
Published: May 31, 2011

r 2011 American Chemical Society 6985 dx.doi.org/10.1021/jf200639e | J. Agric. Food Chem. 2011, 59, 6985–6997

ARTICLE

pubs.acs.org/JAFC

Polyphenols from Evening Primrose (Oenothera paradoxa) Defatted
Seeds Induce Apoptosis in Human Colon Cancer Caco-2 Cells
Sylwia Gorlach,*,†,|| Waldemar Wagner,§,|| Anna Podse-dek,† Dorota Sosnowska,† Jaroszaw Dastych,§ and
Maria Koziozkiewicz†

†Institute of Technical Biochemistry, Technical University of Lodz, Stefanowskiego 4/10, 90-924 Lodz, Poland
§Laboratory of Cellular Immunology, Institute of Medical Biology, Polish Academy of Sciences, Lodowa 106, 93-232 Lodz, Poland

bS Supporting Information

ABSTRACT: Polyphenols extracted from evening primrose seeds (industrial waste product) were studied as apoptosis inducers in
human colorectal adenocarcinoma Caco-2 and HT-29 cell lines and in rat normal intestinal IEC-6 cells. The extract dose-
dependently inhibited the growth of Caco-2, HT-29, and IEC-6 cells. However, nuclear DNA fragmentation characteristic of
apoptosis was observed only in Caco-2. After 72 h of incubation with the extract at 150 μM gallic acid equivalents (44.1 μg extract/mL),
Caco-2 cell numbers decreased to 19% of control and 48.8% of the cells were identified by flow cytometry as apoptotic. Under the
same conditions only 8% of HT-29 cells and 12.6% of IEC-6 cells exhibited hypodiploid DNA content. The effects of the extract and
its fractions on phosphatidylserine exposure and cell membrane integrity were assessed by high content screening image cytometry.
The fractions strongly and dose-dependently reduced Caco-2 cell numbers, whereas HT-29 and IEC-6 cells were affected to lesser
extents.
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’ INTRODUCTION

Evening primrose (Oenothera sp.) waste defatted seeds are
generated in large quantities in the process of oil pressing. They
are a rich source of phenolics, which are present or are planned to
be introduced on the market as a diet supplement in some
countries. The Oenothera paradoxa Hudziok variety is used as a
source of oilseeds in Poland, and polyphenols investigated in our
study were obtained from seeds of this variety. The polyphenolic
profile of the O. paradoxa seeds has recently been investigated,
although it is still incomplete. Three phenolic acids (gallic,
ellagic, and caffeic) together with several flavonoids have been
identified in the seeds so far.1 The isolated flavonoids belong to
flavanols ((þ)-catechin, (�)-epicatechin, (�)-epicatechin gal-
late, procyanidin dimer B3), hydrolyzable tannins (pentagalloyl-
glucose (PGG), oenothein B), and flavonols (quercetin and its
glucuronide).

In contrast to a large number of papers on the bioactivities of
individual polyphenols, studies with polyphenol-rich extracts are
still relatively scarce, except for grape, apple, and cocoa extracts,
which have been widely investigated in the past decade. Inves-
tigations on evening primrose polyphenol extracts and their
biological activities have been limited to a few in vitro studies1�4

and one in vivo study, which demonstrated a strong hypocho-
lesterolemic effect of dietary O. paradoxa cake extract in rats.5 A
polyphenol extract from Oenothera biennis defatted seeds was
shown to trigger apoptosis in Ehrlich ascites tumor cells,2 and in
another study the selective proapoptotic activity of the extract
toward human and murine bone marrow-derived tumor cells was
attributed to a gallic acid-containing phenolic fraction.3 Poly-
phenol extracts obtained from the defatted seeds of O. paradoxa
Hudziok variety were shown to significantly and dose-depen-
dently inhibit metallopeptidase activity, and the inhibitory

activity was largely attributed to the dominating compounds in
the extracts, namely, PGG and procyanidins with different
degrees of polymerization.1 Later, the extracts were also demon-
strated to exert proapoptotic activity toward human skin mela-
noma HTB-140 cells.4

Systemic bioavailability of high molecular weight (MW)
polyphenols, such as condensed and hydrolyzable tannins, is
generally very low.6 However, their concentrations in the lumen
of the gastrointestinal tract are likely to reach the lower milli-
molar range, as estimated in ref 7. On the other hand, ellagic acid
(a low MW product that was generated by colonic microflora
from punicalagin, a hydrolyzable tannin) triggered apoptosis in
human colon cancer Caco-2 cells.8 Importantly, even high doses
of punicalagin were reported as nontoxic to rats after repeated
oral administration for 37 days.9 Furthermore, ellagic acid
metabolites (urolithins) were shown to arrest Caco-2 cell growth
at S and G2/M cell cycle phases.10 The gastrointestinal tract is
the most accessible for ingested polyphenols, with low MW
compounds being metabolized and absorbed in the stomach and
small intestine, whereas high MW ones were reported to reach
the colon or its nonphysiological counterpart, an ileostomy bag.6

It is worth highlighting that low MW microbial degradation
products of high MW polyphenols can be absorbed into the
bloodstream and exert their activities at the systemic level in
addition to acting locally in the colon.11,12

Nevertheless, the gastrointestinal tract remains the first site of
action for all ingested polyphenols. We therefore decided to
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extract polyphenols from the evening primrose waste defatted
seeds and assess their apoptosis-inducing activity in two human
colorectal adenocarcinoma cell lines, Caco-2 and HT-29. In
parallel, we conducted experiments with rat normal intestinal
IEC-6 cells.

’MATERIALS AND METHODS

Materials. Evening primrose (O. paradoxaHudziok) waste defatted
seeds were obtained from Agropharm S.A. (Tuszyn, Poland). All
reagents used in our study were special grade commercial products
purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise stated.
All solvents were of analytical or HPLC grade. Sep-Pak C18 chromato-
graphic columns were obtained fromWaters Corp. (Milford, MA). Cell
culture media and supplements were obtained from Sigma-Aldrich,
except for penicillin and streptomycin (Polfa Tarchomin, Tarchomin,
Poland) and amphotericin B (BiochromAG, Berlin, Germany). Annexin
V�Alexa Fluor 647 conjugate, YO-PRO-1, and Hoechst-33342 were
purchased from Invitrogen Corp., Molecular Probes, Inc. (Eugene, OR).
Polyphenol Extraction from Evening Primrose Defatted

Seeds. Evening primrose seeds obtained in the process of oil pressing
were milled and additionally defatted with hexane. Polyphenols were
extracted from the milled and defatted seeds with the use of a 70%
aqueous solution of ethanol at room temperature. The first two
extractions lasted 30 min each and were followed by one 15 min
extraction. The ratio of plant material to ethanol solution was 1:10
(w/v) in the first two extractions and 1:5 (w/v) in the third one. The
resulting extracts were centrifuged (15 min, 4000 rpm), and then
the pooled extracts were concentrated under vacuum at <40 �C. The
obtained aqueous solution of the evening primrose polyphenols was
lyophilized and stored at�20 �C prior to further analyses. The resulting
preparation is referred to as the polyphenol extract (polyphenol
preparation) henceforth in this work.
Fractionation of the Evening Primrose Polyphenol Ex-

tract. The polyphenol extract was fractionated by solid phase extraction
with the use of Sep-Pak C18 followed by column chromatography on a
Sephadex LH-20 bed,13 as presented in Figure 1. The starting material
was the aqueous solution of the evening primrose polyphenols obtained
according to the procedure described above. Prior to the fractionation,
the pH of the solution was set to 3.5. The Sep-Pak C18 chromatographic
columns (10 g) were consecutively washed with methanol and water
(pH 3.5), and the above-mentioned aqueous polyphenol extract was
applied on the columns. The first fraction was obtained by washing the
Sep-Pak with water (pH 3.5). The absorbed polyphenols were subse-
quently washed with ethyl acetate (fraction 2) and methanol (fraction 3).
The corresponding fractions from seven fractionations were pooled.
Fractions 2 and 3 were concentrated until dryness at <30 �C and
dissolved in 96% aqueous solution of ethanol. The polyphenols of
the aqueous fraction 1 were separated by column chromatography on

Sephadex LH-20 bed. The bed was initially suspended in a 25% aqueous
solution of methanol. After 24 h, the column (2.0 � 32 cm) was filled
with the suspension and washed with water at a rate of 2 mL/min with
the use of a peristaltic pump. Fraction 1 was loaded on the column, and
the absorbed polyphenols were eluted first with methanol (thus obtain-
ing fraction 1A) and then with 80% aqueous solution of acetone, which
resulted in fraction 1B. The pooled methanol fractions (1A) and the
pooled acetone fractions (1B) obtained from seven fractionations on
Sephadex LH-20 were concentrated under vacuum until dryness and
subsequently dissolved in a 96% aqueous solution of ethanol.
Flavanol Isolation fromEvening Primrose Defatted Seeds.

Evening primrose flavanol preparation was obtained by extraction
combined with precipitation.14 The milled and additionally hexane-
defatted seeds were treated with 90% aqueous solution of acetone in a
ratio of 1:2.5 (w/v). Then the pooled extract was treated twice with
trichloromethane (in the ratio of 1:1, v/v). The organic phase was
removed. The aqueous phase was saturated with sodium chloride, and
flavanols were extracted with ethyl acetate. Water was removed by
freezing, and flavanols were precipitated from ethyl acetate with the use
of chloroform. The resulting preparation is subsequently referred to as
the flavanol preparation in this work.
Characterization of Polyphenol and Flavanol Prepara-

tions. The polyphenol and flavanol preparations were characterized
in terms of total polyphenol content expressed as (þ)-catechin, gallic
acid, or ellagic acid;15 total flavanol content expressed as (þ)-catechin;16

total proanthocyanidin content expressed as cyanidin;17 total hydrolyz-
able tannin content expressed as methyl gallate;18 mean degree of
proanthocyanidin polymerization (DP);19 and in vitro antioxidant
activity.20�22 The preparations were also analyzed using high-
performance liquid chromatography (HPLC)23 andmatrix-assisted laser
desorption�ionization time-of-flight mass spectrometry (MALDI-
TOF MS).
Antioxidant Activity Measurement. 2,20-Azinobis(3-ethylben-

zothiazoline-6-sulfonic acid) radical cation (ABTS•þ) scavenging activ-
ity was determined following the procedure described by Re et al.20

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, a syn-
thetic analogue ofR-tocopherol) was used as a standard, and the capacity
of free radical scavenging was expressed as Trolox equivalent antioxidant
capacity (TEAC), that is, in micromoles of Trolox per milligram of the
polyphenol or flavanol preparations or per milligram of total polyphe-
nols. Ferric reducing antioxidant power (FRAP) was assessed according
to the method of Benzie and Strain,21 and the antioxidant activity was
expressed as TEAC. Determination of polyphenol efficiency in inhibi-
tion of linoleic acid oxidation in an oil/water emulsion was carried out
according to the procedure described in ref 22, and the efficiency was
expressed as the inhibition time of carbonyl compound generation.
HPLC Analysis. Phenolics were analyzed by reversed-phase (RP)-

HPLC with the use of a Eurospher-100 C18 column (5 μm, 250 �
4.6 mm) (Knauer, Berlin, Germany). Binary mobile phase was prepared
according to the method of Dyrby et al.23 Solvent A was water and
formic acid in a ratio of 90:10 (v/v), respectively. Solvent B was water,
acetonitrile, and formic acid in a ratio of 40:50:10 (v/v/v), respectively.
The separation of phenolics was performed using the following gradient
program with a flow rate of 1 mL/min: 0 min, 88% Aþ 12% B; 26 min,
70% A þ 30% B; 40�43 min, 0% A þ 100% B; 48�50 min, 88% A þ
12% B. The phenolics were divided into three groups on the basis of the
wavelength at which the maximum of UV�vis absorption was observed.
Flavan-3-ols and hydroxybenzoic acid derivatives were quantified at
280 nm and expressed as (þ)-catechin equivalents, hydroxycinnamic
acid derivatives at 320 nm as chlorogenic acid equivalents, and flavonols
at 360 nm as rutin equivalents.
MALDI-TOF MS. Mass analyses were performed using a Voyager-

Elite MALDI-TOF mass spectrometer (Per-Septive Biosystems Inc.,
Framingham,MA) equipped with delayed extraction. Typical conditions

Figure 1. Scheme of evening primrose (Oenothera paradoxa) seed
polyphenol extract fractionation.
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included 20 kV acceleration voltage and a nitrogen laser pulse
(wavelength 337 nm). High-resolution positive- and negative-ion mode
spectra were recorded in reflection mode. 2,5-Dihydroxybenzoic acid
was used as a matrix.
Cell Culture and Treatment with Evening Primrose Poly-

phenols. Human colorectal adenocarcinoma Caco-2 and HT-29 cell
lines were obtained from the Institute of Immunology and Experimental
Therapy, Polish Academy of Sciences (Wroclaw, Poland). Rat normal
small intestine epithelial IEC-6 cells were purchased from the Health
Protection Agency (London, U.K.). Caco-2 and HT-29 cells were
cultured in MegaCell MEM supplemented with 3% heat-inactivated
fetal bovine serum, 4 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL
streptomycin, and 1.25 μg/mL amphotericin B. IEC-6 cells were
cultured in DMEM supplemented with 5% heat-inactivated fetal bovine
serum, 0.1 IU/mL insulin, 2 mM L-glutamine, 100 U/mL penicillin,
100 μg/mL streptomycin, and 1.25 μg/mL amphotericin B. Cells were
cultured at 37 �C in a humidified atmosphere of 5% CO2. For the
polyphenol treatment, harvested cells were suspended in media of
the composition given above (except for amphotericin B, which was
excluded) and seeded on 96-well plates (for image cytometry) or 6-well
plates (for flow cytometry and DAPI staining). Cells were seeded at
densities that ensured approximately 80% confluency in controls at the
end of a 5 day experiment. After 48 h, culture medium was replaced by
fresh medium and cells were incubated with selected concentrations of
the evening primrose preparations for indicated time. The polyphenol
preparation (polyphenol extract) and flavanol preparation were dis-
solved in 70% ethanol solution in deionized water; the polyphenol
extract fractions were dissolved in 96% aqueous solution of ethanol. All
of the solutions were further diluted with the culture medium, so that
the final concentrations of the organic solvents were <0.01% (v/v). The
polyphenol extract was tested at total polyphenol concentrations ran-
ging from 10 to 150 μM gallic acid equivalents (GAE), which corre-
sponds to 1.7�25.5 μg GAE/mL or 2.9�44.1 μg extract/mL. The
polyphenol extract fractions and the flavanol preparation were tested at
50, 75, and 100 μM GAE. Controls for the polyphenol treatment were
incubated with ethanol.
High Content Screening (HCS). The effects of evening primrose

polyphenol preparations on selected cellular functions were tested by
means of HCS image cytometry, where three parameters of cell viability,
phoshpatidylserine exposure on the outer surface of plasma membrane,
cell membrane integrity, and cell nuclei morphology, were analyzed
simultaneously at single-cell resolution. Cells of three selected cell types
were incubated without or with increasing concentrations of polyphe-
nols on a 96-well microplate. Half an hour before the end of 48 or 72 h
incubations Hoechst-33342 solution in PBS was added to the culture
medium at the final concentration of 1 μg/mL. Then, cells were washed
with cold PBS followed by a wash with a buffer enabling annexin V
binding to phosphatidylserine (10 mMHEPES, 140 mMNaCl, 2,5 mM
CaCl2, pH 7.4). The solution of annexin V�Alexa Fluor 647 conjugate
and YO-PRO-1 was prepared in the above-mentioned buffer and used
for staining of cells for 15min at room temperature. After the incubation,
cells were washed with the same buffer and the 96-well microplate was
immediately analyzed in an ArrayScan VTI HCS Reader (Thermo Fisher
Scientific, Inc.). Acquired photographs were analyzed with Multipara-
meter Cytotoxicity Bioapplication V3 software (Cellomics BioApplica-
tions, Cellomics, Inc.) to quantify the loss of cell membrane asymmetry
detected as an increase in phosphatidylserine available for annexin V
binding, changes in cell membrane permeability, and changes in cell
nuclear morphology.
Cell Cycle Analysis and Apoptosis Detection by Flow

Cytometry. Cell cycle parameters and the percentage of cells with
hypodiploid DNA content (apoptotic cells) were determined by means
of flow cytometry on the basis of propidium iodide (PI) staining.
Following 48 or 72 h of incubation with or without polyphenols cells

were washed twice with PBS, harvested by trypsinization, combined with
the cells pelleted from the culture medium, and further washed with ice-
cold PBS. Cell fixation was carried out with the use of 70% ice-cold
ethanol aqueous solution for 1 h on ice and fixed cells were stored at
�20 �C until the analysis. Before analysis cells were washed twice with
PBS and incubated in a phosphate�citrate buffer (0.192 M Na2HPO4,
4 mM citric acid, pH 7.8) containing 0.25 mg/mL heat-inactivated
ribonuclease A and 33 μg/mL propidium iodide for 1 h at room
temperature in the dark. After the incubation, cell DNA content was
determined on the basis of fluorescence intensity observed in FL2 with
the use of a flow cytometer (Cytomics FC 500 MPL, Beckman Coulter,
Inc.), and the numbers of cells in each part of the histogram representing
<2N, 2N, 2N�4N, and 4N DNA content were determined using CXP
software (Beckman Coulter, Inc.).
Cell Cycle Analysis by Image Cytometry. Cell cycle was

analyzed on the basis of DNA content determined by Hoechst-33342
fluorescence intensity. After 72 h of incubation with or without poly-
phenols, cells were washed with PBS and fixed in situ (i.e., on 96-well
plates) with 4% formaldehyde solution in PBS for 30 min at room
temperature. The solution was prepared from paraformaldehyde directly
before usage, and its pH was set to 7.4. After fixation, cells were washed
with PBS and stained with Hoechst-33342 (1 μg/mL) for 30 min at
room temperature in the dark. After additional washing with PBS, cells
were analyzed in an ArrayScan VTI HCS Reader. Photographs of 16
microscopic fields were acquired per each well, and the images of
Hoechst-33342-stained cells were analyzed using the Cell Cycle Bioap-
plication V3 program to determine the number of cells in each phase of
cell cycle.
Detection of Apoptosis by 40,6-Diamidino-2-phenylin-

dole (DAPI) Staining. Apoptotic cells were identified on the basis
of nuclear morphology changes visualized by DAPI staining. After 72 h
of incubation with or without polyphenols, cells were harvested, washed
with PBS, fixed with 1% formaldehyde solution in PBS (pH 7.4) for 30
min at room temperature followed by ice-cold 70% ethanol fixative for
1 h on ice, and stained with 1 μg/mL DAPI. Stained cells were observed
under a fluorescence microscope at 400� magnification.
Statistical Evaluation of Data.Data are presented as the mean(

SEM or SD, as indicated in the figure captions. The number of
independent experiments or the number of analyzed cells per well (n)
is also given in the figure captions. For the results of HCS the statistical
significance of differences between means was determined by one-way
ANOVA followed by Holm Sidak test using SigmaStat 3.5 software
(SPSS, Inc., Chicago, IL). For the remaining results nonparametric
analysis (Kruskal�Wallis one-way ANOVA followed by Bonferroni
test) was carried out with the use of Analyze-it software, v. 2.21
(Analyze-it Software, Ltd., Leeds, U.K.). p values of <0.05 were
considered to be statistically significant.

’RESULTS

Preparation, Fractionation, and Characterization of Eve-
ningPrimrose SeedPolyphenols.Polyphenols and one of their
subgroups (flavanols) were isolated from evening primrose
defatted seeds, and the preparations were characterized in terms
of composition (Table 1) and antioxidant activity (Table 1S in
the Supporting Information). Total polyphenols were extracted
with 70% aqueous solution of ethanol, and flavanols were isolated
by means of a method combining extraction with precipitation.
Due to the fact that the total polyphenol content expressed as
GAE was between the content expressed as (þ)-catechin
equivalents and the content expressed as ellagic acid equivalents
(the highest and the lowest, respectively) (Table 1), we decided
to choose GAE for data presentation in the present work. The
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waste seeds proved to be a good source of both polyphenols and
flavanols: 42% of total flavanols and 20% of proanthocyanidins
(oligomeric and polymeric flavanols) were detected in the
flavanol preparation (Table 1). Both isolates contained hydro-
lyzable tannins determined as methyl gallates formed during acid
hydrolysis of tannins in methanol. The hydrolyzable tannins
constituted 9% of the polyphenol extract and 20% of the flavanol
preparation. According to HPLC analysis, the group of com-
pounds showing maximum absorbance at 280 nm (flavanols
and/or hydroxybenzoic acids) predominated in both prep-
arations. Neither hydroxycinnamic acids nor flavonols were
detected in the isolates by HPLC analysis.
The evening primrose polyphenol extract was fractionated by

solid phase extraction with the use of Sep-Pak C18 columns
followed by column chromatography on a Sephadex LH-20 bed
(Figure 1). Four fractions were obtained and characterized
in terms of composition (Table 2) and antioxidant activity
(Table 2S in the Supporting Information). Ninety percent of
total polyphenols and approximately 87% of total flavanols
(including proanthocyanidins) were recovered in the frac-
tionation process. According to the authors of the fractionation
method,13 fractions 1A, 1B, and 3 should contain tannins,
whereas low MW polyphenolic compounds (such as free phe-
nolic acids, their derivatives, and flavonoids) should be present in
fraction 2. Mean DP values obtained in the present work
(Table 2) indicate that the evening primrose polyphenols were

separated as stated above. Low MW compounds with mean
DP = 1.71 (fraction 2) constituted 31% of the total polyphenol
content of the recovered material (ΣF 1�3). The fraction
contained 39% of total flavanols and 21% of total proanthocya-
nidins of ΣF 1�3. The highest polyphenol content was detected
in fraction 3 (60% of total polyphenols, 53% of total flavanols,
and 69% of proanthocyanidins of ΣF 1�3). Furthermore, the
amounts of total flavanols and proanthocyanidins in fraction 1B
imply that it did not contain flavanol monomers.
The antioxidant activity of the evening primrose preparations

was studied with three methods (ABTS•þ scavenging activity,
FRAP, and linoleic acid oxidation assay) (Table 2S in the
Supporting Information). On the basis of the results the highest
efficiency was attributed to fraction 2, which contained mainly
lowMWcompounds (meanDP = 1.71). Although the remaining
fractions had similar mean DP values (3.08, 3.59, and 3.23), they
differed in TEAC values and in the extent of inhibition of linoleic
acid oxidation. The antioxidative activities of all the fractions
expressed in μmol of Trolox/fraction correlated with their total
polyphenol content as well as with their total flavanol content.
In the case of the results expressed in μmol of Trolox/mg
of polyphenols, one can conclude that under the experimental
conditions the compounds present in the flavanol isolate were
more efficient antioxidants than those constituting the poly-
phenol extract (Table 1S in the Supporting Information). As
far as the third method of antioxidant activity measurement is

Table 1. Characteristics of Evening Primrose Seed Polyphenol and Flavanol Preparations (n = 4 Measurements)

mg/g of preparation mg/g of preparation

preparation

total

polyphenolsa
total

flavanolsb proanthocyanidinsc DPd

hydroxybenzoic

acids and

flavanolse
hydroxycinnamic

acidsf flavonolsg
hydrolyzable

tanninsh

668.71( 15.76

polyphenol 578.15( 13.63 190.02( 5.32 142.86( 4.05 2.85 645.42 ( 20.18 0 0 89.08( 8.13

416.14( 9.80

922.89( 31.42

flavanol 830.09( 28.26 422.46( 9.11 201.60( 7.82 2.45 851.46 ( 30.26 0 0 196.76 ( 13.31

647.85( 22.05
aTotal polyphenols determined according to ref 15 and expressed as (þ)-catechin (first row), gallic acid (second row), and ellagic acid (third row).
bTotal flavanols determined according to ref 16 and expressed as (þ)-catechin. c Proanthocyanidins determined according to ref 17 and expressed as
cyanidin. dMean degree of proanthocyanidin polymerization determined according to ref 19. eHydroxybenzoic acids and flavanols determined byHPLC
at 280 nm according to ref 23 and expressed as (þ)-catechin. fHydroxycinnamic acids determined byHPLC at 320 nm according to ref 23 and expressed
as chlorogenic acid. g Flavonols determined byHPLC at 360 nm according to ref 23 and expressed as rutin. hHydrolyzable tannins determined byHPLC
according to ref 18 and expressed as methyl gallate formed from the tannins during acid hydrolysis in methanol environment.

Table 2. Characteristics of the Evening Primrose Seed Polyphenol Extract Fractions (n = 4 Measurements)a

mg/fraction

fraction total polyphenols polyphenols (HPLC; 280 nm) total flavanols proanthocyanidins DP

1A 127.07( 9.66 120.95( 8.81 25.81( 0.32 18.39( 0.15 3.08

1B 81.81( 4.74 72.40( 4.23 16.65( 1.16 17.37( 0.33 3.59

2 659.75( 26.61 627.60( 23.21 209.38( 9.08 76.18( 1.81 1.71

3 1284.48( 57.35 1248.30( 42.36 283.67( 6.71 249.69( 12.68 3.23

Σ 1�3 2153.11 2069.25 535.51 361.63
aThe flavanol and proanthocyanidin concentrations were determined with the same methods and expressed in the same units as in Table 1, whereas the
total polyphenols and polyphenols determined by HPLC at 280 nm23 are expressed as (þ)-catechin equivalents.
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Table 3. Tentatively Identified Peaks (TIPs) in the Positive- and Negative-Ion Mode MALDI-TOF Mass Spectra of the Evening
Primrose Seed Polyphenol Extract and Fraction 2 (Low MW Fraction) (Analysis Carried Out for m/z Ratio up to 1000)

extract fraction 2

no.a compounds to which TIPs are ascribedb MWc m/z TIPs m/z TIPs

1 quinic acid 192 215.0 [M þ Na]þ

2 resveratrol 228 267.1 [M þ K]þ

3 (epi)afzelechin 274 297.2 [M þ Na]þ

4 (þ)-catechin and/ 290 291.0 [M þ H]þ 291.1 [M þ H]þ

or (�)-epicatechin

5 caffeoylmalic acid 296 296.2 [M � e]þ

297.2 [M þ H]þ

6 ellagic acid and/ 302 340.9 [M þ K]þ 303.1 [M þ H]þ

or quercetin 301.1 [M � H]�

7 monogalloylglucose 332 331.1 [M � H]�

8 resveratrol glucoside 390 413.3 [M þ Na]þ 429.4 [M þ K]þ

429.2 [M þ K]þ

9 epiafzelechin gallate 426 465.2 [M þ K]þ

10 ellagic acid xyloside 434 457.4 [M þ Na]þ

11 (�)-epicatechin gallate and/ 442 465.2 [M þ Na]þ 441.2 [M � H]�

or catechin gallate

12 (epi)gallocatechin gallate 458 497.2 [M þ K]þ

13 A-type procyanidin dimer 576 576.9 [M þ H]þ 599.5 [M þ Na]þ

577.2 [M þ H]þ

procyanidin B3 (B-type procyanidin dimer)d 578

14 B-type (epi)gallocatechin dimer 610 610.6 [M � e]þ

15 trigalloylglucose 636 636.6 [M � e]þ

16 1,3,5-tricaffeoylquinic acid and/ 679 678.6 [M � e]þ

or 3,4,5-tricaffeoylquinic acid

17 hexahydroxydiphenyl (HHDP)-digalloylglucose 786 786.7 [M � e]þ

787.7 [M þ H]þ

18 tetragalloylglucose 788 787.4 [M � H]�

19 procyanidin trimer (2A) 862 861.9 [M � H]�

20 procyanidin trimer (2B) 866 866.7 [M � e]þ 905.3f [M þ K]þ

21 B-type dimeric procyanidin digallate and/ 882 881.1 [M � H]� 905.3e [M þ Na]þ

or B-type dimer of (epi)catechin gallate (*/**) and/

or trimer composed of two (epi)catechins and one (epi)gallocatechin (2B) (*/***)

22 trimer composed of two (epi)gallocatechins and one (epi)catechin (1A, 1B) 896 896.7 [M � e]þ or

[M þ H]þ
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concerned, both preparations inhibited the oxidation of the
linoleic acid emulsion.
MALDI-TOF MS. The evening primrose extract and its frac-

tions were qualitatively analyzed by MALDI-TOF MS (Table 3;
selected mass spectra in the Supporting Information). In general,
the MALDI-TOF mass spectra confirmed the presence of some
compounds identified in previous studies1 and revealed the
presence of others, among them (epi)(gallo)catechin gallates,
A-type procyanidin dimer, A- and B-type procyanidin trimers,
procyanidin tetramer with 2A and 1B interflavanoid bonds, B-type
dimeric procyanidin digallate and/or B-type dimer of (epi)-
catechin gallate, and several phenolic acids as well as hydrolyzable
tannins such as mono-, tri-, and tetragalloylglucose and hexahy-
droxydiphenyl(HHDP)-digalloylglucose. Ellagic acid xyloside
and resveratrol together with its glucoside were also tentatively
identified, among other phenolics. Interestingly, the results of
this preliminary analysis suggest that, besides procyanidins, the
extract may contain prodelphinidins and mixed proanthocyani-
dins, where procyanidin monomers are linked to prodelphinidin
monomers. For instance, TIP 14 in Table 3 might correspond to
a B-type (epi)gallocatechin (prodelphinidin) dimer. Similarly,
TIP 21 might originate from a B-type trimer composed of two
(epi)catechins and one (epi)gallocatechin, whereas a trimer
composed of two (epi)gallocatechins and one (epi)catechin
with B-typeþ A-type interflavanoid bonds might be represented
by TIP 22. Because of the high biological activities exerted by
fraction 2 (see below), identification of its components was
important: the MS analysis tentatively confirmed the presence of
low MW phenolics (including (epi)catechin, (epi)catechin gal-
late, ellagic acid, and/or quercetin) in this fraction.
Influence of Evening Primrose Polyphenols on Caco-2,

HT-29, and IEC-6 Cell Growth and Nuclear Morphology. The
number of cells attached to the microplate well bottom surface
was assessed on the basis of Hoechst-33342 staining of cell nuclei
after 48 and 72 h of incubation with evening primrose prep-
arations. The polyphenol extract dose-dependently inhibited the
growth of all cell types used in our study, with Caco-2 being the
most sensitive to the treatment and IEC-6 slightly more resistant
than HT-29. The decrease in cell growth was statistically signi-
ficant for all cell types (p < 0.001). For Caco-2 the IC50 value
was 75�100 μMGAE; that for HT-29, 125�150 μMGAE; and
for IEC-6 the IC50 value was not reached in our study, with the
cell number of 55% versus control at the highest concentra-
tion tested (Figure 2A). All of the fractions and the flavanol

preparation dose-dependently inhibited Caco-2 and HT-29 cell
growth, and Caco-2 cells were definitely more sensitive to the
treatment (Figure 4A). The strongest growth-inhibitory effect
toward Caco-2 was exerted by fraction 2 and the weakest by
fraction 1A. Nuclear morphology changes characteristic of
apoptosis (chromatin condensation and fragmentation) were
observed only in the case of Caco-2 (data not shown).
Influence of Evening Primrose Polyphenols on Cell Cycle.

Cell cycle phase distribution and percentage of apoptotic cells
with hypodiploid DNA content were determined after 48 and
72 h of incubation with the evening primrose polyphenol extract
by flow cytometry of PI-stained cells (Figure 3 and Figure 2S in
the Supporting Information). The influence of the polyphenol
extract fractions and the flavanol preparation on cell DNA
content presented as the 2N/4N index was assessed by image
cytometry after Hoechst-33342 staining of cell nuclei (Figure 5).
The index represents the ratio of the number of cells in G0/G1
phase (DNA content = 2N, where N corresponds to haploid
DNA content) to the number of cells in G2/M phase (DNA
content = 4N). Figure 3B shows that the increase in the amount
of apoptotic cells was evident only in the case of Caco-2. Forty-
eight hours of incubation of the cells with the extract resulted in a
statistically significant (p < 0.001 at 150 μM GAE), dose-
dependent increase in the amount of apoptotic cells (from a
mean value of 2.4% in control to 41.1% at the highest concentra-
tion tested) (Figure 3B). The increase in sub-G1 peak was
accompanied by a decrease in G0/G1 and, as a consequence, a
statistically significant decrease in 2N/4N index (Figure 3A).
At lower concentrations of the extract extensive fluctuations of
the index were noticeable. After additional 24 h, the amount of
apoptotic cells increased further to a mean value of 48.8% versus
5.4% in control (Figure 3B). The flavanol preparation induced
marked, dose-dependent changes in Caco-2 DNA content,
whereas among the extract fractions the one denoted 2 evoked
the strongest effect (Figure 5).
The extract did not cause a considerable increase in hypodi-

ploid peak in HT-29 cells (Figure 3B). However, after 48 h
of incubation there was a slight, dose-dependent increase in the
G2/M peak accompanied by a statistically significant decrease in
the S peak, which could result from a G2/M cell cycle arrest
(Figure 3B). After an additional 24 h, the amount of apoptotic
cells increased to a certain extent, which might be a consequence
of the putative G2/M block. At higher concentrations of the
extract there was a decrease in G0/G1 cell cycle phase, probably

Table 3. Continued

extract fraction 2

no.a compounds to which TIPs are ascribedb MWc m/z TIPs m/z TIPs

23 pentagalloylglucose 940 939.4 [M � H]� 939.5 [M � H]�

24 procyanidin tetramer (2A, 1B) 1150 574.2 [M � 2H]�2/2
aThe numbers are assigned to MALDI-TOF MS peaks in Figure 1S of the Supporting Information. bThe names of compounds that have so far been
reported as constituents of evening primrose (O. paradoxa) seeds 1 are in bold. cApproximate MW (the values are rounded to the nearest integer). The
assignements ofm/z values to ions of phenolic compounds are approximate due to the natural occurrence of carbon-13 (13C) and to possible slight shifts
of peak positions along the x-axis. dB(A) = interflavanoid bond of B(A)-type; xA, yB = mixed-type procyanidin molecule with xA- and yB-type
interflavanoid bonds. eThe m/z ratio of 905.3 may correspond to at least four kinds of ions: [M þ K]þ (where M corresponds to MW of a B-type
procyanidin trimer); and/or [M þ Na]þ (where M corresponds to MW of a B-type dimeric procyanidin digallate); and/or [M þ Na]þ (where M
corresponds to MW of a B-type dimer of (epi)catechin gallate); and/or [MþNa]þ (where M corresponds to MW of a B-type trimer composed of two
(epi)catechins and one (epi)gallocatechin).
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originating from the above-mentioned arrest. As a result, one
could observe a statistically significant, dose-dependent decrease
in the 2N/4N index at higher concentrations tested (Figure 3A).
All of the remaining preparations induced a dose-dependent
decrease in the 2N/4N index albeit to a lesser extent than for
Caco-2 (Figure 5). Fraction 2 was themost potent in this respect,
as in the case of Caco-2.
After 48 h of incubation, the evening primrose polyphenol

extract had no statistically significant influence on IEC-6 cell
cycle, except for a very slight decrease in the G2/M peak at
75 and 150 μM. A slight, dose-dependent increase in the number
of apoptotic cells could be observed, with a mean value of 8.4%
at the highest concentration tested versus 3.6% in control
(Figure 3B). There was also an increase in the G0/G1 peak
accompanied by the above-mentioned slight decrease in G2/M
population and, as a consequence, the value of the 2N/4N index
augmented to a certain extent (p < 0.05) (Figure 3A). After an
additional 24 h of incubation, there was some decrease in the
G0/G1 peak accompanied by a very slight increase in both S and
hypodiploid peaks (Figure 3B). The number of apoptotic cells
reached 12.6% at the highest concentration tested versus 11.8% in
control. The 2N/4N index value remained on a roughly constant
level throughout the concentration range (Figure 3A). None of

the remaining polyphenol preparations substantially influenced
the index except for fraction 2, which caused a slight increase in the
index value (Figure 5).
Influence of Evening Primrose Polyphenols on Cell

Annexin V Binding. Alterations of the intrinsic cell membrane
asymmetry characteristic of apoptosis were detected by HCS
image cytometry after 48 and 72 h of incubation with the poly-
phenol extract on the basis of annexin V binding to phosphati-
dylserine exposed in the outer leaflet of cell membrane. In the
case of Caco-2 there was a statistically significant (p < 0.001),
dose-dependent increase in annexin V�Alexa Fluor 647 con-
jugate fluorescence intensity (up to 2.4-fold vs control), parti-
cularly for the shorter incubation time (Figure 4B). Among the
remaining preparations the strongest effect was observed for
fraction 2 and for the highest concentration of fraction 3
(Figure 4B). Annexin V binding by HT-29 cells was generally
less pronounced than that by Caco-2 (Figure 4B). As in the case
of Caco-2, fraction 2 exerted the strongest effect (Figure 4B). For
IEC-6 cells there was a slight increase in fluorescence intensity at
higher concentrations of the extract (Figure 2B). A moderate
increase in annexin V binding was detected for 75 μM GAE
flavanol preparation, as well as for fractions 1A, 1B, and 2 (at 50
and 75 μM GAE) (Figure 4B). At the highest concentration

Figure 2. Influence of evening primrose seed polyphenol extract on Caco-2, HT-29, and IEC-6 cell number (A), annexin V binding (B), and cell
membrane permeability to YO-PRO-1 (C) after 48 and 72 h of incubation. Cell number was determined by image cytometry, calculated as the sum of
Hoechst-33342-stained cell nuclei counted in 16 microscopic fields per well. Annexin V�Alexa Fluor 647 conjugate and YO-PRO-1 fluorescence was
measured in the HCS experiment. Data are expressed as the percentage of control. Each value represents the mean value ( SEM, n = 3 independent
experiments (A) or n = 3000�5400 Caco-2 cells, n g 5000 HT-29 cells, n = 500�1500 IEC-6 cells (B and C). Significance of differences between
means: /, p < 0.05, //, p < 0.01, ///, p < 0.001 versus control.
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tested (100 μMGAE) fraction 2 caused a substantial decrease in
fluorescence intensity. Of the four polyphenol extract fractions,
fraction 3 had the weakest influence on annexin V binding by
IEC-6 within the chosen concentration range.
Influence of Evening Primrose Polyphenols on Cell Mem-

brane Permeability. After 48 and 72 h of incubation with the
evening primrose polyphenol extract, cell membrane integrity
was assessed on the basis of permeability to a DNA-binding dye,
YO-PRO-1, which does not permeate into cells with intact
membranes. For Caco-2 a pronounced, statistically significant
(p < 0.001), and dose-dependent increase in the fluorochrome
incorporation was observed after 48 h (Figure 2C). After next
24 h, increased permeability to YO-PRO-1 was detected only
at higher concentrations of the extract, whereas at lower ones
the permeability generally decreased with reference to control.
A marked, statistically significant, and dose-dependent increase

in Caco-2 cell permeability was observed for 75 μMGAE flavanol
preparation, for polyphenol extract fractions 2 and 3 and, to a
lesser extent, for 100 μMGAE fraction 1A (data not shown). An
increase in YO-PRO-1 incorporation was also noted for HT-29
and IEC-6 cells after incubation with the extract; however, the
effect was not so pronounced as for Caco-2 cells, particularly after
48 h (Figure 2C).

’DISCUSSION

We decided to assess the apoptosis-inducing activity of poly-
phenols from evening primrose seeds in two human colorectal
adenocarcinoma cell lines, Caco-2 and HT-29. Caco-2 cells are
resistant to some cytostatic drugs and apoptosis-inducing
factors,24 whereas HT-29 cells have a very high level of ARC
(an endogenous apoptosis inhibitor) and carry an active Stat6
signaling pathway, as well as a constitutive autophagic pathway,

Figure 3. Influence of evening primrose seed polyphenol extract on Caco-2, HT-29, and IEC-6 cell DNA content determined by image cytometry and
presented as 2N/4N index (A, screening method), followed by cell cycle phase distribution and apoptotic cell analysis by flow cytometry (B, PI staining
of DNA). Each value represents the mean value( SD, n = 3 independent experiments. Significance of differences between means: /, p < 0.05, //, p <
0.01, ///, p < 0.001 versus control.
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that altogether enhance their resistance to apoptosis in compar-
ison to Caco-2.25�27 We also used rat normal intestinal IEC-6
cells in our study to verify whether the proapoptotic activity of
the extract is selective toward cancer cells. We tested the
polyphenol and flavanol preparations and the polyphenolic
fractions obtained according to the procedure presented in
Figure 1. The O. paradoxa polyphenolic extracts were analyzed
by MALDI-TOF MS (Table 3 and mass spectra in Supporting
Information).

Our HPLC data show that the polyphenol extract contained
mainly hydroxybenzoic acids and flavanols, whereas no hydro-
xycinnamic acids and flavonols were detected in the preparation
by means of this technique (Table 1). Similar results were
obtained for the flavanol preparation. High MW flavanols were
major constituents of fractions 1A, 1B, and 3 of the polyphenol
preparation, whereas hydroxybenzoic acids and low MW flava-
nols predominated in fraction 2 (Table 2).

The extract inhibited Caco-2 growth by inducing apoptosis in
a dose-dependent manner within a concentration range that was

estimated to be achievable in the gastrointestinal tract.7 After
72 h of incubation with the extract at the highest concentration
tested, the number of Caco-2 cells decreased to 19% of control,
and 48.8% of the cells were identified as apoptotic (vs 5.4% in
control), as determined on the basis of cell DNA content
measurement by flow cytometry. Under the same conditions
only 8% of HT-29 (vs 1.6% in control) and 12.6% of IEC-6 cells
(vs 11.8% in control) exhibited hypodiploid DNA content. Thus,
after the polyphenol treatment no significant increase in nuclear
DNA fragmentation characteristic of apoptosis was detected by
flow cytometry of PI-stained HT-29 and IEC-6 cells and by
microscopic observations of the cells stained with DAPI. The
reduction in HT-29 and IEC-6 cell number (45 and 56% of
control, respectively, at 150 μM GAE after 72 h of incubation)
may result from inhibition of cell proliferation without phase-
specific cell cycle arrest, as we did not observe such an arrest for
any of the three types of cells.

The extract fractions were also tested by image cytometry
within the concentration range chosen for the extract. The

Figure 4. (A) Influence of evening primrose seed polyphenol extract fractions and flavanol preparation on Caco-2, HT-29, and IEC-6 cell number
determined by image cytometry after 72 h of incubation, calculated as the sum of Hoechst-33342-stained cell nuclei counted in 16 microscopic fields per
well. Each value represents the mean value( SEM, n = 3 independent experiments. Significance of differences between means: /, p < 0.05, //, p < 0.01,
///, p < 0.001 versus control. (B) Influence of evening primrose extract fractions on Caco-2, HT-29, and IEC-6 cell annexin V binding determined by
image cytometry after 72 h of incubation. Data are expressed as the percentage of control. Each value represents the mean value( SEM, n = 400�8500
Caco-2 cells, n = 400�8500 HT-29 cells, n = 100�1200 IEC-6 cells. Significance of differences between means: ///, p < 0.001 versus control.
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fractions not only strongly and dose-dependently reduced
Caco-2 cell number but also had a marked influence on HT-29
growth, while IEC-6 cells were affected to a lesser extent.
The stimulation of IEC-6 cell growth by the flavanol preparation
at the lowest concentration tested is in line with other results,
since proanthocyanidins (flavanols) were demonstrated to en-
hance normal cell proliferation, as opposed to the effect exerted
toward cancer cells.28 The stimulation of IEC-6 growth only at
the lowest concentration tested could be explained as a hormetic
effect.29

IEC-6 cells showed increased cell permeability to YO-PRO-1,
but microscopic observations of the cells treated with polyphe-
nols did not reveal any significant morphological changes versus
control (data not shown). Furthermore, the results of flow
cytometry and DAPI staining did not indicate that the cells were
undergoing apoptosis at the time of harvesting. The results of the
annexin V binding assay suggest that IEC-6 cells incubated with
evening primrose polyphenols (particularly at higher con-
centrations) were to some extent more prone to apoptosis than
the control cells. However, it should be underscored that
apoptotic IEC-6 cells constituted at most 8.4 versus 3.6% in

control after 48 h of incubation, and 12.6 versus 11.8% in control
after 72 h, which was definitely less than in the case of Caco-2.

In contrast, for Caco-2 the increased permeability to YO-
PRO-1 correlated with an increase in annexin V binding, an
increase in hypodiploid peak, and noticeable changes in nuclear
morphology. The slightly increased cell permeability was also
observed for HT-29 and IEC-6 cells treated with the polyphenol
extract. However, neither flow cytometry nor DAPI staining
revealed significant apoptosis induction in the cells.

Taking into account some data, we postulate that changes in
cell membrane permeability to YO-PRO-1 may not be correlated
with cell viability. YO-PRO-1 crosses cell membrane in a P2X7-
depedent manner and has been used in studies on P2X7 agonists
and antagonists.30 It was demonstrated that approximately
50% of P2X7 receptors present in cell membrane are found
within lipid rafts,31 and polyphenols were demonstrated to
interfere with lipid raft organization.32 As far as we know, there
are no literature data on P2X7 receptor expression in IEC-6 cells
and in undifferentiated HT-29 cells. We therefore carried
out RT-PCR analysis to check whether P2X7 is transcribed in
IEC-6, HT-29, and Caco-2 cells used in our study, and the
results indicate that P2X7 mRNA is present in all of the cell
lines (data not shown).

We suggest that the high permeability of IEC-6 cell membrane
to YO-PRO-1 resulted from activation of P2X7 receptors by
polyphenols through interference with lipid raft organization. In
the present work we did not investigate the influence of poly-
phenols on the rafts, but our results on high membrane perme-
ability to YO-PRO-1 could be used as a starting point for further
studies.

Flavonoids were shown to influence phase transition and
lateral segregation of lipids, thus influencing the formation of
lipid rafts located in cell membranes.33 The rafts have recently
been recognized as signal processing hubs, and (�)-epigalloca-
techin gallate (EGCG) was suggested to exert its cancer chemo-
preventive effects through directly targeting the hubs.32 The
inhibitory effect of EGCG on the activation of EGF receptor and
the downstream signaling pathways in colon cancer HT-29 cells
was shown to be associated with altered lipid order.34 Gallates
may initiate the membrane rigidifying process and lead to
aggregation of some proteins and lipids in clusters.35 One
can suggest that components of gallate-rich evening primrose
extract may change lipid raft organization and trigger apoptosis in
Caco-2 cells. HT-29 and IEC-6 cells seem to be less susceptible
to the proapoptotic activity of the extract, probably due to
differences in cell membrane structure/composition. However,
the influence of the evening primrose polyphenol extract on cell
membranes remains unclear, and additional studies on interac-
tions between their components are necessary to confirm the
above hypothesis.

Analysis of the results presented in Figures 4 and 5 leads to the
conclusion that fraction 2 is one of the most active among the O.
paradoxa polyphenol fractions. The low MW polyphenol-en-
riched fraction 2 caused the strongest decrease in Caco-2 cell
number, the most pronounced decrease in Caco-2 and HT-29
DNA content presented as 2N/4N index, and the highest
increase in Caco-2 and HT-29 annexin V binding. Some com-
ponents of fraction 2 were tentatively identified byMALDI-TOF
MS (Table 3). Among them are supposed to be phenolic acids
that have lowMW. As ellagic acid and quercetin haveMWof 302,
the MALDI-TOF MS peak at m/z of 303.1 could represent
protonated forms of both compounds. However, quercetin is a

Figure 5. Influence of evening primrose seed polyphenol extract
fractions and flavanol preparation on Caco-2, HT-29, and IEC-6 cell
DNA content determined by image cytometry after 72 h of incubation
and presented as 2N/4N index. Each value represents the mean value(
SEM, n = 3 independent experiments. Significance of differences be-
tween means: /, p < 0.05, //, p < 0.01, ///, p < 0.001 versus control.
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flavonol, and the flavonol content in the polyphenol and flavanol
preparations tested in the present work was estimated to be equal
to zero on the basis of HPLC analysis. Thus, the peaks at m/z
of 301.1, 303.1, and 340.9 presumably represent the [M � H]�,
[M þ H]þ, and [M þ K]þ forms, respectively, of ellagic acid.
The presence of ellagic acid in fraction 2 was confirmed byHPLC
(data not shown). Asmentioned above, ellagic acid was identified
in the evening primrose (O. paradoxa) defatted seed extract in
the free form and as a component of an ellagitannin, oenothein
B.1 The acid was reported to induce apoptosis in human colon
cancer Caco-2 cells.8 Another phenolic acid identified in the
extract,1 gallic acid, triggered apoptosis in human stomach cancer
KATO III and colon adenocarcinoma COLO 205 cell lines36 and
in human leukemia HL-60 cells.37 It blocked the growth of
DU145 prostate cancer cells at G2/M phase, triggered their
apoptotic death, and acted synergistically with doxorubicin in
suppressing cell growth.38 This phenolic acid was identified as
one of the major constituents of grape seed extract showing pro-
nounced anticancer activity against human prostate cancer cells
both in vitro and in vivo, as it inhibited prostate tumor growth
and progression in transgenic adenocarcinoma of the mouse
prostate (TRAMP) model.39

In light of the influence of gallates on cell membrane, as
outlined above,32�35 it is worth emphasizing that we tentatively
identified in fraction 2 the following compounds: (epi)catechin
gallate, hexahydroxydiphenyl (HHDP)-digalloylglucose, B-type
dimeric procyanidin digallate and/or B-type dimer of (epi)-
catechin gallate, as well as tetra- and pentagalloylglucose
(PGG). (�)-Epicatechin gallate and PGG were previously
identified in evening primrose (O. paradoxa) defatted seed
extract,1 and the seeds were obtained from the same source as
in our study.

In contrast to fraction 2, all of the remaining fractions of the
polyphenol preparation tested in the present work were enriched
with high MW compounds. Their mean DP was above 3 (and
was highest for fraction 1B), whereas fraction 2 had ameanDP of
1.7. In the present work we used the total polyphenol content
values of the extract expressed as gallic acid. For convenience, we
expressed the extract concentrations in μM GAE instead of μg
GAE/mL. The discrepancy in the polyphenol content expressed
as (þ)-catechin, gallic acid, or ellagic acid equivalents results
from the fact that the assay involving the Folin�Ciocalteu
reagent is based on antioxidant activity,15 which in turn is
structure-dependent.4,12 It should also be underscored that the
extract contains not only low MW polyphenols (such as
(epi)catechin and phenolic acids) but also highMWcompounds.
Besides procyanidins (oligo- and polymers of (epi)catechin with
MW of the monomeric unit equal to 290) the evening primrose
seeds contain hydrolyzable tannins such as PGG with a MW of
940 and oenothein B with a MW of 1571 (Table 3 and ref 1).
Altogether, for the extract fractions enriched with high MW
molecules, the molar concentrations of individual constituents
were much lower than for fraction 2. As a consequence, although
our results indicate that fraction 2 enriched with low MW
polyphenols was the most potent in terms of apoptosis induction
among all of the extract fractions, the remaining fractions were
tested at effectively lower concentrations of individual constitu-
ents than in the case of fraction 2. We therefore suggest that the
constituents of not only fraction 2 but also the remaining
fractions account for the proapoptotic potential of the evening
primrose seed extract toward gastrointestinal tract derived Caco-
2 cancer cells.

Fraction 2 exhibited the highest antioxidative efficiency in our
study (Table 2S); the remaining fractions had similar mean DP
values (Table 2) but differed in TEAC values and in the extent of
inhibition of linoleic acid oxidation (Table 2S). In contrast to the
systemic level, where concentrations of individual phenolics
rarely exceed 1 μM, polyphenol concentrations in the gastro-
intestinal tract were estimated to reach the lowmillimolar range.7

Millimolar concentrations are likely to be sufficient for antiox-
idant activity; however, according to Holst and Williamson40

defense against hydroxyl radicals by small molecules (such as low
MWpolyphenols) requires concentrations in the highmillimolar
range. Therefore, we presume that the concentrations chosen for
our study would be too low for efficient antioxidant activity in the
gastrointestinal tract.

Finally, it is worth pointing out that phenolic compounds
strongly interfere with some assays used to evaluate their
influence on cell growth or viability, particularly with those based
on tetrazolium salt reduction to formazan such asMTT andMTS
assays.41,42 We therefore decided to determine cell number by
image cytometry of Hoechst-stained cells. The main advantages
of this method are high accuracy and lack of interference by
polyphenols.

In conclusion, we demonstrated for the first time a dose-
dependent induction of apoptosis in human colorectal adeno-
carcinoma Caco-2 cells by evening primrose (O. paradoxa) waste
seed extract within a concentration range that was estimated to
be achievable in the gastrointestinal tract.7 The reduction of
human colorectal adenocarcinoma HT-29 and rat normal in-
testinal IEC-6 cell number (45 and 56% of control, respectively)
may result from inhibition of cell proliferation without phase-
specific cell cycle arrest, as such an arrest was not observed for
any of the three types of cells in our study. The majority of
constituents of evening primrose waste seed extract identified to
date may contribute to its proapoptotic activity toward Caco-
2 cells.
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bS Supporting Information. Additional figures and tables.
Figure 1S-A: MALDI-TOF mass spectrum of evening primrose
seed polyphenol extract recorded in reflection mode (positive
ion detection). Figure 1S-B: MALDI-TOF mass spectrum of
evening primrose seed polyphenol extract recorded in reflection
mode (negative ion detection). Figure 1S-C: MALDI-TOF mass
spectrum of fraction 2 of the evening primrose seed polyphenol
extract recorded in reflection mode (positive ion detection).
Figure 1S-D: MALDI-TOF mass spectrum of fraction 2 of the
evening primrose seed polyphenol extract recorded in reflection
mode (negative ion detection). For all parts of Figure 1S, the
numbers from 1 to 24 refer to compounds listed in Table 3.
Figure 2S: Representative histograms of flow cytometry cellular
DNA content analysis of Caco-2, HT-29, and IEC-6 cells,
untreated (C) and treated with 150 μM GAE evening primrose
polyphenol preparation (PP). This material is available free of
charge via the Internet at http://pubs.acs.org.
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radical cation; DAPI, 40,6-diamidino-2-phenylindole; DHB, 2,5-
dihydroxybenzoic acid; DP, degree of polymerization; FRAP,
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HCS, high content screening;MALDI-TOF MS, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry;
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