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Abstract

Rutinoside (rhamnoglucoside; rhamnose þ glucose) addition has been examined extensively in the metabolism of flavonoids, however

the effect of rutinoside on apoptosis-inducing activity of flavonoids is still unknown. In the present study, the two pairs of flavonoids of

hesperetin (HT) and hesperidin (HD; HT-7-rutinose), and naringenin (NE) and naringin (NE-7-rutinose), were used to study their

apoptosis-inducing activities in HL-60 cells. Both HD and NI are flavonoids which contain a rutinoside at the C7 of HT and NE,

respectively. Results of the MTT assay showed that HT and NE, but not HD and NI, exhibited significant cytotoxic effect in HL-60 cells,

accompanied by the dose- and time-dependent appearance of characteristics of apoptosis including an increase in DNA ladder intensity,

morphological changes, appearance of apoptotic bodies, and an increase in hypodiploid cells by flow cytometry analysis. HT and NE, but

not HD and NI, caused rapid and transient induction of caspase-3/CPP32 activity, but not caspase-1 activity, according to the cleavage of

caspase-3 substrates poly(ADP-ribose) polymerase and D4-GDI proteins, the appearance of cleaved caspase-3 fragments detected in HT-

or NE-, but not in HD- or NI-treated HL-60 cells. A decrease in the anti-apoptotic protein, Mcl-1, was detected in HT- and NE-treated HL-

60 cells, whereas other Bcl-2 family proteins including Bax, Bcl-2, Bcl-XL, and Bag remained unchanged. The caspase-3 inhibitor, Ac-

DEVD-FMK, but not the caspase-1 inhibitor, Ac-YVAD-FMK, attenuated HT- and NE-induced cell death. Interestingly, neither HT nor

NE induced apoptosis in the mature monocytic cell line THP-1 and primary human polymorphonuclear cells, as characterized by a lack of

DNA ladders, caspase-3 activation, poly(ADP-ribose) polymerase cleavage, and Mcl-1 decrease, compared with those in HL-60 cells. In

addition, the rutinoside group in HD and NI was removed by hesperidinase and naringinase, accompanied by the production of HTand NE,

respectively, according to HPLC analysis. Accordingly, hesperidinase and naringinase digestion recovered the apoptosis-inducing activity

of HD and NI in HL-60 cells. Our experiments provide the first evidence to suggest that rutinoside in flavonoids prevents the induction of

apoptosis, and that activation of the traditional caspase-3 cascade participates in HT- and NE-induced apoptosis.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Flavonoids exist extensively in all parts of plants includ-

ing fruits, vegetables, nuts, leaves, flowers, and bark, and

their biological functions such as apoptosis-inducing activ-

ity, free radical scavenging activity, and antitumorigenic

activity have been identified [1–4]. Flavonoids are a large

group of low molecular weight polyphenolic compounds,

and have been shown to be one of the most important

classes in the free state and as glycosides [5,6]. Both

glycone and aglycone occurred in the metabolic process

of flavonoids, however there is a lack of evidence to

suggest the effect of glycoside addition on the biological

activities of flavonoids. In the present study, flavonoids in

the aglycone form including hesperetin (HT; 3,5,7-trihy-

droxy-4-methoxyflavanone) and naringenin (NE; 40,5,7-

trihydroxyflavanone), and in the glycone form including
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hesperidin (HD; HT-7-rhamnoglucoside) and naringin (NI;

NE-7-rhamnoglucoside) were used to evaluate the effect of

glycoside on the induction of apoptosis in leukemia cell

line HL-60. HT, HD, NE, and NI are flavonoids present

extensively in the plant kingdom especially in many citrus

fruits, and commonly used in traditional medicines [7]. NI

and HD, but not NE or HT, possess a rhamnoglucoside

(rutinoside) moiety at the 7-position of the flavone and

flavanone skeleton, and both NE and HT are aglycone

metabolites of NI and HD, respectively. NI was reported to

possess anti-inflammatory, anti-ulcer, and antioxidant

activities. Evidence was provided that orally administrated

NI was hydrolyzed by enterobacteria to aglycones such as

NE before absorption [8,9]. NE has been demonstrated to

inhibit CYP3A4 activity, and exhibit aorta dilatory, anti-

oxidant, anitproliferative effects [10,11]. Result of in vitro

anticarcinogenesis assay showed that NE, but not NI,

inhibited aflatoxin B1-induced carcinogenesis [12]. Kawa-

guchi et al. indicated that NI suppressed the lipopolysac-

chairde (LPS)-induced tumor necrosis factor (TNF)

release, followed by the blocking of LPS-induced liver

injury [13]. In addition to NE and NI, HT and HD showed

the similar glycoside substitution as NI and NE, and some

biological activities of HD were identified. Previous study

demonstrated that HD inhibits tumor promotion in 12-O-

tetradecaboylphorbol-13-acetate-treated CD-1 mice [14],

and Tanaka et al. indicated that HD reduced N-methyl-N-

amylnitrosamine-induced rat esophageal tumorigenesis by

decreasing cell proliferation [15]. HD also showed anti-

hypertensive and diuretic effects on normotensive and

spontaneously hypertensive rats [16]. In contrast to HD,

HT is able to inhibit the hydroxylation of benzo(a)pyrene

and aflatoxin B1 to mutagenic products [17], and Melzig

and Loose reported that HT attenuated LPS-induced cyto-

toxicity via inhibition of specific tyrosine kinases [18].

These data suggest that NE, NI, HT, and HD possess

several different biological functions; however their apop-

tosis-inducing activities and the importance of rutinoside at

C7 are still unresolved.

Apoptosis, a cell death process which has been exten-

sively studied, is characterized by cellular morphological

changes, chromatin condensation, and apoptotic bodies

associated with DNA cleavage into ladders. Several path-

ways have been described to regulate apoptosis during

development, tumorigenesis, and chemical treatments

[19,20]. Several gene expressions have been demonstrated

to be critical in the regulation of apoptosis such as caspase

cascades and Bcl-2 family proteins. Members of the Bcl-2

family proteins can be divided into two subfamilies, one is

anti-apoptotic including Bcl-2, Mcl-1, and Bcl-XL pro-

teins and the other is pro-apoptotic including Bax, Bcl-Xs,

and Bad. Induction of pro-apoptotic Bcl-2 family proteins

and inhibition of anti-apoptotic family proteins have been

detected in apoptosis induced by chemicals [21,22].

Human caspases-1 to -10 have been described, and activa-

tion of the caspase cascade is involved in chemical- and

agent-induced apoptosis. Caspase-9 is an apoptosis initiator

and activated caspase-9 then cleaves and activates execu-

tioner caspase-3, which exists as an inactive pro-caspase-3

in the cytoplasm and is proteolytically activated by multiple

cleavages of pro-caspase-3 to generate the cleaved frag-

ments in cells undergoing apoptosis [23]. Some specific

substrates for caspase-3 such as poly(ADP-ribose) poly-

merase (PARP) and D4-GDI proteins are cleaved which is

important for the occurrence of apoptosis. PARP is required

for DNA repair and activated caspase-3 cleaves PARP at

Asp 216 to generate the 85- and 31-kDa apoptotic frag-

ments in coordination with DNA fragmentation during

apoptosis [24]. D4-GDI is a negative regulator of the ras-

related Rho family of GTPases, and activation of Rho

GTPases promoted cytoskeletal and membrane changes

associated with apoptotic cells. Activated caspase-3 cleaves

D4-GDI to 23- and 5-kDa fragments, and activates Rho

GTPases to produce apoptotic morphological changes [25].

Glycosylation commonly occurs in the metabolism of

flavonoids, and increase their hydrophilic properties by

addition of sugar moieties into the structure. The relation of

the effect of glycosylation on the biological function of

flavonoids is still undefined, and our previous studies

suggested that glycosylation attenuated the anti-inflamma-

tory activity of flavonoids in macrophages [26,27]. In order

to demonstrate the effect of glycosylation on apoptosis-

inducing activity of flavonoids, NE, NI, HT, and HD were

used to study their apoptosis-inducing activities in the

human promyeloleukemia cell line HL-60. Results of

the present study suggest that adding a rutinoside group

attenuates the apoptosis-inducing activity of flavonoids,

and that the activation of caspase-3 cascade is involved in

the apoptotic mechanism.

2. Materials and methods

2.1. Cell culture and chemicals

HL-60 and THP-1 are leukemia cell lines and obtained

from ATCC (American Type Culture Collection). Previous

study and comments of ATCC indicated that HL-60 is a

poorly differentiated promyelocytic cell line, and THP-1 is

a mature monocytic cell line [28]. Human polymorpho-

nuclear (PMN) cells were isolated from human heparinized

venous blood of healthy volunteers, followed by centrifu-

gation of the granulocyte-rich supernatant on a cushion of a

mixture of Ficoll and Hypaque, as previous described [29].

HL-60, THP-1, and PMN cells were maintained at 378 in

RPMI 1640 containing 10% heat-inactivated fetal bovine

serum in an atmosphere containing 5% CO2. The plates for

HL-60, THP-1, and PMN cells were purchased from Gibco

(GIBCO/BRL). The colorigenic synthetic peptide sub-

strates for caspase-3-like proteases (Ac-DEVD-pNA)

and for caspase-1 (Ac-YVAD-pNA) were purchased from

Calbiochem. The inhibitors for caspase-3-like proteases
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(Ac-DEVD-FMK) and for caspase-1 (Ac-YVAD-FMK)

were purchased from Calbiochem. Propidium iodide was

obtained from Sigma. Naringenin (NE), naringin (NI),

hesperetin (HT), and hesperdin (HD) were obtained from

Sigma. Antibodies for PARP, caspase-3, and D4-GDI detec-

tion in Western blotting were obtained from IMGENEX.

And, antibodies for detecting Bcl-2 family proteins were

purchased from Santa Cruz. DCHF-DA was obtained from

MolecularProbe.HesperindinasefromAspergillusnigerand

naringinase from Pencillium species were purchased from

Sigma. All chemical solvent was purchased from Merck.

2.2. Cell viability

Cell viability was assessed by MTT staining as

described by Mosmann [30]. Briefly, HL-60, THP-1, or

PMN cells were plated at a density of 106 cells/mL into 24-

well plates and treated with different concentrations of

indicated compounds for 8 hr. At the end of treatment,

20 mL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide) (10 mg/mL) was added, and cells

were incubated for further 4 hr. Cell viability was obtained

by scanning with an ELISA reader (Molecular Devices)

with a 600-nm filter.

2.3. Acridine orange staining

A 6 mL of cell suspension was mixed on a slide with an

equal volume of an acridine orange solution (10 mg/mL in

phosphate-buffered saline). Green fluorescence was

detected between 500 and 525 nm using an Olympus

microscope. Cells with brightly staining condensed chro-

matin were recognized as apoptotic cells.

2.4. Western blots

Total cellular extracts (30 mg) were prepared and sepa-

rated on 8% SDS-polyacrylamide minigels for PARP

detection and 12% for SDS-polyacrylamide minigels for

caspase-3, cleaved D4-GDI, Bcl-2 family, and a-tubulin

protein detection, and then transferred to Immobilon poly-

vinylidenedifluoride membranes (Millipore). The mem-

brane was incubated overnight at 48 with 1% bovine

serum albumin at room temperature for 1 hr and then

incubated with indicated antibodies for a further 3 hr at

room temperature followed by incubation with alkaline

phosphatase-conjugated anti-mouse IgG antibody for an

hour. Protein was visualized by incubating with the colori-

metric substrates nitro blue tetrazolium (NBT) and 5-

bromo-4-chloro-3-indolyl-phosphate (BCIP) as described

in our previous paper [26].

2.5. DNA gel electrophoresis

Cells (106 mL�1) under different treatments were col-

lected, washed with PBS twice, and then lysed in 100 mL of

lysis buffer (50 mM Tris, pH 8.0; 10 mM ethylenediami-

netetraacetic acid (EDTA); 0.5% sodium sarkosinate, and

1 mg/mL proteinase K) for 3 hr at 568 and treated with

0.5 mg/mL RNase A for another hour at 568. DNA was

extracted with phenol/chloroform/isoamyl alcohol (25/24/

1) before loading. Samples were mixed with loading buffer

(50 mM Tris, 10 mM EDTA, 1% (w/w) low-melting point

agarose, 0.025% (w/w) bromophenol blue) and loaded onto

a pre-solidified 2% agarose gel containing 0.1 mg/mL

ethidium bromide. The agarose gels were run at 50 V

for 90 min in TBE buffer. The gels were observed and

photographed under UV light.

2.6. Activities of caspase-3 and caspase-1 (ICE)

proteases

After different treatments, cells (106 mL�1) were col-

lected and washed three times with PBS and resuspended

in 50 mM Tris–HCl (pH 7.4), 1 mM EDTA, and 10 mM

ethyleneglycoltetraacetic acid. Cell lysates were clarified

by centrifugation at 25,000 g for 3 min, and clear lysates

containing 50 mg of protein were incubated with 100 mM of

enzyme-specific colorimetric substrates including Ac-

DEVD-pNA for caspase-3/CPP32 and Ac-YVAD-pNA

for caspase-1 at 378 for 1 hr. The alternative activity of

caspase-3 or caspase-1 was described as the cleavage of the

colorimetric substrate by measuring the absorbance at

405 nm.

2.7. Flow cytometry analysis

Trypsinized cells (106 mL�1) were washed with ice-cold

PBS and fixed in 70% ethanol at �208 for at least 1 hr.

After fixation, cells were washed twice, incubated in

0.5 mL of 0.5% Triton X-100/PBS at 378 for 30 min with

1 mg/mL of RNase A, and stained with 0.5 mL of 50 mg/

mL propidium iodide for 10 min. Fluorescence emitted

from the propidium–DNA complex was quantitated after

excitation of the fluorescent dye by FACScan flow cyto-

metry (Becton Dickenson).

2.8. Deglycosylation by hesperindinase and naringinase

Hesperindinase and naringinase were dissolved in

50 mM Tris–HCl buffer, pH 4.0. The reaction buffer con-

tained each compound and hesperindinase and naringinase

were added, respectively. Adjust the reaction buffer to

5 mM, pH 4 and 5 and incubated at 408 for 30 min. The

HPLC (Jasco, PU1580) analysis used RP-C18 column

(5 mm, Merck), with acetonitrile:water (32:68, v/v) at a

flow of 0.8 mL/min. Samples were detected by their

absorbance at 280 nm (Jasco, UV1575). By cell culture

assay, the reaction buffer pH was adjusted to 7.0–7.4 by

NaOH and sterilized by 0.22 mm filter and added the

0.5 mL reaction buffer and 0.5 mL culture medium to cell

culture assay [31].
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2.9. Statistics

Values are expressed as the mean � SE. The significance

of the difference from the respective controls for each

experimental test condition was assayed by using Student’s

t-test for each paired experiment. A P value of <0.01 or

<0.05 was regarded as indicating a significant difference.

3. Results

3.1. Induction of apoptosis by hesperetin and naringenin,

but not hesperidin and naringin

Four structurally related flavonoids with or without

rutinoside at C7 including aglycone HT, glycone HD,

aglycone NE, and glycone naringin (NI) were applied to

investigate their apoptosis-inducing effects. The chemical

structures of HT, HD, NE, and NI are shown in Fig. 1. An

arrow indicates the rutinoside (rhamnoglucoside) group in

HD and NI. When HL-60 cells were treated with various

concentrations of each indicated compound (40 and

80 mM) for 24 hr, the viability of HL-60 cells was sig-

nificantly reduced in the presence of NE and HT, but not NI

or HD (Fig. 2B). DMSO, even at the highest dose of 0.5%,

showed no effect on cellular viability of HL-60 cells. To

characterize cell death induced by NE and HT, the integrity

of genomic DNA, the occurrence of apoptotic bodies, and

the ratio of hypodiploid cells were examined. With analysis

of DNA integrity by agarose electrophoresis, NE and HT

treatment caused the digestion of genomic DNA into

ladders in a concentration- and time-dependent way, asso-

ciated with a decrease in intact DNA (Fig. 2A). However,

with NI and HD, even at 80 mM, no significant DNA

ladders were found. In the same part of the experiment,

morphological changes and the ratio of hypodiploid cells

were examined under microscopic observation and flow

cytometric analysis, respectively. NE and HT, but not NI or

HD, induced the occurrence of apoptotic bodies under

microscopic observation, accompanied by an increased

ratio of hypodiploid cells under flow cytometric analysis

(Fig. 3A). In the acridine orange staining assay, chromo-

some condensation was observed in NE- and HT-treated

cells by fluorescence microscopy (Fig. 3B). No obvious

DNA ladders, apoptotic bodies, or hypodiploid cells were

detected in DMSO-treated HL-60 cells. These data demon-

strate that the aglycones NE and HT, but not the glycones

NI and HD, are effective apoptosis inducers in HL-60 cells.

3.2. Stimulation of caspase-3-like activities, not caspase-

1-like activities, in NE- and HT-induced apoptosis

Previous data indicated that induction of caspases activ-

ities is an essential event in apoptosis. Caspases-1 and -3

have been shown to be extensively involved in the apop-

totic process. To detect the enzymatic activity of caspases-

1 and -3 in NE-, NI-, HT-, and HD-treated HL-60 cells, two

colorimetric substrates, Ac-DEVD-pNA for caspase-3-

related activities and Ac-YVAD-pNA for caspase-1-related

activities, were used in this study. As illustrated in Fig. 4,

NE and HT induced a dramatic increase in DEVD-specific,

but not YVAD-specific, caspase activity in HL-60 cells. In

contrast, none of the DEVD-specific and YVAD-specific

enzyme activities was stimulated in NI- or HD-treated

cells. This suggests that activation of caspase-3, but not

caspase-1, activity participated in NE- and HT-induced

apoptosis. To determine if the activation of caspase-3-like

protease is necessary for apoptosis induced by NE and HT,

caspase-inhibitors including the caspase-3-like protease

inhibitor, Ac-DEVD-FMK, and the caspase-1-like protease

inhibitor, Ac-YVAD-FMK, were used to block intracellu-

lar protease, and NE- and HT-induced DNA ladders were

analyzed by agarose electrophoresis. Results in Fig. 4D

show that the caspase-3-like inhibitor, Ac-DEVD-FMK

(20 and 40 mM), inhibited the occurrence of DNA ladders

induced by NE or HT (80 mM). However, Ac-YVAD-

FMK, an inhibitor of caspase-1-like activity, showed no

Fig. 1. Structurally related flavonoids including HT, HD, NE, and NI. HD

and NI contain a rutinoside at the C7 of HT and NE, respectively. Glc,

glucose; Rha, rhamnose; rutinose, rhamnose þ glucose.
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obvious effect at the same concentrations. Similarly, Ac-

DEVD-FMK, but not Ac-YVAD-FMK, attenuated NE- or

HT-induced cytotoxicity according to the MTT assay

(Fig. 4E). These data demonstrate that activation of cas-

pase-3-like activity is involved in NE- and HT-induced

apoptosis.

3.3. Involvement of PARP and D4-GDI cleavage,

caspase-3 protein procession, and a decrease in Mcl-1

protein in NE- and HT-, but not in NI- and HD-treated

HL-60 cells

Activation of caspase-3 leads to the cleavage of a

number of proteins, two of which are PARP and D4-

GDI, another hallmark of apoptosis. Results in Fig. 5A

show that exposure of HL-60 cells to NE or HT (80 mM)

caused the degradation of 116-kDa PARP into 85-kDa

fragments and the production of cleaved D4-GDI protein

(23 kDa) in a concentration-dependent manner, associated

with the protein procession of caspase-3 brought about by

its cleavage, represented here as a decline in its pro-level

and the appearance of cleaved fragments on the Western

blot. However, NI and HD showed no obvious effects on

PARP, D4-GDI, or caspase-3 cleavage in HL-60 cells. Bcl-

2 family proteins act as important regulators of apoptosis

and are located upstream of caspase activation. In NE- or

HT-treated HL-60 cells, a decrease in the Mcl-1 protein

was detected in a dose-dependent manner. In contrast to a

decrease in Mcl-1 proteins, Bcl-2, Bcl-XL, Bag, and Bax

proteins remained unchanged in NE- or HT-treated HL-60

cells (Fig. 5A). No obvious change was detected in the

expression of any of the Bcl-2 family proteins in NI- or

HD-treated HL-60 cells. Furthermore, a dose-dependent

induction of caspase-3 cleavage, PARP, and D4-GDI clea-

vage, and a decrease in the Mcl-1 protein was examined in

NE- and HT-treated HL-60 cells (Fig. 5B).

3.4. NE and HT showed no significant apoptosis-inducing

activity in mature monocytic cells THP-1 and primary

polymorphonuclear (PMN) cells

THP-1 is a mature monocytic cell line, and PMN cells

were isolated from human venous blood of healthy volun-

teers. In order to identify if NE and HT exhibit differential

apoptosis-inducing activities among poorly differentiated

promyelocytic leukemia cells HL-60, mature monocytic

Fig. 2. Analysis of cell viability and DNA integrity in HT-, HD-, NE-, and NI-treated HL-60 cells by MTT assay and agarose electrophoresis. (A) HL-60 cells

were treated with different concentrations (40 and 80 mM) of the indicated compound for 24 hr (left panel). HL-60 cells were treated with NE, NI, HT, and

HD (80 mM) for 6, 12, and 24 hr (right panel). Integrity of DNA in cells was extracted and electrophoresed through a 1.8% agarose gel and visualized by

staining with ethidium bromide. (B) HL-60 cells were plated into 24-well plates for 24 hr and then treated with different concentrations (40 and 80 mM) of

indicated compound for a further 24 hr. MTT was added into medium for an additional 4 hr. The viability of cells was detected by measuring the absorbance

at a wavelength of 600 nm. Each value is presented as the mean � SE of three independent experiments. ��P < 0:01 significantly different from the control,

as analyzed by Student’s t-test.
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cells THP-1 and primary normal PMN cells, a comparison

of the effects of NE and HT in HL-60, THP-1, and PMN

cells was performed in the present study. Results in Fig. 6A

show that NE and HT induced DNA ladders in HL-60 cells,

but not on THP-1 and PMN cells. Results of the MTT assay

also supported that both NE and HT significantly exhibited

cytotoxic effects in HL-60, but not in THP-1 and primary

PMN cells (Fig. 6C). Induction of caspase-3 protein pro-

cession, PARP and D4-GDI cleavage by HT and NE in

proleukemia cell HL-60, but not in the mature monocytic

cells THP-1, were detected by Western blotting (Fig. 6B).

This indicates that both NE and HT reserve differential

apoptosis-inducing effects among promyelocytic leukemia

cells HL-60, mature monocytic leukemia cells THP-1 and

primary normal PMN cells.

3.5. Removing rutinoside by nariginase and

hesperidinase recovers the apoptosis-inducing activity in

NI- or HT-treated HL-60 cells

Previous data suggested that the rutinoside at C7 might

be a determinant involved in the induction of apoptosis by

flavonoids. Both naringinase (NIase) and hesperidinase

(HDase) have been shown to digest rutinose from the

glycones NI and HD to produce the aglycones NE and

HT, respectively. In the absence of enzymes, glycones (NI

Fig. 3. Appearance of chromosomal condensation, hypodiploid cells and apoptotic bodies in HT- and NE-, not HD- and NI-treated HL-60 cells. (A)

Induction of hypodiploid cells in HT- and NE-, but not HD- and NI-treated HL-60 cells. HL-60 cells were treated with or without indicated compound

(80 mM) for 24 hr, and the appearance of hypodiploid cells was detected by flow cytometry using PI staining. Upper panel: A representative of the result of

flow cytometry analysis was shown. Lower panel: The M1 apoptotic value expressed as the mean � SE of three independent experiments by flow cytometry

analysis was described. ��P < 0:01 significantly different from the control and ##P < 0:01 significant difference between indicated groups, as analyzed by

Student’s t-test. (B) Occurrence of apoptotic bodies and chromosomal condensation in HL-60 cells was detected in 80 mM HT- and NE-, but not HD- and NI-

treated HL-60 cells under light microscopic observation (left panel) and fluorescent microscopy using acridine orange staining (right panel), irrespectively.
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and HD) and algycones (NE and HT) were detected by

HPLC analysis with different retention time points. Result

in Fig. 7A shows that the retention times of the glycone (NI

and HD) and the algycone (NE and HT) are about 2.5 and

5.3 min after injection, respectively. In the presence of

enzyme digestion including NI digested by NIase and HD

digested by HDase, we detected a time-dependent decrease

in the glycones NI and HD, accompanied by a time-

dependent increase in aglycone NE and HT, by HPLC

analysis. Interestingly, the addition of NIase-digested NI or

HDase-digested HD significantly induced cytotoxicity in

HL-60 cells, compared with NI-, HD-, NIase-, and HDase-

treated cells (Fig. 7C). Furthermore, results of DNA integ-

rity analysis showed that induction of DNA fragmentation

was found in NIase-digested NI or HDase-digested HD but

not in NI-, HD-, NIase-, or HDnase-treated HL-60 cells.

Results in Fig. 7 provide direct evidence to suggest that the

rutinoside moiety at C7 is an important determinant for the

induction of apoptosis by flavonoids.

4. Discussion

Several biological functions of flavonoids have been

identified, whereas there is a lack of evidence to support

the relationship between rutinoside- and apoptosis-indu-

cing activity. In the present study, we demonstrate that the

aglycones NE and HT are able to induce apoptosis in the

human leukemia cell line HL-60, however the glycones NI

and HD, even at a dose of 80 mM, did not affect the viability

of cells. The induction of apoptosis by NE and HT is

consistent with the activation of the apoptotic machinery

Fig. 4. Activation of caspase-3 but not caspase-1 activity in NE- and HT-treated (80 mM) HL-60 cells. (A) HL-60 cells were treated with NE, NI, HT, and HD

(80 mM) for 6 and 12 hr, and cells were harvested and lysed in lysis buffer. Enzymatic activity of caspase-3-like proteases were determined by incubation with

specific colorigenic substrates, Ac-DEVD-pNA. (B) HL-60 cells were treated with different doses of NE and HT (20, 40, and 80 mM), and the caspase-3

activity was detected using Ac-DEVD-pNA as a substrate. (C) Cells were treated as described in (A) and caspase-1 activity in cells was measured by using

Ac-YVAD-pNA as a substrate. (D) Caspase-3 peptidyl inhibitor Ac-DEVD-FMK (DEVD), but not caspase-1 peptidyl inhibitor Ac-YVAD-FMK (YVAD),

inhibited NE- and HT-induced apoptosis. Cells were treated with or without different doses (a: 20 mM; b: 40 mM) of indicated inhibitors for 1 hr, followed by

NE- or HT-treatment (80 mM) for a further 24 hr. The integrity of DNA in cells was examined as described in Fig. 2. (E) The viability of cells under different

treatments as those in (D) was evaluated by MTT assay. ��P < 0:01 significantly different from the control and ##P < 0:01 significant difference between

indicated groups, as analyzed by Student’s t-test.
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including activating the caspase-3 (not the caspase-1)

cascade. Additionally, neither NE nor HT induced apop-

tosis in normal monocytic THP-1 cells, a preferential

normal monocytic cell line. Removing the rutinoside moi-

ety from NI and HD by NIase and HDase stimulated

the occurrence of apoptosis in cells. Results of the present

study suggest that (1) both aglycones NE and HT, but not

the glycones NE and HD, possess apoptosis-inducing

activity in HL-60 cells through activation of the cas-

pase-3 cascade; (2) rutinoside at C7 acts as a negative

moiety for the induction of apoptosis by flavonoids; and

(3) both NE and HT show the apoptosis-inducing activity

in the promyelocytic cells HL-60, but were less cytotoxic

to the mature monocytic cells THP-1 and human PMN

cells.

Flavonoids as either simple or complex glycosides exist

in many plants, and humans are estimated to consume

approximately 1 g flavonoids per day. Several biological

functions of flavonoids have been identified, however their

use in the pharmaceutical field is limited by their aqueous

solubility [32]. Glycosylation occurred in the metabolism

of flavonoids, and increased their hydrophilic properties,

and oral ingestion of glycone flavonoids including HD or

NI in rats produces several metabolic products in the urine

such as the aglycones by the intestinal bacteria-producing

rhamnosidase or glucosidase [33,34]. Kim et al. reported

that the anti-platelet activity and cytotoxicity of the meta-

bolites formed in the human intestine were more pro-

nounced than that of the parent compound [35]. Ioku

et al. suggested that dietary flavonoid glucosides were

primarily hydrolyzed and liberated aglycones in the jeju-

num [36]. These data indicate a conversion of glycones to

aglycones in the metabolism of flavonoids. In relation to

the compounds used in the present study, several biological

activities between aglycone (HT and NE) and glycone (HD

and NI) were described in Section 1. However, the impor-

tance of the rutinoside moiety on the apoptosis-inducing

activities of flavonoids is still undefined. Results of the

present study show that the aglyones HT and NE, but not

the glycones HD and NI, are apoptosis inducers, and

digestion of the rutinoside group from NI and HD by

NIase and HDase, respectively, stimulates their apoptotic

effects. This suggests that rutinoside at C7 of flavonoids

acts as a negative moiety in apoptosis induction.

Fig. 5. Induction of caspase-3 protein processing, PARP and D4-GDI protein cleavage, and a decrease in Mcl-1 protein in NE- and HT-, but not NI- and

HD-treated HL-60 cells. (A) HL-60 cells were treated with, NE, NI, HT, HD (80 mM) for 6 or 12 hr. Bcl-2 family proteins including Bcl-2, Bcl-XL, Bax

and Mcl-1, PARP and D4-GDI cleavage and induction of caspase-3 protein procession were analyzed by Western blotting as described in Section 2. (B) Dose-

dependent response of NE and HT in the caspase-3 protein procession, PARP and D4-GDI cleavage, and decreasing Mcl-1 protein. HL-60 cells were treated

with different doses of NE and HT (20, 40, and 80 mM) for 12 hr, and expression of indicated genes was analyzed by Western blotting.
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None of apoptotic mechanisms induced by HT, HD, NE or

NI was identified previously. NE has been shown to scarcely

cause cell death in B16 melanoma cells and was ineffective

in inhibiting growth in human prostatic tumor cells (PC-3),

however NE enhanced tumor necrosis factor-a (TNF-a)

cytotoxicity [37,38]. In contrast to NE, NI suppressed

LPS-induced TNF release and liver injury, and recent studies

demonstrated that NI was able to prevent hepatocytes from

alga toxins-induced apoptosis [39]. No previous papers

reported the apoptotic effect of HT and HD. The caspase

cascade has been shown to be involved in the action of

apoptosis, and caspase-3 is an executioner caspase and exists

in the cytoplasm as an inactive pro-caspase-3 that becomes

proteolytically activated by multiple cleavages of its pre-

cursor 32 kDa to generate the 20/11- or 17/11-kDa active

forms in apoptotic cells. Additionally, Bcl-2 family proteins

have been demonstrated to be involved in the process of

apoptosis, and pro-apoptotic and anti-apoptotic Bcl-2 family

proteins including Bax, Bak, and Bcl-Xs for pro-apoptosis

and Bcl-2, Bcl-XL, and Mcl-1 for anti-apoptosis have been

identified. Previous studies indicated that an increase in pro-

apoptotic Bcl-2 family proteins and a decrease in anti-

apoptotic Bcl-2 family proteins participated in the process

of apoptosis. In the present study, we found that apoptosis

induced by the aglycones NE and HT was mediated by

activation of caspase-3 and decreased the anti-apoptotic Bcl-

2 family protein Mcl-1, whereas neither of them was found

in the glycones NI- and HD-treated cells. This suggests that

differential activation of the caspase-3 cascade is involved in

the modulation of induction of apoptosis by flavonoids.

Both free radical scavenging and production activities of

flavonoids have been previously described [40]. Our pre-

vious studies indicated that the production of reactive

oxygen species (ROS) was not involved in the induction

of apoptosis by flavonoids [19,41], however several pre-

vious studies supported ROS acting as an apoptotic initia-

tor to turn on signal transduction for apoptosis [42,43].

Therefore, it is interesting to investigate if ROS are

involved in the differential apoptosis-inducing activity of

the aglycones NE and HT and the glycones NI and HD. As

described in our previous paper, DCHF-DA was used to

examine if alternative ROS production in aglycone- and

glycone-treated HL-60 cells. Results of DCHF-DA assay

showed that neither aglycones (NE and HT) nor glycones

Fig. 6. Differential apoptosis-inducing effect of NE and HT in promyelocytic leukemia cells HL-60, mature monocytic cells THP-1, and PMN. (A) NE and

HT showed the significant apoptosis-inducing activity in HL-60, but not in THP-1 and PMN cells. Cells were treated with NE and HT (20, 40, and 80 mM) for

24 hr, and the integrity of DNA in cells was analyzed. (B) NE and HT did not induce caspase-3 protein procession, PARP and D4-GDI cleavage in THP-1

cells, compared with those in HL-60 cells. Both cells were treated with different doses (40 and 80 mM) of NE and HT for 12 hr, and the expression of

indicated genes was examined as described in Fig. 5. (C) MTT assay for cellular viability as described in Fig. 2B was performed to identify differential

cytotoxicity of NE and HT in HL-60, THP-1 and PMN cells. ��P < 0:01 significantly different from the respective control, as analyzed by Student’s t-test.
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Fig. 7. Digestion of rutinoside from HD and NI by HDase and NIase, respectively, induces apoptosis in HL-60 cells. (A) In vitro analysis of HT, HD, NE, and NI by HPLC analysis as described in Section 2.

HD þ HDase and NI þ NIase indicated that HD and NI incubated with HDase and NIase for indicated time points (30 and 60 min), and the conversion of glycones to aglycones was detected by HPLC analysis. (B)

Effect of enzyme digestion on the DNA integrity of HL-60 cells. HL-60 cells were treated with HD (lane 1), HDase (lane 2), HD þ HDase 30 min (lane 3), HD þ HDase 60 min (lane 4), NI (lane 5), NIase (lane 6),

NI þ NIase 30 min (lane 7), and NI þ NIase 60 min (lane 8) for 24 hr. The integrity of DNA was analyzed by electrophoresis as described in Fig. 2. (C) HL-60 cells were treated as those in (B) and the viability of

cell was examined by MTT assay as described in Fig. 2. ��P < 0:01 significantly different from the control, as analyzed by Student’s t-test.
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(NI and HD) showed an effect on the intracellular ROS

level by flow cytometry analysis. The antioxidants N-

acetyl-cysteine and catalase inhibited H2O2-induced

DNA fragmentation, but no prevention of aglycones

NE- or HT-induced cell death was detected (data not

shown). This suggests that ROS production is not involved

in the differential apoptosis-inducing activities of agly-

cones (NE and HT) or glycones (NI and HD).

In conclusion, results of the present study provide

scientific evidence to support the addition of rutinoside

at C7 attenuating the apoptosis-inducing activity of flavo-

noids, and that the caspase-3 (not caspase-1) cascade is

involved. More evidence to demonstrate the effect of the

glycosylated position and other substituted glycosides such

as glucoside or complex glucosides on the induction of

apoptosis by flavonoids needs to be further evaluated.

Acknowledgments

This study was supported by the National Science

Council of Taiwan (NSC 90-2320-B-038-027, and NSC

91-2320-B-038-040).

References

[1] Lin JK, Chen Y-C, Huang YT, Lin-Shiau SY. Suppression of protein

kinase C and nuclear oncogene expression as possible and molecular

mechanisms of cancer chemoprevention by apigenin and curcumin. J

Cell Biochem 1997;28/29:39–48.

[2] Chen Y-C, Shen S-C, Lee WR, Hou WC, Yang LL, Lee TJF. Inhibition

of nitric oxide synthase inhibitors and lipopolysaccharide induced

inducible NOS and cyclooxygenase-2 gene expression by rutin,

quercetin and quercetin pentaacetate in RAW 264.7 macrophages. J

Cell Biochem 2001;82:537–48.

[3] Ko CH, Shen S-C, Lin H-Y, Hou WC, Lee WR, Yang LL, Chen Y-C.

Flavanones structure related inhibition on TPA-induced tumor promo-

tion through suppression of extracellular signal-regulated protein

kinases: involvement of prostaglandin E2 in anti-promotive process.

J Cell Physiol 2002;193:93–102.

[4] Chen Y-C, Yang LL, Lee TJF. Oroxylin A inhibition of lipopolysac-

cahride-induced iNOS and COX-2 gene expression via suppression of

nuclear factor-kB activation. Biochem Pharmacol 2000;59:1445–57.

[5] Birt DF, Hendrich S, Wang W. Dietary agents in cancer prevention:

flavonoids and isoflavonoids. Pharmacol Ther 2001;90:157–77.

[6] Heijnen CG, Haenen GR, Oostveen RM, Stalpers EM, Bast A.

Protection of flavonoids against lipid peroxidation: the structure

activity relationship revisited. Free Radic Res 2002;36:575–81.

[7] Guthrie N, Carroll KK. Inhibition of mammary cancer by citrus

flavonoids. Adv Exp Med Biol 1998;439:227–36.

[8] Ameer B, Weintraub RA, Johnson JV, Yost RA, Rouseff RL. Flava-

none absorption after naringin, hesperidin, and citrus administration.

Clin Pharmacol Ther 1996;60:34–40.

[9] Galati G, Chan T, Wu B, O’Brien PJ. Glutathione-dependent genera-

tion of reactive oxygen species by the peroxidase-catalyzed redox

cycling of flavonoids. Chem Res Toxicol 1999;12:521–5.

[10] Knowles LM, Zigrossi DA, Tauber RA, Hightower C, Milner JA.

Flavonoids suppress androgen-independent human prostate tumor

proliferation. Nutr Cancer 2000;38:116–22.

[11] Galati G, Moridani MY, Chan TS, O’Brien PJ. Peroxidative metabo-

lism of apigenin and naringenin vs. luteolin and quercetin: glutathione

oxidation and conjugation. Free Radic Biol Med 2001;30:370–82.

[12] Guengerich FP, Kim DH. In vitro inhibition of dihydropyridine

oxidation and aflatoxin B1 activation in human liver microsomes

by naringenin and other flavonoids. Carcinogenesis 1990;11:2275–9.

[13] Kawaguchi K, Kikuchi S, Hasegawa H, Maruyama H, Morita H,

Kumazawa Y. Suppression of lipopolysaccharide-induced tumor ne-

crosis factor-release and liver injury in mice by naringin. Eur J

Pharmacol 1999;368:245–50.

[14] Koyuncu H, Berkarda B, Baykut F, Soybir G, Alatli C, Gul H, Altun

M. Preventive effect of hesperidin against inflammation in CD-1

mouse skin caused by tumor promoter. Anticancer Res 1999;19:

3237–41.

[15] Tanaka T, Makita H, Kawabata K, Mori H, Kakumoto M, Satoh K,

Hara A, Sumida T, Fukutani K, Tanaka T, Ogawa H. Modulation of N-

methyl-N-amylnitrosamine-induced rat oesophageal tumourigenesis

Fig. 7. (Continued ).

Y.-C. Chen et al. / Biochemical Pharmacology 66 (2003) 1139–1150 1149



by dietary feeding of diosmin and hesperidin, both alone and in

combination. Carcinogenesis 1997;18:761–9.

[16] Galati EM, Trovato A, Kirjavainen S, Forestieri AM, Rossitto A,

Monforte MT. Biological effects of hesperidin, a citrus flavonoid.

(Note III): antihypertensive and diuretic activity in rat. Farmacology

1996;51:219–21.

[17] Buening MK, Chang RL, Huang MT, Fortner JG, Wood AW, Conney

AH. Activation and inhibition of benzo(a)pyrene and aflatoxin B1

metabolism in human liver microsomes by naturally occurring flavo-

noids. Cancer Res 1981;41:67–72.

[18] Melzig MF, Loose R. Inhibition of lipopolysaccharide (LPS)-induced

endothelial cytotoxicity by selected flavonoids. Planta Med 1998;

64(5):397–9.

[19] Chen Y-C, Shen S-C, Lee WR, Hsu FL, Lin H-Y, Ko CH, Tseng SW.

Emodin induces apoptosis in human promyeloleukemic HL-60 cells

accompanied by activation of caspase-3 cascade but independent of

reactive oxygen species production. Biochem Pharmacol 2002;64:

1713–24.

[20] Yu R, Mandlekar S, Harvey KJ, Ucker DS, Kong TAN. Chemopre-

ventive isothiocyanates induce apoptosis and caspase-3-like protease

activity. Cancer Res 2000;58:402–8.

[21] Green DR. Apoptotic pathways: the roads to ruin. Cell 1998;94(6):

695–8.

[22] Chen Y-C, Shen S-C, Lee WR, Lin H-Y, Ko CH, Shih CM. Wogonin

and fisetin induction of apoptosis through activation of caspase-3

cascade and alternative expression of p21 protein in hepatocellular

carcinoma cells SK-HEP-1. Arch Toxicol 2002;76:351–9.

[23] Green DR. Apoptotic pathways: paper wraps stone blunts scissors.

Cell 2000;102:1–4.

[24] Soldani C, Lazze MC, Bottone MG, Tognon G, Biggiogera M,

Pellicciari CE, Scovassi AI. Poly(ADP-ribose) polymerase cleavage

during apoptosis: when and where? Exp Cell Res 2001;269:193–201.

[25] Krieser RJ, Eastman A. Cleavage and nuclear translocation of the

caspase-3 substrate Rho GDP-dissociation inhibitor, D4-GDI, during

apoptosis. Cell Death Diff 1999;6:412–9.

[26] Shen S-C, Lee WR, Lin H-Y, Huang HC, Ko CH, Yang LL, Chen Y-C.

In vitro and in vivo inhibitory activities of rutin, wogonin, and

quercetin on lipopolysaccharide-induced nitric oxide and prostaglan-

din E2 production. Eur J Pharmacol 2002;446:187–94.

[27] Chen Y-C, Shen S-C, Chen LG, Lee TJF, Yang LL. Wogonin, baicalin,

and baicalein inhibition of inducible nitric oxide synthase and cy-

clooxygenase-2 gene expression induced by nitric oxide synthase

inhibitors and lipopolysaccharide. Biochem Pharmacol 2001;61:

1417–27.

[28] Cioca DP, Kitano K. Induction of apoptosis and CD10/neutral en-

dopeptidase expression by jaspamide in HL-60 line cells. Cell Mol

Life Sci 2002;59:1377–87.

[29] Lenoir M, Pedruzzi E, Rais S, Drieu K, Perianin A. Sensitization of

human neutrophil defense activities through activation of platelet-

activating factor receptors by ginkgolide B, a bioactive component of

the Ginko Biloba extract EGB761. Biochem Pharmacol 2002;63:

1241–9.

[30] Mosmann T. Rapid colorimetric assay for cellular growth and survival:

application to proliferation and cytotoxicity assays. J Immunol Meth-

ods 1983;65:55–63.

[31] Romero C, Manjon A, Bastida J, Iborra JL. A method for assaying the

rhamnosidase activity of naringinase. Anal Biochem 1985;149:566–71.

[32] Ficarra R, Tommasini S, Raneri D, Calabro ML, Di Bella MR,

Rustichelli C, Gamberini MC, Ficarra P. Study of flavonoids/beta-

cyclodextrins inclusion complexes by NMR, FT-IR, DSC, X-ray

investigation. J Pharmaceutic Biomed Anal 2002;29:1005–14.

[33] Ross JA, Kasum CM. Dietary flavonoids: bioavailability, metabolic

effects, and safety. Annu Rev Nutr 2002;22:19–34.

[34] Piskula MK. Factors affecting flavonoids absorption. Biofactors 2000;

12:175–80.

[35] Kim DH, Jung EA, Sohng IS, Han JA, Kim TH, Han MJ. Intestinal

bacterial metabolism of flavonoids and its relation to some biological

activities. Arch Pharma Res 1998;21:17–23.

[36] Ioku K, Aoyama Y, Tokuno A, Terao J, Nakatani N, Takei Y. Various

cooking methods and the flavonoid content in onion. J Nutr Sci

Vitaminol 2001;47:78–83.

[37] Iwashita K, Kobori M, Yamaki K, Tsushida T. Flavonoids inhibit cell

growth and induce apoptosis in B16 melanoma 4A5 cells. Biosci

Biotechnol Biochem 2000;64:1813–20.

[38] Blankson H, Grotterod EM, Seglen PO. Prevention of toxin-induced

cytoskeletal disruption and apoptotic liver cell death by the grapefruit

flavonoid, naringin. Cell Death Differ 2000;7:739–46.

[39] Honkakoski P, Negishi M. Protein serine/threonine phosphatase in-

hibitors suppress phenobarbital-induced Cyp2b10 gene transcription

in mouse primary hepatocytes. Biochem J 1998;330:889–95.

[40] Cao G, Sofic E, Prior RL. Antioxidant and prooxidant behavior of

flavonoids: structure–activity relationships. Free Radic Biol Med

1997;22:749–60.

[41] Lee WR, Shen S-C, Lin H-Y, Hou WC, Yang LL, Chen Y-C. Wogonin

and fisetin induce apoptosis in human promyeloleukemic cells, ac-

companied by a decrease of reactive oxygen sepsis, and activation of

caspase-3 and Ca2þ-dependent endonuclease. Biochem Pharmacol

2002;63:225–36.

[42] Chen Y-C, Lin-Shiau SY, Lin JK. Involvement of p53 and HSP70

proteins in attenuation of UVC-induced apoptosis by thermal stress in

hepatocellular carcinoma cells. Photochem Photobiol 1999;70:78–86.

[43] Chen Y-C, Lin-Shiau SY, Lin JK. Involvement of reactive oxygen

species and caspase-3 activation in arsenite-induced apoptosis. J Cell

Physiol 1998;177:324–33.

1150 Y.-C. Chen et al. / Biochemical Pharmacology 66 (2003) 1139–1150


	Rutinoside at C7 attenuates the apoptosis-inducing activity of flavonoids
	Introduction
	Materials and methods
	Cell culture and chemicals
	Cell viability
	Acridine orange staining
	Western blots
	DNA gel electrophoresis
	Activities of caspase-3 and caspase-1 (ICE) proteases
	Flow cytometry analysis
	Deglycosylation by hesperindinase and naringinase
	Statistics

	Results
	Induction of apoptosis by hesperetin and naringenin, but not hesperidin and naringin
	Stimulation of caspase-3-like activities, not caspase-1-like activities, in NE- and HT-induced apoptosis
	Involvement of PARP and D4-GDI cleavage, caspase-3 protein procession, and a decrease in Mcl-1 protein in NE- and HT-, but not in NI- and HD-treated HL-60 cells
	NE and HT showed no significant apoptosis-inducing activity in mature monocytic cells THP-1 and primary polymorphonuclear (PMN) cells
	Removing rutinoside by nariginase and hesperidinase recovers the apoptosis-inducing activity in NI- or HT-treated HL-60 cells

	Discussion
	Acknowledgements
	References


