reaction would
be expected to remove and inactivate similar quantities of AFB;.
The larger inhibitory effects of Pho and Chllin could be the addi-
tive result of their stimulation of cellular defenses plus their AFBy
binding. If their putative cell stimulatory effects were blocked and
only their ability to bind AFB{ remained, we would expect that the
degree of inhibition might be close to that of Chlide.

In order to look for stimulation of cellular defenses, we mea-
sured the ability of the chlorophyll derivatives to increase GST
activity. Chllin and Pho were able to significantly increase GST activ-
ity in a dose-dependent manner in Hepa-1 cells, while Chlide could
not. Thus, it seems reasonable to conclude that the inhibition of
AFB{-DNA adduct formation by Chlide a and Chlide b was due to
direct molecular trapping of AFB1, and that the greater inhibition of
AFB{-DNA adduct formation by Chllin, Pho a and Pho b was due to
both direct molecular trapping of AFB; and stimulation of cellular
defenses.

Little has been published about the absorption of chlorophyll
derivatives into cells, however, some data is available about the
absorption of Pho a. In general, it appears that passive diffusion of
Pho a into cells is counteracted by active transport of Pho a out
of cells by ATP-binding cassette (ABC) transporters such as the
breast cancer resistance protein (ABCG2) [29]. Tumor cells have
been noted to preferentially absorb Pho a compared to normal cells
[30-32] and to concentrate Pho a in the mitochondria [33,34]. In
contrast, drug-resistant cancer cell lines typically have increased
expression of the ABC transporters. AFB penetrance into cells is
similarly affected by ABC transporters [35]. The fact that the Hepa-
1 cell line used in this experiment is highly sensitive to AFBy
suggests that Hepa-1 cells have low ABC transporter expression.
This agrees with our data showing that the Hepa-1 cells absorbed
Pho. Whether or not any absorbed Pho or Chllin would have
passively diffused out of the cells and diluted into the fresh AFBq-
containing medium during the washout experiment remains to be
investigated.

Fahey et al. [36] directly tested Chllin against murine hepatoma
cells in vitro and showed that Chllin induces the phase Il enzyme
NAD(P)H:quinone oxidoreductase 1 (NQO1). Likewise, Singh et al.
[37] showed that short-term oral administration of Chllin increases
the levels of hepatic G5T in lactating mice and suckling pups. These
in vivo and in vitro results parallel our in vitro results. In contrast
Simonich et al. [38] also tested the ability of Chllin and chlorophyll
to prevent AFBy toxicity in vivo. Rats given dietary Chllin and chloro-
phyll and then challenged with AFB; have reduced AFBq-adduct
formation, but do not show a significant effect on the phase Il
enzymes GST and NQO1 [42]. Thus, the in vitro results presented
here need to be weighed against the possibility that much of the
dietary chlorophyll compounds are kept from entering the body by
ABC transporters in the intestines and that the majority of chloro-
phyll compounds” interaction with dietary AFB in vivo may take
place in the intestinal lumen through direct trapping.

In conclusion, we have provided evidence that chlorophyll
derivatives can reduce AFB{-DNA adduct formation in vitro. Diets
rich in chlorophyll may prevent the development of hepatocellu-
lar carcinoma. We also provide evidence that the mechanisms and
intensity of protective effects may be dependent on the particular
chlorophyll derivative used.
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Consumption of purple sweet potato leaves decreases
lipid peroxidation and DNA damage in humans
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Consumption of polyphenols is associated with reduced risk of chronic diseases. possibly via a variety of bie-
mechanisms, including antioxidation and anti-inflammation. Purple sweet potato leaves (PSPL) commonly con-
sumed in Asia possess polyphenols. In this study, we aim to investigate antioxidant effect of 200 g/d PSPL con-
taining 902 mg polyphenols in a clinical trial. This randomized, crossover clinical study included 16 healthy
adults (7 M, 9 F; aged 20-22 v). After a 1-wk mn period, subjects were assigned randomly to receive either
PSPL or low polyphenol diet (LPD) for 2 wks. followed by a 2-wk washout period before crossing over to the
alternate diet. Fasting blood and 24-h urine samples were collected from each subject at day 0. 7 and 14 of each
phase. Cur data showed PSPL consumption enhanced urinary total phenol excretion by 24.5% at day 14 as com-
pared to day 0, while the LPD decreased tofal phenol content in plasma and wrine by 3.3 and 16.3%, respectively
(p =0.05). Low-density lipoprotein lag time and glutathione concentration in erythrocytes at day 14 was signifi-
cantly enhanced by 15.0 and 33.3% by PSPL as compared to day 0, respectively, while their values were not al-
tered by the LPD. Urinary 8-hydoxy-deoxyguanosine (8-OHdAG) excretion decreased significantly by PSPL con-
sumptom by 36.7% at day 7 as compared to day 0. yet unchanged by the LPD (p <0.05). In conclusion. our re-
sults suggest that polyphenols in 200 g PSPL were bio-available and could enhance antioxidant defense and de-

crease oxidative stress in young healthy people.

Key Words: purple sweet potato leaves, polyphenols, lipid peroxidation. §-hydroxydeoxyguanosine, DNA damage

INTRODUCTION
Evidence from epidenuological studies suggested a strong,
inverse association between mcidence of chronic diseases
and intake of plant foods, possibly due to their high nutri-
ent density and low fat contents.'” Thereby. consumption
of plant foods has been strongly promoted and promul-
gated in the dietary guidelines by the public health au-
thorities and regulatory agencies.® Nevertheless, contribu-
tion of nonessential phytonutrients ubiquitous m plant
foods to reduced the risk of health problems via an array
of putative mechanism of biocactions, mcluding anti-
inflammation. antioxidation. anti-proliferation. and mduc-
tion of phase IT enzymes has been gradually reccg]ized_ﬂ"
¥ In particular, there is growing interest in polyphenolic
compounds because of their prevalence in plants. as well
as potent antioxidant actix-'ity.m

Leaves of sweet potato (Impoea batatas) have been
consumed commonly in Asian countries and are nich
micronutrients.'’ Because this plant tolerates well against
diseases, pest infestation, and ﬂc:n:n:ljj:lg,lj leaves of sweet
potato can provide health benefits to people residing in
resource poor areas. Like other plant foods. grapes. green

tea, onions, these leaves contain polyphenols ranging
from 2-14 g/100g dry weight and exhibit antioxidant '**

and anti-mutagenic activity.” Recently, we observed in a
climical trial that a 2-wk supplementation of 200 g/d
cooked purple sweet potato leaves (PSPL) increased Con
A-activated proliferation and IL-2 and -4 secretions in
penipheral blood mononuclear cells and elevated lytic
activity of NK. cells."® In other human trial. we also found
that 200 g/d PSPL for 2 wks enhanced total phenol con-
tent 1 plasma and LDL resistance agamst oxidation and
decreased unmary 8-hydroxydeguanosme (8-OHdAG) m
elite basketball players."”

While health benefits of polyphenolic compounds
could be mediated via a wide spectrum of bioactions, the
effect of PSPL incorporated into daily diets on antioxi-
dant defenses and biomarkers of oxidative stress in health
wmdividuals remains to be examined. Thus, m this study.
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we aim to investigate whether addition of 200 g/d PSPL
to a low polyphenol diet (LPD) for 2 wk can enhance ant-
1oxidant defenses and thereby decrease oxidative stress in
a cross-over clinical trial. The mformation gathered from
this study 1s useful for promoting inclusion of sweet po-
tato leaves for health promotion and prevention in re-
SOUICE POOT areas.

MATERIALS AND METHODS

Preparation of purple sweet potato leaves

Purple sweet potatoes were planted at the Taoyuan Dis-
trict Agrniculture Improvement Station, Taiper Branch,
Tarwan, which 1s 1 hour away from the Taipei Medical
University. Fresh PSPL were shipped daily to our meta-
bolic research umit, weighted, washed, stir fried 1n soy
bean o1l. and then provided to subjects.

Subjects

Sixteen non-smokers (7 M, 9 F, age: 20-22 yrs, BMI:
20.6-21.4 kg/m®) in good health condition, based on re-
sults from a medical history questionnaire, physical ex-
amination, electrocardiogram test, and standard clmical
biochemustries. Exclusion crtena included: 1) lustory of

cardiovascular, hepatic, gastrointestinal_and renal disease;

2) alcoholism; 3) use of antibiotics or multi-vitamin and
mineral for 24 wk prior to the study. Volunteers were
asked not to take any vitamin supplement or medication
during the whole study period. The study was approved
by the Medical Ethical Committee of the Institutional
Review Board from Taiper Medical University, and writ-
ten consent was obtained from each participant.

Study design

A randomized, crossover design was employed in this
study. The duration of the whole study was 7 wks, includ-
ing l-wk run-in and 2 phases of 2-wk dietary treatment
with a 2-wk washout (Figure 1). During the whole study.
all subyects were asked to follow a low polyphenol diet
(LPD) that excluded berries, apples, pears, citrus fruits,
fruit juices. ontons, gynura, basil. bok choy, spinach, rab-
bit milkweed, brassica napus, chocolate, wine, coffee, tea,
beans, nuts. soy related products. and most spices.'® Fol-
lowing the run-in phase, 16 volunteers were assigned ran-
domly to either the PSPL or LPD diet (n = 8). Lunch and
dinner meals were provided to all subjects during the
study, and were designed by a registered dietitian of the

Randomization Cross-over
LPD diet (n=8) LPQ ld.i'.}E _{!1.=B:
Run-in Wash-outl v .
Low Dolypheno|“.. !.ow Dolwht_anol\—/
diet and no dietary “......... .~ diet and no dietary
supplements 200 g PSPL  Supplements 200 g PSPL
(n=8) (n=8)
1wk 2wk 2wk 2wk

I 11

Total § fasted blood and 24-h urine collection

Figure 1. Study design

Department of Dietetics in the Taipei Medical University
Hospital. They were prepared daily under supervision of
the registered dietittan. Meals for one day contamned 2000
+ 200 Kcal with 18, 30, and 52% of calonies from protein.
fat, and carbohydrate. respectively. Typical Chinese lunch
and dmner meals consisted of a meat (pork or chicken)
dish. a low polyphenols vegetable dish. steamed rice. and
a low polyphenols fruit. Two hundred grams of cooked
PSPL were divided equally mto lunch and dinner meals.
In order to ensure good compliance, all participants ate
meals 1 the hospital cafetenia under supervision of the
study dietitian. Breakfast was not provided to the subjects
in the study. but a list of recommended food items that
are low m polyphenols was provided. Further. to monitor
compliance to the low polyphenol diet. 3-day dietary re-
cords were collected from the subjects every week. Total
body fat was assessed using a body fat impedance ana-
lyzer at the end of each phase (Inbody 3.0. Biospace.

Seoul, Korea).

Sample collection and storage

Six fasted venous blood samples were collected from
each subject between 7-9 AM in the study (Fig. 1). Fol-
lowing centrifugation at 1000 x g for 10 mun at 4°C, ali-
quots of plasma samples were snap frozen in liquid nitro-
gen and stored at -80°C. One aliquot of fresh plasma was
used immediately for the LDL oxidation assay on the
same day. After washed with ice-cooled saline three times
and hemolyzed using ice-cooled distilled water, erythro-
cytes were stored at -80°C for glutathione (GSH) deter-
mination. A total of six 24-h urme samples were collected
from each subject on the same day of blood collection.
Urine was collected into an amber plastic contamer and
stored at 4°C before it was brought back to the lab. After
the volume was recorded, aliquots of urine samples were
stored at -20°C for determinations of total phenolic con-
tent and 8-OHdG.

Biomarkers of antioxidant defense and oxidative stress
Total phenolic contents 1 urine and plasma were meas-
ured via the Folin-Ciocalteau’s reaction, according to the
method of Singleton.'® Results were expressed as gallic
acid equivalents (GAE) pmol/L.

Plasma a-Tocopherol was measured using a HPLC
method of Milne and Botnen™ Total antioxidant status
(TAS) in plasma was assessed using a commercial enzy-
matic assay (Randox, UK). Reduced GSH m erythrocytes
was determined using a commercial enzymatic assay
(Calbiochem Co.. CA, USA). Plasma malondialdehyde
(MDA) and 4-hydroxy-2-nonenal (4-HNE). products of
lipid peroxidation. were measured using a commercial
enzymatic assay (Calbiochem Co.. USA) Urnmnary 8-
OHdG was determined using an ELISA assay (Japan In-
stitute for the Control of Aging. Japan). The resistance of
LDL against Cu”-induced oxidation was determined ac-
cording to the slightly modified method of Chen et al. 2
Briefly, following a 24-hour dialysis against saline con-
tamming Na-EDTA (1 mumol/L). LDL protein was quanti-
fied using a Bio-Rad protein assay kit (Bio-Rad Laborato-
nies, Inc.. Hercules, CA, USA). Subsequently, LDL (182
nmol/L) was oxidized by 10 pmol/l. CuSO; 1 a final
volume of 1.0 ml. Formation of conjugated dienes was
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monitored by absorbance at 234 nm at 37°C over 6 hour
using a UWV3000 spectrophotometer (Hitachi, Japan)
equipped with a 6-position automated sample changer.
The results of the LDL oxidation are expressed as lag
time (defined as the mntercept at the abscissa m the diene-
tume plot).

Stanistical analysis

All results were reported as mean = SD. Repeat ANOVA
(mux-model) analysis was performed to evaluate changes
in parameters in the same dietary group over three time
pomts, student’s ¢ test was performed to evaluate changes
from the d 0 value (D7-D0 and D14-D() between LPD
and PSPL dietary group. p value =0.05 was considered
significant. The SAS statistical software package (SAS
Institute Inc.. Cary, NC) was used to perform all statisti-
cal analyses.

RESULTS
During the study period, a balanced diet provided to the
subjects contamed 2000 = 200 Kcal, 95 = 10 g protein.
230 = 25 g carbohydrate, and 69 = 7 g fat. 200 g cooked
PSPL contamned 60 Kcal 6.6 g protemn. 1.2 g fat. 92 g
carbohydrate, 38 mg vitamin C, 170 mg Ca, 40 mg Mg_
902 mg total phenols. and 47.5 mg carotenoids.>> All 16
subjects completed the 7-wk study and were fully com-
pliant to the LPD, based on the results of dietary records.
No significant changes in therr BML total body fat and
chinical biochemistries were observed (Table 1).

PSPL addition to the LPD maintained total phenolic
content in plasma while the LPD alone led to a significant
3.3% decrease from 3.59 = 0.11 to 3.47 £ 0.08 pmol/L at

Table 1. Demographic characteristics and clinical bio-
chemistries of subjects’

Before After

Age (yr) 20418

Height (cm) 167.8+0.1

Body weight (kg) 58702 50.6=02
BMI (kg/m2) 20.8=23 21.1£2.2
Body fat (%) 22.3+6.8 23.8£7.0
Creatinine (mg/dL) 0.89=0.15 0.92+0.15
GOT (IU/L) 10.7+6.16 19.0+4 40
GPT (IU/L) 14.80=8.58 13.7=5.94
Triglyceride (mg/dL) 62.2=21.3 73.4+558
Cholesterol (mg/dL) 156249 156.0=33 4
HDL-Cholesterol (mg/dL) 58.3=15.8 58.6=179
LDL-Cholesterol (mg/dL) 86.1=17.9 82.3=202

'Resutls were expressed as mean = SD{n— 16).
**Means significantly differ. tested using pair-t test (p =0.05).
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Figure 2. Changes in plasma (A) and urmary (B) pelyphenols.
Total phenolic content in plasma at day 0 was 3.59 = 0.11 and 2.87
= (.10 pmol/L for LPD and PSPL. respectively. as well as 049 =
0.07 and 0.49 = 0.09 pmol/L in urine. The results were reported as
mean += SD, n=16. **Means significantly differ between two
groups, tested using student’s ¢ test (p =0.03).

d 14 as compared to that at d 0 (p <0.03). Simularly. vri-
nary total phenolic excretion in the LPD group was de-
creased significantly by 16.3% from 049 £ 0.07 pmol/L.
atd 0 to 0.41 £ 0.08 pmol/L at d 14 (Figure 2). However,
urinary total phenol excretion 1n the PSPL group was sig-
nificantly augmented by 24.5% at d 14 as compared to
that at d 0 (p =0.05). Further, the increased plasma total
phenolic content from d 14 to d 0 n the PSPL was sig-
nificantly different from the shghtly decreased value m
the LPD (p =0.05). Similarly. increases i unnary pheno-
lics in the PSPL group at day 7 and 14 as compared day 0
were significantly different from those 1n the LPD group.
At day 14, PSPL and LPD both decreased plasma a-
tocopherol by 31.7 and 15.8% as compared to day 0, re-
spectively (Table 2). Further, the decrease was larger m
subjects consumung PSPL than LPD. Erythrocyte GSH
status was not significantly altered by the LPD from day
0 to 14, while its concentration was enhanced signifi-
cantly by PSPL consumption by 33.3 % at day 14 vs. day
0. Further, the increase mn erythrocyte GSH from day 0 to
day 14 was significantly 72% larger as a result of PSPL
intake than the LPD. Total antioxidant status was not sig-
mificantly altered by the LPD and PSPL from day 0 to 14.
Plasma concentrations of MDA+HNE in the subjects
consuming the LPD were significantly decreased by 4.0
% after 1 wk (p <0.05). The addition of PSPL into the
LPD led to a sigmificant decrease in MDA+HNE by 6.4 %
and 5.1% at day 7 and day 14 as compared to that at day 0.
However, MDA+HNE concentration at day 14 i the
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Table 2. The status of antioxidants in subjects’

Do D7 D14
Plasma o-tocopherol
(umol/L)
LPD 6208 73208 52=06%
PSPL 114=14 98=14 78=08"
Erythrocyte GSH
{pmol/L)
LPD 185790 18270 23566
PSPL 250=117 254=104 345=74°

Plasma total
anfioxidant status

(mmol/L)
LPD 11=01 1101 1102
PSPL 08=01 090=02 09=02

"Resutls were expressed as mean = SD (n— 16).

*Means significantly differ as compared with DO, ® Means sig-
nificantly differ between D7 and D14, tested using mix model
analysis (p =0.05).

Table 3. The status of oxidative stress’

DO D7 D14
MDA-+4HNE
(umel/L)
LPD 75=0.1 72202 74=03"
PSPL 7803 73=03° 74=02°
8-OHdG
(ng/mL)
LPD 102=58 00=48 85£37
PSPL 8.1+506 5.1+45° 69=31
LDL lag time
(min)
LPD 736=130 T747=100 781140
PSPL 78.0+129 87.1=310 897=165"%

TResutls were expressed as mean = SD (n— 16).

* Means significantly differ as compared with DO, ® Means sig-
nificantly differ between D7 and D14, tested using mix model
analysis (p =0.03).

PSPL group was not different from those at day 7. Un-
nary 8-OHdG. a systematic biomarker of DNA damage.
was employed to reveal antioxidant action of constituents
in PSPL (Table 3). The LPD did not alter urinary 8-
OHAG value from day 0 to day 14 while PSPL consump-
tion significantly decreased urinary 8-OHAG by 36.7% at
day 7 as compared to that at day 0 (p =0.03). Further. the
decrease m 8-OHdG by PSPL consumption from day 0 to
day 7 was sigmificantly larger than that by the LPD. The
resistance of LDL against Cu’*-induced oxidation signifi-
cantly mncreased by 13% after consumption of PSPL for 2
weeks while no sigmificant changes were found i the
LPD group. (Table 3).

DISCUSSION

Polyphenels mn plant foods may contribute to decreased
risk of chronic diseases because of an array of their puta-
tive mechamsm of actions, 1.e. antioxidation. anti-
inflammation. and anti-proliferation. Purple sweet po-
tato leaves have been commonly consumed m Asian

countries. Since they are rich in various nutrients.™ in-
corporation of PSPL mto the daily diet may provide bene-
fits in health promotion and prevention. In this study, we
observed that the mcorporation of 200 g/d PSPL into the
LPD for 2 wks enhanced antioxidant defense and de-
creased oxidative stress in healthy subjects.

Since polyphenols are ubiquitous in plant foods, they
are an mtegral part of our daily diets. It has been esti-
mated that average polyphenol mntake probably reaches 1
g/d m people who eat several serving of fruit and vegeta-
bles per day.” In this study. 902 mg polyphenols from
200 g PSPL added to the LPD provided a comparable
quantity of polyphenol mtake to the reported value. Con-
sistent with no adverse effect reported 1n human studies,
there were no apparent adverse effects after the consump-
tion of 200 g/d PSPL for 2 wks, according to results of
unaltered values of clhinical biochemistries.
creatimine, glutamic oxaloacetic transamunase (GOT),
glutamic pyruvic acid transaminase (GPT), tnglycende,
and cholesterol, as well as no reported gastrointestinal
discomforts (diarrhea, abdominal pam or bloating).

Bioavailability of polyphenols has been documented
commonly mn humans.”® Our results showed that 902 mg
of polpphenols denived from 200 g/d PSPL consumption
enhanced plasma total phenolic content and urinary phe-
nolic excretion suggested bioavailability of polyphenols
present m PSPL. However, 1t 15 a limitation of this study
that we were unable to quantify the bicavailability of in-
dividual polyphenols due to unavailability of sophisti-
cated instruments at the time of analysis. Nevertheless,
this result was consistent to our unpublished observation
that, following 2-hours food deprivation, concentrations
of quercetin and caffeic acid in plasma were enhanced 1n
rats fed a PSPL diet. On the other hand, a relatively
smaller mcrease in plasma total phenolic content than
changes in urinary phenolic excretion after consuming
PSPL for 2 wk nught be a result of a rapid clearance of
polyphenols because half-lives of polyphenolic com-
pounds are generally shorter than 12 h. ¥

Reactive oxidant species are believed to play an etio-
logical role in pathogenesis of chronic diseases and ag-
ing.?® Well documented antioxidant actions of polyphe-
nols may partially account for decreased nisk of oxidative
stress-related chronic diseases.”® * Because subjects in
this study are healthy and may experience a low degree of
oxidative stress, we did not observe the impact of PSPL
polyphenols on plasma a-tocopherol status, an outcome
consistent fo results of our rat study that flavonol
quercetin could not prevent decreases m plasma and tis-
sue o-tocopherol mn rats fed a vitamun E deplete diet*”
On the contrary, PSPL polyphenols elevated glutathione
status possibly through up-regulating glutathione synthe-
sis and/or preventing glutathione use from consequences
of their radical scavenging actions.’" > However, exact
mechanism(s) by which PSPL polyphenols modulate glu-
tathione status m humans remain to be investigated.
Various total antioxidant capacity assays have been
commonly employed to reveal overall antioxidant effi-
cacy of antioxidants in any given specimens. It was ob-
served 1 a study by McAnlis et al. that 225 g fried onions
rich i polyphenols increased plasma total antioxidant
activity in humans.*® while we observed that PSPL poly-
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phenols didn’t enhance plasma total antioxidant status.
The direct radical quenching activity of polyphenols in
vivo has been questioned because of their relatively low
circulating concentrations as compared to plasma uric and
ascorbic acid.

In addition to bemg annihilated by antioxidant defense,
escaped reactive oxidant species can attack macromole-
cules and thereby cause pathogenesis of some diseases.
For example, radical-mediated DNA damages are associ-
ated with carcinogenesis and oxidized LDL iwnvolve in
atherogenesis. A growing body of evidence from in vitro,
preclinical, and clinical studies suggested that polyphe-
nols including flavonoids could protect LDL. DNA. pro-
tein. and lipid against oxidation.'® 2% ** ¥ In this study,
neither LPD nor 200 g/d PSPL altered the magnitudes of
in vivo lipid peroxidation in apparently healthy individu-
als. In this study. the TBARS assay emploved to assess
MDA+4-HNE mught be inadequate to reveal magnitude
of in vivo lipid peroxidation because of appreciated mter-
ferences from bilirubin, sugar, and other factors. Interest-
ingly, PSPL antioxidants decreased urinary excretion of
DNA oxidation products temporanly i subjects m the
PSPL group after the first week. but not after the second
week. Simularly, polyphenols in onions and green tea di-
minished urinary 8-OHdG excretion in humans - *' Al-
though these results of decreased urinary 8-OHdG excre-
tion could be mterpreted as a decrease in oxidant-induced
DNA damage via antioxadative actions of polyphenols, 1t
might simply suggest deceased capacities of DNA repair-
ing mechanisms. In contrast to evidence from m wvitro
studies mndicating antioxidant activity of polyphenols. our
results suggested that antioxidant actions of PSPL poly-
phenols or other constituents might not be effective to
diminish magnitudes of DNA and lipid oxidation in
young healthy individuals when their endogenous anti-
oxidant defense system 1s adequate to mnimize in vive
oxidant-induced damages®" In vitro studies revealed.
that polyphenols act as an oxvygen radical scavenger as
they enhance the resistance of LDL against Cu®"-induced
oxidation * . Qur study showed significantly mcreased
LDL lag time after PSPL consumption for 2 weeks. Fur-
ther. antioxidant actions of PSPL polvphenols that might
be too subtle to be detected in a Cu -induced ex vive
oxidation model could be unmasked with in vifro addition
of antioxidants.”™ The interactive effects among PSPL
constituents, such as polyphenols and carotenoids, on
antioxidant defense and oxidative stress remain to be in-
vestigated.

In conclusion, 902 mg of polyphenols in 200 g/d PSPL
could be bioavailable and enhance glutathione status and
decrease LDL oxidation. However, their antioxidant ac-
tions might not be sufficiently potent to modulate overall
antioxidant defense in yvoung healthy individuals.
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