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Summary. We previously demonstrated that evening primrose extract

(EPE) induced apoptosis and inhibited the DNA synthesis in Ehrlich

ascites tumor cells (EATC) and suggested that EPE-induced inhibition

of the growth of EATC are via at least two pathway differentially modu-

lated by reactive oxygen species, notably intracellular peroxides. These

are (a) the EPE-induced apoptosis pathway which is dependent on

increases in hydrogen peroxide and (b) the EPE-induced inhibition of

cell proliferation which is hydrogen peroxide independent. In this study,

EPE brought about a significant decrease in intracellular polyamine

levels. Furthermore, the addition of polyamines reversed the EPE-

induced decrease in cell viability and suppressed the EPE-induced

increase in intracellular hydrogen peroxides. However, the addition of

polyamines did not reverse EPE-induced decrease in DNA synthesis and

phosphorylation of Rb protein, and EPE-induced translocation of AIF.

These results suggest the involvement of polyamines in the EPE-

induced apoptosis pathway which is dependent on increase in hydrogen

peroxide.
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Introduction

Oenothera biennis L., one species of evening primroses, is

a herbal plant. The edible oil from the seeds of evening

primrose oil has been shown to have several pharmacolo-

gical effects such as anti-diabetic (Takahashi et al., 1993;

Jack et al., 2002), anti-inflammatory (Mera, 1994; Dirks

et al., 1998), and also to be anti-tumoric (Yoshida et al.,

1991; Mu~nnoz et al., 1998, 1999). We previously demon-

strated that an extract from evening primrose (EPE) in-

duced apoptosis in Ehrlich ascites tumor cells (EATC),

and this effect is specific on tumor cells. Furthermore,

our results demonstrated that EPE exposure elicited the

rapid increase in the activity of superoxide dismutase

(SOD) and intracellular peroxides levels. These changes

caused translocation of Bax to mitochondria, and then

mitochondrial cytochrome c was released. However, in

EPE-treated EATC no activation of caspase-3 was

observed (Arimura et al., 2003a). On the other hand,

apoptosis-inducing factor (AIF) was translocated from

mitochondria to nuclei. The EPE-induced translocation

of AIF was suppressed with the addition of catalase, sug-

gesting that the rapid intracellular peroxide levels after

addition of EPE triggers off induction of apoptosis, which

is AIF-mediated and caspase-independent (Arimura et al.,

2003b). Furthermore, we have shown that EPE elicited a

dose-dependent accumulation of cells in the G1 phase and

inhibited DNA synthesis. Our results demonstrate that cell

cycle arrest and proliferation in EATC by EPE are asso-

ciated with decreased Rb phosphorylation. Also, inhibi-

tions of Rb phosphorylation and DNA synthesis by EPE

were not suppressed with the addition of catalase. A pre-

vious study also suggested that intracellular peroxides,

which triggers off induction of apoptosis, are not the trig-

ger of EPE-induced G1 arrest in cell cycle (Arimura et al.,

2004).

The polyamines (putrescine, spermidine and spermine)

are indispensable for proliferation and differentiation of

cells. Depletion of polyamines is associated with reduced

cell proliferation, and the levels of polyamines rapidly

increase during cell growth (Pegg and McCann, 1982;

Tabor and Tabor, 1984; Casero and Pegg, 1993; Marton

and Pegg, 1995; Pegg, 1998). The importance of poly-

amines in cell growth is further evidenced in the ob-

servations that dysregulation of ornithine decarboxylase



and spermidine=spermine N1-acetyltransferase, the rate-

limiting enzymes in the synthesis and biodegradation,

respectively, of polyamines, affects the concentration of

polyamines which modulates polyamines synthesis, degra-

dation, uptake and excretion (Matsui et al., 1981; Poulin

et al., 1995). These biochemical and physiological mod-

ifications can eventually control vital cell events such as

apoptosis (Marton and Morris, 1987; Min et al., 1995;

Grassilli et al., 1995; Dypbukt et al., 1994; Tobias and

Kahana, 1995; Pacham and Cleveland, 1994). Polyamines

may be involved in the onset of DNA degradation, as

spermidine and spermine stabilize chromatine- and

polyamine-depleted cells in which chromatine and DNA

structural changes occur (Marton and Morris, 1987; Porter

and Janne, 1987).

In this study, we investigated the involvement of poly-

amines in EPE-induced increase in apoptosis as well as in

EPE-induced decrease in DNA synthesis.

Materials and methods

Materials

Evening primrose extract (EPE) was prepared by Oryza Oil & Fat

Chemical Co. Ltd., Japan. The seeds of evening primrose, Oenothera

biennis L. defatted with hexane were extracted with 70% ethanol and

evaporated to dryness in vacuo. Fetal calf serum (FCS) was purchased

from Thermo Trace Ltd. (Melbourne, Australia). Mouse anti-Rb antibody

and mouse anti-AIF antibody were obtained from Santa Cruz Biotechnol-

ogy (Santa Cruz, USA). Biotinylated goat anti-mouse IgG and horse-

radish peroxidase-coupled streptavidin were obtained from DAKO

(Kyoto, JAPAN). Other chemicals used in this study were special grade

commercial products.

Methods

Cell culture

Ehrlich ascites tumor cells (EATC) were cultured in humidified

atmosphere of 5% CO2 in air at 37�C for 3–4 days in Eagle’s min-

imum essential medium containing 10% FCS. Then the cells were

washed and cultured again at a concentration of 1�106=ml in fresh

medium. EPE was dissolved in dimethyl sulfoxide (DMSO) and

diluted in cultured medium immediately before use (final DMSO

concentration <0.5%). In all the experiments control cultures were

made up of medium, DMSO and the cells. In experiments involving

the addition of polyamines in cell culture, 1 mM aminoguanidine was

added as an inhibitor of amine oxidase derived from FCS. Amino-

guanidine had no effect on various parameters of the cell measured

in this study.

Assay of cell viability

Cell viability of Ehrlich ascites tumor cells was determined by the Trypan

blue exclusion analysis. The tumor cells (1�106=ml) treated with EPE

were incubated in a humidified atmosphere of 5% CO2 in air at 37�C for

24 h in Eagle’s minimum essential medium containing 10% FCS. To a cell

suspension was added an equal volume of 0.4% Trypan blue reagent

(Sigma) and percentages of viable cells were evaluated under the field

microscope. Assays were performed in triplicate.

Measurement of DNA synthesis

Cells were labeled with [methyl-3H]thymidine from 23 h to 24 h after EPE

addition. The labeled cells were washed twice in phosphate buffered saline

(PBS) and radioactivity of acid-insoluble fraction was measured as the

amount of DNA synthesis (Matsui-Yuasa et al., 1987).

Preparation of protein for western blot analysis of Rb

EPE-treated cells were washed twice PBS and resuspended in 100�l of

lysis buffer (150 mM NaCl, 50 mM Tris, 1 mM ethylenediaminetetra-

acetic acid (EDTA), 0.5% sodium deoxycholate, 1% Nonidet P-40,

10�g=ml pepstatin, 1 mM sodium vanadate, 50�g=ml leupeptin,

20�g=ml aprotinin, 100�g=ml phenylmethylsulfonate, pH 7.5) for

20 min on ice followed by freeze-thawing three times. Lysates were cen-

trifuged at 17500� g for 20 min at 4�C and supernatant was collected for

western blot (Kennedy et al., 2002). Protein concentrations were deter-

mined by the Bradford method (Bradford, 1976).

Preparation of protein in nuclear fraction for western

blot analysis of apoptosis-inducing factor (AIF)

EPE-treated cells were washed twice PBS and resuspended in 100�l of

lysis buffer (20 mM Hepes-KOH, 1 mM EGTA, 1 mM EDTA, 10 mM KCl,

1.5 mM MgCl2, 0.5% Nonidet-p 40, 250 mM sucrose, 0.5 mM PMSF and

1 mM DTT, pH 7.5). Lysates were centrifuged at 750� g for 10 min at

4�C and pellet was resuspended in 400�l of lysis buffer as nuclear fraction

(Ghribi et al., 2002). Protein concentrations were determined by the

Bradford method.

Western blotting analysis of Rb and AIF

Protein (20�g) for Rb assay and protein (20�g) from the nuclear fraction

for AIF assay were loaded onto each lane of a 7.5% and 10% sodium

dodecyl sulfate (SDS)-polyacrylamide gel and the separated proteins were

blotted to 0.45�m polyvidyline fluoride membranes (PVDF) membranes

(Amersham Pharmacia Biotech). After an overnight blocking with 5%

non-fat milk, 0.1% Tween-20, in PBS, each membrane was stained with

anti-Rb antibody or anti-AIF antibody for 1 h at room temperature. After

washing, the membrane was reincubated with 1:1500 diluted biotinylated

mouse IgG and for 1 h at room temperature. The membrane were washed

several times, and then incubated with 1:400 diluted horseradish perox-

idase-coupled streptavidin for 1 h at room temperature. After several

washing steps the color reaction was developed with 3-amino-9-ethylcal-

bazole (Kennedy et al., 2002; Tanaka et al., 1998).

Analysis of intracellular ROS formation

20,70-Dichlorodihydrofluorescein diacetate (DCFH-DA), a relative specific

probe for the presence of hydrogen peroxide, was used as a probe for

intracellular ROS formation (LeBel et al., 1990). Cells were incubated

with DCFH-DA (8�M) for the last 15 min of EPE treatment. Cells were

washed with PBS twice and resuspended in Hanks solution. Fluorescence

intensity was measured using a micro-plate reading fluoroscan plate-reader

(Wallac 1420 ArVOsx, Amersham Pharmacia Biotech) with the excitation

wavelength at 485 nm and the emission wavelength at 535 nm. The

amount of intracellular ROS was calculated from a standard curve derived

from 20,70-dichlorofluorescein (DCF) (Sigma). Protein concentration was

measured by the Bradford method. For observation of fluorescence micro-

scope, DCFH-DA (20�M) and EPE were added simultaneously for

15 min and washed with PBS. After staining, cells were visualized imme-

diately under a fluorescence microscope.
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Determination of intracellular polyamines

Cells (2�106) collected by centrifugation were extracted with 0.3 ml of

0.4 N perchloric acid. The polyamines were separated on an ODS column

(CrestPak C18S, 4.6�150 mm, particle size 5�m, JASCO, Tokyo, Japan)

using solvents A (10 mM 1-hexane sulfonic acid (sodium salt), 10 mM

sodium acetate, pH 4.5) and B (methanol). The sample was eluted with

100% solvent A for 8 min, and then with a programmed solvent gradient

using a gradient curve. The gradient changed from 0% to 20% solvent B

from 8.1 min to 30 min and from 20% to 40% solvent B from 30.1 min to

40 min at a flow rate 1.0 ml=min. Eluted fractions were mixed with 6 mM

O-phthalaldehyde (0.4 ml=min) and the fluorescence was measured at

excitation and emission wavelength of 365 nm and 455 nm, respectively,

for assay of polyamines with an FP1520 fluorescence detector (JASCO).

The DNA content of the perchloric acid-precipitable materials was deter-

mined as previously described (Schneider et al., 1957), using calf thymus

DNA as a standard.

Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) activity in the suspension buffer was mea-

sured as described previously (Bergmeyer et al., 1965) to monitor the

degree of cell membrane injury. The assay solution contained 0.6 mM

sodium pyruvate, 0.18 mM NADH and suitable volume of enzyme solu-

tion at 25�C in a total volume of 3.15 ml. The initial rate of NADH loss,

measured as a reduction in absorbance at 340 nm, was used as an indica-

tion of lactate dehydrogenase activity. Under this assay condition, the loss

of NADH was linear with respect to time and enzyme concentration over

the range of enzyme activity monitored. The percentage of LDH leakage

from cells was calculated according to the following formula: % LDH

leakage¼ (LDH activity present in the medium after incubation=total

LDH activity in cells)�100.

Statistical analysis

Data are represented as mean � SD (standard deviation from the mean)

and statistical evaluations of cell viability, DNA synthesis and polyamines

contents were made using analysis of variance with Fisher’s post hoc

comparison test and differences in all other parameters were tested using

Student’s t-test. P<0.05 was used to indicate a statistically significant

difference.

Results

The effect of polyamines on cell viability in EPE-treated

EATC was examined. Cells were incubated in fresh me-

dium with or without EPE. Putresine (Put), spermidine

(Spd), spermine (Spm) or their polyamines (PAs) at the

concentration of 0.1 mM each were added at the same

time as EPE (200�g=ml) addition. This concentration of

polyamines was determined from dose-dependent studies

Fig. 2. Effect of exogenous polyamines on DNA synthesis in EPE-

treated Ehrlich ascites tumor cells. Cells were cultured in Eagle’s mini-

mum essential medium containing 10% FCS for 3–4 days, were diluted

and incubated again in fresh medium with or without EPE. Putresine

(Put), spermidine (Spd), spermine (Spm) or their polyamines (PAs) at the

concentration of 0.1 mM each were added at the same time as EPE

(200�g=ml) addition. Cells were labeled with [3H]-thymidine from

23 h to 24 h after EPE addition. Radioactivity of acid-insoluble fraction

was measured as the amount of DNA synthesis. EPE extract was dis-

solved in dimethyl sulfoxide (DMSO) (final concentration of DMSO was

<0.5%). Results show means � SD of three experiments. Data not shar-

ing common alphabet are significantly different (p<0.05) using Fisher’s

test

Fig. 1. Effect of exogenous polyamines on cell viability in EPE-treated

Ehrlich ascites tumor cells. Cells were cultured in Eagle’s minimum

essential medium containing 10% FCS for 3–4 days, were diluted and

incubated again in fresh medium with or without EPE. Putresine (Put),

spermidine (Spd), spermine (Spm) or their polyamines (PAs) at the

concentration of 0.1 mM each were added at the same time as EPE

(200�g=ml) addition and cell viability was measured 24 h later. Results

show means � SD of three experiments. Data not sharing common al-

phabet are significantly different (p<0.05) using Fisher’s test

Fig. 3. Effect of exogenous polyamines on EPE-induced changes in Rb

phosphorylation. Putrescine (Put), spermidine (Spd), spermine (Spm) or

their polyamines (PAs) at the concentration of 0.1 mM each were added

at the same time as EPE (200�g=ml) addition, and cells were harvested

at 8 h. Lysates were analysed by Western blot. Results are representative

of three separate determinations. pRb hyperphosphorylated Rb; Rb hy-

pophosphorylated Rb
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in our previous studies involving polyamines in this par-

ticular cell line and thus the continuity of use as the

effective dose. As presented in Fig. 1, EPE decreased cell

viability and this effect was significantly improved with

addition of polyamines.

In a previous study, we demonstrated that EPE caused a

decrease in DNA synthesis, an accumulation of cells in

the G1 phase, and a decrease in the phosphorylation of Rb

protein, in its growth inhibitory effect in EATC. We exam-

ined the effect of polyamines on EPE-induced inhibition

of cell proliferation. EPE (200�g=ml) inhibited DNA

synthesis (Fig. 2) and phosphorylation of Rb (Fig. 3),

but the addition of polyamines (0.1 mM each) did not

reverse these effects.

We previously reported that EPE-induced apoptosis

in EATC is AIF-mediated and caspase-independent. To

determine whether the effect of polyamines was related

to EPE-induced translocation of AIF to nuclei, we carried

out Western blot analysis of the nuclear extract. The

Fig. 4. Effect of exogenous polyamines on EPE-induced translocation of

AIF in Ehrlich ascites tumor cells. Putresine (Put), spermidine (Spd), sper-

mine (Spm) or their polyamines (PAs) at the concentration of 0.1 mM each

were added at the same time as EPE (200�g=ml) addition, and cells were

harvested at 6 h. (A) Western blot, (B) quantification of nuclear AIF levels by

densitometer. Results are representative of three separate determinations

Fig. 5. Effect of exogenous polyamines on EPE-induced changes in

intracellular peroxides levels in Ehrlich ascites tumor cells. Peroxides

were measured by the DCFH-DA method. The fluorescence intensity of

DCF was monitored at 535 nm with excitation wavelength set at 485 nm

and used to indicate the level of intracellular peroxides formation. Poly-

amines (PAs) at the concentration of 0.1 mM each were added at the

same time as EPE (200�g=ml) addition. A Cells were treated with and

without EPE and polyamines (PAs) for 15 min and undergone fluorogra-

phy. B DCF fluorescence intensity of cells was measured at 0, 15 and

30 min after treatment with EPE and polyamines (PAs). Results show

means � SD of three experiments. ��p<0.01, compared to the control

group at the same time point using Student’s t-test

Fig. 6. Time-dependent effect of EPE on intracellular polyamines con-

tents in Ehrlich ascites tumor cells. Cells were incubated with (black

bars) or without (white bars) EPE (200�g=ml) in Eagle’s minimum

essential medium containing 10% FCS. The cells were harvested and

then intracellular polyamines contents were determined as described in

Materials and methods. Results show means � SD of three experiments.
�p<0.05; ��p<0.01; ���p<0.005, compared to the control group at

the same time point using Student’s t-test
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tumor cells exposed to EPE (200�g=ml) showed a trans-

location of AIF to nuclei and the translocation was sup-

pressed with the addition of polyamines (0.1 mM each) at

the same time as EPE addition (Fig. 4).

We previously demonstrated that a rapid increase in

intracellular peroxide levels after addition of EPE triggers

off induction of apoptosis. The effect of polyamines on

intracellular peroxides levels in EPE-treated EATC was

examined. As shown in Fig. 5, the tumor cells exposed to

EPE (200�g=ml) showed significant increase in intracel-

lular peroxides 15–30 min after incubation with EPE as

compared with non-treated cells. The increase was sup-

pressed with the addition of polyamines (0.1 mM each) at

the same time as EPE addition.

To determine the effect of EPE on intracellular poly-

amines concentration, their levels were assayed by HPLC.

EPE-treated cells showed significant decrease in putres-

cine, spermidine and spermine more than 30 min after

incubation with EPE as compared with non-treated cells

at the same time point (Fig. 6) and the decrease was also

dose-dependent at 1 h (Fig. 7). To examine whether the

decrease in polyamines was related to EPE-induced

damage of cell membrane, LDH leakage was investigated.

Table 1 showed that EPE did not induced a release of

LDH, suggesting that EPE-induced decrease in intracel-

lular polyamines was not caused by release from the cell

membrane injured by EPE.

Discussion

The significant finding in this study is that EPE, an extract

from the Evening primroses used as a herbal plant,

brought about a significant decrease in the polyamines,

putrescine, spermidine and spermine, levels within 30 min

after culture. Furthermore, the addition of these poly-

amines reversed the EPE-induced decrease in cell viability

and suppressed the EPE-induced increase in intracellular

hydrogen peroxides. On the other hand, EPE-induced

decrease in DNA synthesis and phosphorylation of Rb

protein and EPE-induced translocation of AIF were not

reversed with the addition of the polyamines. These

results suggest that polyamines are involved in the EPE-

induced apoptosis pathway which is dependent on the

increase in hydrogen peroxide.

We have demonstrated previously that EPE induced

apoptosis in EATC, while mouse embryo fibroblast cells

(NIH3T3), used as a normal cell model, were completely

resistant to the cytotoxic activity of EPE. Furthermore, we

demonstrated that EPE exposure elicited a rapid increase

in the activity of hydrogen peroxide levels. These changes

caused translocation of Bax to mitochondria, and then

mitochondrial cytochrome c was released. One of the

main consequences of mitochondrial cytochrome c re-

lease is the activation of caspase-3. However, no caspase

activation was observed (Arimura et al., 2003a). On

the other hand, apoptosis-inducing factor (AIF) was

Fig. 7. Dose-dependent effect of EPE on intracellular polyamines con-

tents in Ehrlich ascites tumor cells. Cells were cultured in Eagle’s mini-

mum essential medium containing 10% FCS with various concentrations

of EPE (0–200�g=ml) and harvested at 1 h. The cells were harvested and

then intracellular polyamines contents were determined as described in

Materials and methods. Results show means � SD of three experiments.

Data not sharing common alphabet are significantly different (p<0.05)

using Fisher’s test

Table 1. Effect of EPE on leakage of LDH in Ehrlich ascites tumor cells

Time

(min)

Leakage of LDH (% of total activity)

Control EPE

0 15.49 � 1.75 15.49 � 1.76

15 14.98 � 1.59 18.03 � 1.16

30 15.49 � 0.88 18.28 � 2.64

60 18.28 � 2.75 17.27 � 3.17

Cells were incubated with or without EPE (200�g=ml). Lactate dehy-

drogenase (LDH) leakage was determined at indicated times after EPE

addition. Results show means � S.D. of three experiments. Data not

sharing common alphabet are significantly different (p<0.05) using

Fisher’s test
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translocated from mitochondria to nuclei. Hydrogen perox-

ide induces AIF translocation and apoptosis, which has been

shown to be caspase-independent. EPE-induced transloca-

tion of AIF was suppressed with the addition of catalase,

suggesting that the rapid increase in intracellular peroxide

levels after addition of EPE triggers off induction of apop-

tosis (Arimura et al., 2003b). We also demonstrated that

EPE caused a decrease in DNA synthesis, an accumula-

tion of cells in the G1 phase, and a decrease in the phos-

phorylation of Rb protein, in its growth inhibitory effect

of EATC. However, the rapid increase in intracellular pe-

roxide levels did not trigger off inhibition of cell growth

arrest, because inhibitions of Rb phosphorylation and

DNA synthesis by EPE were not suppressed with the

addition of catalase (Arimura et al., 2004). These results

suggested that EPE-induced inhibitions of the growth of

EATC are via at least two pathways differentially modu-

lated by reactive oxygen species, notably intracellular

peroxides. These are (a) the EPE-induced apoptosis path-

way which is dependent on increases in hydrogen perox-

ide and (b) the EPE-induced inhibition of cell prolifera-

tion which is hydrogen peroxide independent.

ROS are usually generated in response to diverse exter-

nal stimuli, such as growth factors or cytokines (Schreck

and Baeuerle, 1991, Sundaresan et al., 1995). At low con-

centrations ROS may play the role of an intracellular

messenger of various molecular events (Bhunia et al.,

1997), including cell proliferation and apoptosis. How-

ever, the generation of large amounts of ROS represents

multiple molecular species, including singlet oxygen,

superoxide (O2�), H2O2, NO, peroxynitrite (ONOO�),

the thioperoxyradical (RSOO�), and the hydroxyl radical

(HO�). Superoxides are the early molecular species of

ROS that are generated as a consequence of the interac-

tion of cells with external stimuli that in turn generate

H2O2, HO�, etc. Recent studies indicate that ROS, such

as H2O2, can be generated by anticancer drugs, can

damage cells, and then induce apoptotic cell death (Ueta

et al., 1999, Inoue et al., 2000). Although various sources

for ROS have been described (Thannickal et al., 2000),

plasma membrane-associated NADPH oxidases are con-

sidered as the main source of ROS acutely produced upon

growth factor or cytokine stimulation (Rhee et al., 2000,

Lambeth, 2002, Finkel, 2003). Whereas these enzymes

have been originally discovered in phagocytes, homolo-

gues have found in non-phagocytic cells. On the other

hand, Ogata et al. have demonstrated the inhibition by

spermine of receptor-mediated activation of NADPH

oxidase in neutrophils (Ogata et al., 1992, 1996). In our

experiments, polyamines suppressed the EPE-induced

increase in intracellular hydrogen peroxides and reversed

the EPE-induced decrease in cell viability.

Polyamines play a critical role in cell growth, prolifera-

tion and differentiation. The importance of polyamines in

cell growth is evidenced in the observation that dysregu-

lation of ornithine decarboxylase and spermidine=

spermine N1-acetyltransferase, the rate limiting enzymes

in the synthesis and biodegradation, respectively, of poly-

amines, affects the concentration of polyamines. Further-

more, the intracellular polyamine pool is highly regulated,

and influx and efflux of polyamines are thought to be

controlled as part of cell growth, with increased influx

and decreased efflux during periods of rapid cell growth

(Wallace & Keir, 1981, 1986). In this study, we observed

that EPE caused a significant decrease in putrescine, sper-

midine and spermine levels within 30 min after the addi-

tion. However, studies on the precise mechanism of the

decrease in intracellular polyamines in EPE-treated cells

is ongoing.
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