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Consumption of fruits and vegetables, which are rich in polyphenols, has been associated with a
reduced risk of chronic diseases such as cancer. Dietary polyphenols have antioxidant and
antiproliferative properties that might explain their beneficial effect on cancer prevention. The aim of
this study was to investigate the effects of different pure polyphenols [quercetin, chlorogenic acid,
and (—)-epicatechin] and natural fruit extracts (strawberry and plum) on viability or apoptosis of human
hepatoma HepG2 cells. The treatment of cells for 18 h with quercetin and fruit extracts reduced cell
viability in a dose-dependent manner; however, chlorogenic acid and (—)-epicatechin had no prominent
effects on the cell death rate. Similarly, quercetin and strawberry and plum extracts, rather than
chlorogenic acid and (—)-epicatechin, induced apoptosis in HepG2 cells. Moreover, quercetin and
fruit extracts arrested the G1 phase in the cell cycle progression prior to apoptosis. Quercetin and
strawberry and plum extracts may induce apoptosis and contribute to a reduced cell viability in HepG2
cells.
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INTRODUCTION of differentiation and apoptosis are important preventive ap-
proaches. The apoptotic process shows characteristic morpho-
logical features, including membrane blebbing, shrinkage of the
ell and nuclear volume, chromatin condensation, and a
aracteristic pattern of nuclear DNA fragmentation in cells due

There is an abundance of evidence that regular consumption
of fruits and vegetables is associated with a reduced risk of
chronic and degenerative diseases, such as cancer, Parkinson
disease, Alzheimer’s disease, osteoporosis, and cardiovascula L :
diseaseX—3). Fruits and vegetables provide essential nutrients, 0 endpnuclease aCt'Yat'OM)' Nevertheless, the reg_ulatlon and
but they also contain dietary antioxidants, such as phenols andIndUCtlon of apopt05|s by natural pr(.)duct.s are still not clegr.
flavonoids, which comprise a large group of compounds with _ 1he phenolic compounds used in this study, quercetin,
low molecular weight that are present in all plan®).( cholorogem(_: aC|d_, anql epicatechin, are common dietary polyphe-
Flavonoids exhibit a wide range of biological activities, includ- N°IS found in fruits, like strawberry or plum, vegetables, tea,
ing inhibition of lipid peroxidation, platelet aggregation, capil- Wine, nuts, and seeds, and have a well-characterized in vitro
lary permeability, and the activity of enzyme systems including &ntioxidant activity 8, 4, 13). These polyphenols can be
lipooxigenase (35). The flavonoids exert these effects as absorbed through the gastr0|_ntest|nal tract_, r_eachlng the Ilvgr,
antioxidants and free radical scavengers and interfere with the Where they are partly metabolized. Thus, this is one of the main
oxidative/antioxidative potential of the celb(7); because of  target organs where polyphenols can exert their action.
those properties, they are able to prevent damage to lipids, The study of the effect of those dietary polyphenols and fruits
proteins, and nucleic acids and eventual cellular damage andéxtracts on the regulation of apoptotic mechanisms at the
death (8—10). In addition, polyphenols can show anticarcino- molecular level may benefit from the use of an established cell
genic, antimutagenic, antiinflammatory, and antiviral activities culture line. Human hepatoma HepG2 is a well-differentiated
(3, 11), displaying antiproliferative activity. These compounds transformed cell line that meets all biochemical requirements
can also trigger apoptosi&,(7, 12) that may be an efficient ~ for the present study. This cell line has been widely used in
strategy for cancer chemotherapy (). biochemical and nutritional studies because it is considered one

Carcinogenesis is a multistage process with an accumulation©f the experimental models that more closely resembles the
of genetic alterations; thus, targets for chemoprevention could human hepatocyte in culture (185). In addition, this continu-
be multiple (2). Suppression of cell proliferation and induction 0usly growing transformed cell line permits the study of

antiproliferative factors for liver cancer research.

* To whom correspondence should be addressed. ¥84.91.544.56.07. In the present study, the effect of different pure polyphenols
Fax: +34.91.549.36.27. E-mail: s.ramos@if.csic.es. and natural fruit extracts on the viability and apoptosis induction
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in HepG2 cells at different incubation times (4 and 18 h) has
been investigated. Cell death was detected and identified by
using trypan blue staining, morphologic studies, and propidium
iodide staining followed by flow cytometry and DNA electro-
phoresis analyses.

MATERIALS AND METHODS

Materials and Chemicals. Quercetin, chlorogenic acid, and (—)-
epicatechin as well as trypan blue, propidium iodide, ethidium bromide,
gentamicin, penicillin G, and streptomycin were purchased from Sigma
Chemical (Madrid, Spain). Proteinase K and RNase A were obtained
from Roche (Roche Molecular Biochemicals, Barcelona, Spain).
Materials and chemicals for electrophoresis were from BioRad (BioRad
Laboratories S. A., Madrid, Spain). Cell culture dishes and cell culture
medium were from Falcon (Cajal, Madrid, Spain) and Biowhittaker
Europe (Innogenetics, Madrid, Spain), respectively.

Cell Culture. Human hepatoma HepG2 cells were a gift from Dr.
Paloma Martin-Sanz (Instituto de Bioquimica, CSIC, Madrid, Spain).
They were grown in DMEM-F12 medium supplemented with 2.5%
FBS and the following antibiotics: gentamicin, penicillin, and strep-
tomycin (50 mg/L). Cells were maintained at 3C in a humidified
atmosphere of 5% CO

Preparation of Fruit Extracts. Lyophilized strawberry and plum
powders (3 g) were treated with a solution of 0.8% HCI in methanol
and water (1:1) for 1 h and centrifuged at 60fig 10 min. The

Ramos et al.

cells] were prepared by trypsinization and washing twice with PBS,
followed by centrifugation at 2@ Cells were fixed with 70% ethanol

at 4°C and resuspended in 0.5 mL of PBS containing 0.25 mg/mL of
RNase A. The suspension was incubated for 30 min 4C3and then,

the cells were labeled with propidium iodide (&@/mL). The total
DNA content was quantified by fluorescence using a Becton Dickinson
(San José, CA) FACS flow cytometer. The resulting histogram was
analyzed using ModFit software. Apoptosis was evaluated by determin-
ing the percentage of cells with hypodiploid DNA content, followed
by cell sorting and analysis of DNA fragmentation as previously
described.

Statistics. To contrast groups, one-way analysis of variance (ANO-
VA) followed by Duncan’'s multiple comparison test were used.
Homogeneity of variances was evaluated by the Cochran’s test, and to
discriminate among means, the Fisher’s least significant difference
procedure was applied. The level of significance Was: 0.05. A
Statgraphics Plus program version 4.0 (Statistical Graphics Corp.,
Rockville, MD) was used.

RESULTS

Viability of HepG2 Cells. The potential cytotoxic effect of
pure polyphenols [quercetin, cholorogenic acid, and (—)-
epicatechin] and fruit extracts was investigated, determining their
effects on the viability of a human hepatoma cell line, HepG2.
The cell death rate was dose-dependent after 18 h of treatment

supernatants were collected, and pellets were then extracted with awith all assayed compound§&i¢ure 1). Quercetin treatment

solution of acetone:water (7:3) and centrifuged atd@@ 10 min.
The new supernatants were mixed with the previous ones (16).
Supernatants were concentrated by rotary evaporation 4€3and
resuspended in water. Total phenolic compounds in strawberry and plum
water extracts were determined by the Feliocalteau method (17)
and expressed as mg/g of dry extract.

Treatments of Cells with Fruit Extracts or Phenolic Components.

for 18 h showed a dramatic reduction in the cell viability (up
to 80% at the highest concentration tested, 2B0). Quercetin
was the most active polyphenol among the pure compounds
with an estimated 163 (50% of cell death rate) value of iV
(Figure 1A). Treatment with the highest dose (1 mM) of
cholorogenic acid or-{)-epicatechin reduced cell viability 5

Cells were seeded and routinely grown in DMEM-F12 medium and 20%; 1Gso values were not reached for these polyphenols at the

2.5% FBS, but cells were changed to serum-free medium 24 h before cOncentrations and times assayed in this study; they displayed
the assay. Cells were treated with different concentrations of pure only a moderate effect on cell death rate even at the highest

polyphenols such as quercetin (50, 75, 100, 200, and 200,
chlorogenic acid (250, 500, 750, and 1Qda), (—)-epicatechin (100,
250, 500, 750, and 10Q@M), or with extracts of strawberry (0.1, 0.2,
0.4, 0.6, and 0.8 mg/mL) or plum (0.5, 0.75, 1, 1.25, and 1.5 mg/mL),
respectively. In all cases, experiments were carried out using incubation
times of 4 or 18 h.

Cell Viability Assay. Viability was calculated by counting the cells
in a Neubauer chamber. After trypsinization, the cell suspension (1.5
x 10 cells) was centrifuged at 2@@t 4°C for 10 min, and the pellet
was washed twice with ice-cold PBS. After resuspension ingO0f
PBS, an aliquot of the suspension was mixed with an equal volume of
trypan blue and incubated for 5 min at room temperature.

Cell Morphology. For assessing morphological changes, confluent
cells were treated with the polyphenol concentrations mentioned above.
After treatment, photographs were taken using an inverted microscope
(Leica, Madrid, Spain) at 200 xagnification.

DNA Extraction and Electrophoretic Analysis. Internucleosomal
DNA fragmentation was analyzed by agarose gel electrophoresis. The
cell suspension [23) x 1 cells] was centrifuged at 2@Cat 4 °C
for 10 min, and the pellet was washed twice with ice-cold PBS. After
resuspension in 250L of PBS, an equal volume of 20 mM EDTA,
0.5% Triton X-100, and 5 mM Tris, pH 8, was added, and the
incubation was continued for 15 min af@. Nuclei were removed by
centrifugation at 500¢pr 10 min, and the supernatant was centrifuged
at 10000dfor 1 h (soluble fraction). The fragmented DNA present in
the soluble fraction was incubated with 0.3 mg/mL proteinase K at 55
°C for 1 h. After two extractions with phenol/chloroform, the DNA
was analyzed in a 2% agarose gel and stained withu@/L of
ethidium bromide (18).

Flow Cytometry Analysis. The distribution of cells in the sub-G1
(hypodiploid peak), G1, G2-M, and S phases of the cell cycle was
determined by flow cytometric analysis of DNA content after the
corresponding treatment. DNA was determined after labeling the cells
with propidium iodide 19). Briefly, cell suspensions [(0-5L) x 10°

concentrations for the longest treatment (18Hiy¢re 1B,C).
Treatment with {)-epicatechin and cholorogenic acid for 4 h
appeared to display similar and very slight inhibitory activities
8 and 4%, respectively) with the highest concentrations used;
in contrast, quercetin was more effective (13% at 30 after

4 h of incubation.

As to the effect of fruit extracts, different concentrations of
each strawberry and plum extracts had to be used; plum extracts
at concentrations lower than 0.75 mg/mL had little effect on
cell vaibility, and thus, higher concentrations (up to 1.5 mg/
mL) were used. Cell viability was reduced after the incubation
of the human hepatoma cells with the strawberry or plum
extracts Figure 1D,E). That reduction showed a dose- and time-
dependent fashion. Afte4 h of treatment with 0.4 mg/mL
strawberry extract or 1 mg/mL plum extract, a significant
reduction of cell viability was observed as compared to that of
lower doses (28 and 22.5%, respectively). After 18 h of
treatment, the increase of cell death rate was over those ranges
at lower concentrations than afié h of treatment (0.2 mg/mL
for strawberry extract and 0.75 mg/mL for plum extract,
respectively). The cell death rate of strawberry extract was
higher than that of plum extract. §¢was estimated to be of
0.6 mg/mL for strawberry extract and of 1.5 mg/mL for plum
extract at 18 h of treatment; in contrastsé@as not reached,
even with the highest concentrations assayed, aftdr of
treatment.

Cell Morphology. Treatment of HepG2 cells with the pure
polyphenols or the fruit extracts had a different effect on cell
morphology (Figure 2). Quercetin treatment for 18 h led to
apoptotic changes such as cell shrinkage and “blebbed” surfaces
due to the convolutions of nuclear and plasma membranes and
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Figure 1. Effect of quercetin (A), cholorogenic acid (B), (—)-epicatechin (C), and strawberry (D) and plum (E) extracts on cell viability. HepG2 cells were
treated with different concentrations of each pure polyphenol for 4 (@) and 18 h (m). Cell viability was determined by trypan blue staining as a percentage
of dead cells in the total number of cells counted. Data represent means + SD of 6—8 separate experiments. Statistical differences as compared to 4
h of treatment (P < 0.05) are noted as asterisks.

Quercetin Chlorogenic acid  Epicatechin

Control 50 M

Strawberry extract Plum extract

.

0.1 mg/mL 0.8 mg/mL 0.75 mg/mL 1.5 mg/mL
Figure 2. Morphological changes of HepG2 cells after 18 h of treatment with the pure polyphenols, quercetin, cholorogenic acid, and (=)-epicatechin,
and the fruit extracts, strawberry and plum (200x magnification).

chromatin condensation. At 200M, those changes became Incubation of the human hepatoma cells for 18 h with the
more evident and the shrunken and convoluted cells with oval highest concentrations of fruit extracts (0.8 mg/mL for straw-
or rounded shape began to pinch together to form the apoptoticberry or 1.5 mg/mL for plum) resulted in an apoptotic
bodies; broken cells and debris were observed. morphology; that is, rounded shape cells and debris were
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Figure 3. Effect of quercetin (A), cholorogenic acid (B), (—)-epicatechin (C), and strawberry (D) and plum (E) extracts on DNA fragmentation detected
by agarose gel electrophoresis. HepG2 cells were treated with the different concentrations of each pure polyphenol during 18 h. Three independent
experiments were carried out with similar results. A representative experiment is shown.

observed, contrary to what was observed when lower concentra- Concerning the effect of fruit extracts, induction of nuclear
tions were used. The morphological changes in HepG2 cells fragmentation was observed after 1&lahh oftreatment with
after the treatment with (—)-epicatechin or cholorogenic acid both fruit extracts. The appearance of DNA ladder was observed
for 18 h appeared to be very slight, and only a small percentageafter 18 h of treatment with 0.1 mg/mL strawberry or 0.75 mg/
of cells acquired a rounded shape. mL plum extractsigure 3D,E), and this fragmentation became
Apoptosis Induction. In view of the above-mentioned effects  more obvious at higher concentrations. DNA laddering appeared
on cell viability and morphological features, it was examined also after 4 h of treatment with 0.2 or 1.25 mg/mL for the
whether those pure polyphenols or fruit extracts induced strawberry or plum extracts, respectiveFigure 4B,C). As
apoptosis in the human hepatoma cell line. To simultaneously happened with the cell viability assay, DNA fragmentation was
demonstrate decreased cell viability, apoptosis, and cell cyclenot so obvious afte4 h of treatment as it was after 18 h of
arrest, the same concentrations were used in all assays. treatment and, again, it seemed that strawberry extract was more
Pure polyphenols had different effects on the induction of effective than plum extract for the apoptosis induction at both
apoptosis. Parallel to the effect on cell viability, treatment of 4 and 18 h of treatment.
HepG2 cells with quercetin ane-§-epicatechin for 18 h resulted
in internucleosomal DNA fragmentation, a characteristic of
apoptosis (Figure 3A7). In fact, the appearance of DNA ladder
was observed after 18 h of treatment with,8@ quercetin and

Effects on Cell Cycle ProgressionThe effects of the pure
polyphenols and fruit extracts on cell cycle progression were
examined. In agreement with the previous analysis (cell viability
500 uM (—)-epicatechin and became more obvious at higher and DNA fragmentation), the pure polyphenols had different
concentrations. DNA fragmentation was not detected after €T€CtS on the HepG2 cell cycle. The treatment of these cells
treatment with cholorogenic acid even at concentrations as highor 18 h with quercetin resulted in a marked accumulation of
as 1 mM Figure 3B), which agreed with the little effect of  CellS in sub-G1 phase (hypodiploid peak) and a slight reduction
this phenol on cell death rate. Because)-gpicatechin and N G1 and G2/M and S phaseBigure S andTable 1). When
Cho|0rogenic acid did not show a prominen[ effect on cell the cells were treated with the different concentrations of
viability and apoptosis was only induced at very high concentra- quercetin, the percentage of cells undergoing apoptosis increased
tions (corresponding to pharmacological doses in vivo), only from <1% in controls to 9% at 5@M and 18% at 20Q«M,
quercetin was assayed in a 4 h treatment. Treatment of HepG2whereas cells in G1 decreased from 66 (controls) to 57% at
cells with 100uM quercetin for 4 h resulted in internucleosomal 200 «M and those in G2/M and S phases decreased from 34
DNA fragmentation (se&igure 4A). (controls) to 26% at 20@M. This result suggests that quercetin



Food-Derived Polyphenols Induce Apoptosis

A

C 50 75 100 200
UM

C 01 020406 08
(mg/mL)

C 075 1 1.25 1.5
(mg/mL)

Figure 4. Effect of quercetin (A) and strawberry (B) and plum (C) extracts
on DNA fragmentation detected by agarose gel electrophoresis. HepG2
cells were treated with the different concentrations during 4 h. Three
independent experiments were carried out with similar results. A
representative experiment is shown.
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51% at 0.2 mg/mL, and a concomitant increase in the hypo-
diploid peak, from 1% in controls to 17% at 0.2 mg/mL.
Similarly, quantitative analysis of flow cytometry of cells treated
with plum extract showed a relevant increase of cells in the
sub-G1 phase (1.35% in controls and 7.7% at 0.75 mg/mL) and
a concomitant reduction in G2/M-S phases (35% in controls
and 24% at 0.75 mg/mL) suggesting induction of apoptosis
(Figure 6 and Table 2). It is worth noting that the highest
concentrations of the strawberry (0.6 and 0.8 mg/mL) and plum
(1.25 and 1.5 mg/mL) extracts showed a lower increase of cells
in the hypodiploid peak than smaller concentrations of straw-
berry and plum extracts (6.2% at 0.8 mg/mL and 3.28% at 1.5
mg/mL, respectively), which can be considered as an apparent
aberrant cell cycle profile. The strawberry extract was more
efficient than the plum extract since the percentage of cells
undergoing apoptosis was higher with lower concentrations for
the berry extract.

The effect of quercetin and fruit extracts on the HepG2 cell
cycle was also analyzed aftd h of incubation. Although
treatment of HepG2 cells with quercetin for 4 h resulted in
internucleosomal DNA fragmentation at 1M, as shown
above, when the cell cycle was studied, there was an accumula-
tion of cells in the G1 phase, from 57% in controls to 69% at
200uM, and a reduction in G2/M and S phases, from 43% in
controls to 31% at 20QM (Figure 7 andTable 3). Treatment
of HepG2 cells with the fruit extracts for 4 h resulted in a slight
DNA fragmentation, and interesting changes were also found
in the cytometric analysis. A very slight increase in the
percentage of cells undergoing apoptosis (hypodiploid peak) was
observed, increasing from 1.19% in controls to 1.63% with 0.8
mg/mL of strawberry extract and to 3.0% with 1.5 mg/mL of
plum extract. Also, a concomitant increase in the G1 phase (57%
in controls and 63% with strawberry extract at 0.8 mg/mL and
64% with plum extract at 1.5 mg/mL) and a decrease in G2/M
and S phases (43% in controls and 37% with strawberry extract
at 0.8 mg/mL and 33% with plum extract at 1.5 mg/mL) were
observed (Figure 7and Table 3).

DISCUSSION

Many studies in different cell lines, animal models, and
human epidemiological trials have shown the potential of dietary
polyphenols as antiproliferative agents 12). Uncontrolled cell
growth is a multistage genetic change affecting protooncogenes
or tumor suppressor genes, and that sequence of events has many
steps for intervention with the aim of preventing, slowing down,
or reversing the process. One of the important targets as a
preventive approach is the induction of apoptosis. This form of
programmed cell death is defined by a set of characteristic
morphological and biochemical features. The present study was
carried out to investigate the role of different pure polyphenols
and natural fruit extracts in the viability and the apoptotic
process in HepG2 cells.

As quoted above, the phenolic compounds used in this study,

induces apoptosis shown as an accumulation of HepG2 cells atquercetin, cholorogenic acid, and epicatechin, are common

the sub-G1 phase in a dose-dependent fashion.

dietary polyphenols. Quercetin is present in varying amounts

(—)-Epicatechin and cholorogenic acid, which showed not in most fruits and vegetables, chlorogenic acid is found in
so prominent effects on viability and apoptosis in HepG2 cells cherry, kiwi, and plum, and—)-epicathechin is abundant in
after a 18 h treatment, did not alter the hypodiploid peaks nor green tea and coco2(). The antiproliferative effect of green

G1, G2/M, and S phases on the histogram of flow cyto-
metry even at the highest concentrations udeadure 5 and
Table 1).

Both fruit extracts influenced the cell cycle progression
(Figure 6 and Table 2). The treatment of HepG2 cells with

tea and cocoa extracts has been previously studige23).
Strawberry and plum, two of the most consumed fruits, are
characterized for having high contents in pelargonidin and
chlorogenic acid, respectively, quercetin being the second most
abundant polyphenol in both fruits (225).

0.2 mg/mL of strawberry extract for 18 h resulted in a decreased Quercetin concentrations that significantly decreased HepG2

proportion of cells in the G1 phase, from 66% in controls to

cell viability have been previously reported to have similar
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Figure 5. DNA content frequency histograms of HepG2 cells after treatment with different concentrations of pure polyphenols [quercetin, cholorogenic
acid, and (—)-epicatechin] during 18 h. Cells were stained with propidium iodide, harvested, and submitted to flow cytometry analysis. Cell cycle sub-G1
(or hypodiploid peak), G1, G2/M-S phases were named M1, M2, and M3, respectively. A representative histogram from two separate experiments is

shown.

Table 1. Effect of the Pure Polyphenols [Quercetin, Cholorogenic Acid,
and (-)-Epicatechin] on DNA Cell Cycle Analysis in HepG2 Cells after
18 h of Treatment with Different Concentrations?

demonstrated the cancer protective effect of tea or cocoa
polyphenols in cancer cell lines from lung, pancreas, or colon
(21, 33), as well as in mammary and pancreatic tumorigenesis
in rats 23). Nevertheless, just a few studies have evaluated the

C(;’Lr"\;;‘ %S#;Sfl W;’]:Si %ﬁizls's effect of (—)-epicatechin alone; in agreement with our results,
P d P (—)-epicatechin showed no growth inhibitory effect neither on
Cﬂztrfc‘gtm 5 ggg gggi gg% human colon carcinoma LoVo cells, on the contrary, it seemed
a 75 1172 6116 28,52 to slightly promote the cell proliferation34), nor in human
100 12.05 61.30 27.70 breast, central nervous system, and lung cancer c&83. (
o 200 17.45 57.28 26.31 Concerning chlorogenic acid, just a few references have been
chlorogenic acid ggg Llé 233(7) ggéé found, but recently, its preventive role has been demonstrated
750 077 61.08 1192 in human colon cancebj, leukemia 86), and oral tumor cell
1000 160 67.13 32.68 lines (37).
(=)-epicatechin 250 091 64.92 85.27 The cell viability effect of strawberry and plum extracts, as
ggg ggf ?ggg gggg well as quercetin, on the HepG2 cells decreased in a dose-
1000 1.00 66.27 35.47 dependent manner. Such an effect has been previously reported

2 Cells were stained with propidium iodide, harvested, and submitted to flow

cytometry analysis.

in this human hepatoma cell line and other cancer cell cultures,
i.e., breast, cervical, leukemia, and prostate cancer cel&3(8,
39). Moreover, Sun et al. (10) have evaluated the potential
antiproliferative activities of 11 different fruit extracts in HepG2

effects in other cancer cell cultures, such as human colon cancef€lls, and it can be highlighted that strawberry showed one of
(26), ovarian cancer (27), breast cancer (28), leukemia (29)’the highest inhibitory effects on cell proliferation, which supports
human lung canceB(), and murine hepatom&%), and in vivo,
ingestion of a quercetin enriched diet (2%) decreased the Study when compared with the plum extract.
frequency of tumors in azoxymethane treated mg2).(Thus,
our results with quercetin support an observed viability effect and represents an efficient way to eliminate damaged cells.
on tumor cells of this flavonoid where a small percentage of Programmed cell death is characterized by morphological and
secondary necrosis after an initial apoptotic cell death cannotbiochemical changes in the cell, i.e., DNA fragmentatid®)(

be ruled out.

the higher efficiency of the strawberry extract observed in our

Cell proliferation could be balanced by the apoptotic process

Quercetin induced morphological alterations in HepG2 and the

(—)-Epicatechin and chlorogenic acid seemed not to have aappearance of DNA ladder according to other studies carried
very obvious effect on HepG2 cell death. Numerous studies haveout in different human hepatocarcinoma, leukerdid, 41) cell
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Figure 6. DNA content frequency histograms of HepG2 cells after treatment with different concentrations of fruit extracts (strawberry and plum) during
18 h. Cells were stained with propidium iodide, harvested, and submitted to flow cytometry analysis. Cell cycle sub-G1 (or hypodiploid peak), G1, G2/M-S
phases were named M1, M2, and M3, respectively. A representative histogram from two separate experiments is shown.

Table 2. Effect of Fruits Extracts (Strawberry or Plum) on DNA Cell proliferation in G1 of cells from human gastric, endometrial,
Cycle Analysis in HepG2 Cells after 18 h of Treatment with Different and nasopharyngeal cancer in culture (43—45), whereas no
Concentrations? references were found for strawberry and plum related to the

cell cycle. In addition, this blockage seems to be quite specific

conen % sub-G1 %G1 % G2IM-S of cells with high proliferative capability (2). Interestingly, the

/mL h h h . . ‘

(mgimb) prase phase pases highest concentrations of strawberry and plum extracts induced
control 1.35 66.15 3545 an apparent aberrant cell cycle profile, consisting of a lower
strawberry extract 0.2 17.15 51.35 3191 . . S .

0.4 18.36 53.56 29.46 increase of cells in the hypodiploid peak than with smaller
06 12.56 49.99 37.83 concentrations. When trying to correlate the proliferative effect
08 6.20 51.52 42.55 to the antioxidant capacity of polyphenolic extracts, other
plum extract 0.75 768 68.34 24.43 authors have also found this aberrant resporfsel(, 46).
1.00 14,55 53.95 33.14 . " 0
105 6.82 64.29 29.32 Never_theless, these studlt_es hlghllghted that t_he a_nt|OX|dant
1.50 3.28 69.54 27.52 capacity could not be associated with the antiproliferative effect;
thus, this activity could not be correlated with the capability
2Cells were stained with propidium iodide, harvested, and submitted to flow for inducing apoptosis7 10, 46); those effects seem to be
cytometry analysis. associated to the degree of polymerization and galloylation
(7, 35, 46).

lines, and mouse thymocyte42). (—)-Epicatechin and chlo-
rogenic acid seemed to neither induce the internucleosomal
DNA fragmentation nor the apoptotic changes in the cell
morphology as previously shown in human colon carcinoma
and oral tumor cells (3436, 37). Studies about induction of
DNA laddering with pharmacological doses with )epicat-

Chlorogenic acid and—)-epicatechin had little modifying
effects on cell viability, cell cycle progression, and apoptosis
assays in the present study:){Epicatechin has been previously
reported to have minor effects in other cancer cell cultures, such
as different human colon cancer cell lines (34), although
echin have not been found. tea and cocoa flavanols and procyanidins induced apoptosis in

The apoptotic morphological and biochemical changes as- different colon and lung h_uman cancer cell Iinésl_,(2_2) e_md
sayed for the strawberry and plum extracts were more evidenta'rested the G2/M phase in the cell cycle progression in colon
after 18 h of treatment, as well as for quercetin. Such effects c@ncer cells (22) or the GO/G1 phase in human prostate

have not been reported before, although the apoptotic potentialc@rcinoma cells (47). Altogether, the results suggest that
of those fruits is known (810, 38, 39). chlorogenic acid and (—)-epicatechin may exert their tumor

It is well-known that apoptosis is generally caused by cell inhibi}ory gctivity through a different mechanism rather than
cycle arrest in the G1/S phase or G2/S phase (2). In this study,the direct induction _of apoptosis in tumor cells. As prewous_ly_
quercetin and fruit extracts, rather than chlorogenic acid and Suggested, these dietary polyphenols may elevate the activity
(—)-epicatechin, induced apoptosis after 18 h, shown as an‘?f enzymes having the capacity to enhanc_e carcinogen detoxi-
increased hypodiploid peak. The results at 4 h seemed to indicatdication (5, 14, 35) and scavenge free radica (3, 15) or
that this apoptotic effect was preceded by an accumulation of inhibit tumor angiogenesis (37, 48).
cells in the G1 phase. Accordingly, some studies have shown Although plum extract was able to induce a reduction of cell
that quercetin can interfere with tumor development by arresting viability and apoptosis in HepG2 cells and its main polyphenol
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Figure 7. DNA content frequency histograms of HepG2 cells after treatment with different concentrations of quercetin and fruit extracts (strawberry and
plum) during 4 h. Cells were stained with propidium iodide, harvested, and submitted to flow cytometry analysis. Cell cycle sub-G1 (or hypodiploid peak),
G1, G2/M-S phases were named M1, M2, and M3, respectively. A representative histogram from two separate experiments is shown.

Table 3. Effect of Quercetin or the Fruits Extracts (Strawberry or
Plum) on DNA Cell Cycle Analysis in HepG2 Cells after 4 h of
Treatment with Different Concentrations?

%sub-G1 %Gl  %G2/M-S

concn phase phase phases

control 1.19 57.09 43.25
quercetin («M) 50 1.14 63.44 36.36
75 1.26 64.66 35.38

100 1.16 63.64 36.76

200 1.64 68.79 30.77

strawberry extract (mg/mL) 0.2 1.20 66.18 32.69
0.4 113 61.62 38.96

0.6 1.42 63.74 34.84

08 1.63 62.80 37.03

plum extract (mg/mL) 0.75 1.12 63.55 36.60
1.00 151 61.59 37.95

1.25 312 65.50 32.99

1.50 3.02 64.08 33.29

2 Cells were stained with propidium iodide, harvested, and submitted to flow

cytometry analysis.

induction of apoptosis and cell cycle in HepG2 cells is not yet
clear and remains a current topic of investigation in our

laboratory.

In summary, the effects of naturally occurring plant polyphe-
nols on cell viability and apoptosis in a human hepatoma cell
line (HepG2) have been evaluated. Quercetin and natural fruit
extracts (strawberry and plum), rather than chlorogenic acid and
(—)-epicatechin, showed apoptosis-inducing effects, and these
results suggest that those compounds might exert a tumor
preventive action through apoptosis- and/or cell proliferation-
dependent mechanisms. This work provides an initial tool to
study the molecular mechanisms and signals involved in the
programmed cell death induced by those polyphenols.

ABBREVIATIONS USED

EDTA, ethylenediaminetetraacetic acid; FACS, fluorescence-
activated cell sorter; FBS, fetal bovine serum; h, hourg,|C
50% of cell death rate; PBS, phosphate-buffered saline; RNase,

ribonuclease.

is chlorogenic acid, the pure flavonoid did not show the same ACKNOWLEDGMENT

effects. However, it has been suggested that the combination
of bioactive compounds and synergistic mechanisms in the fruit

matrix might be responsible for the potent activitid®,(20).
Quercetin and fruit extracts (strawberry and plum) induced a

specific G1 arrest in the cell cycle progression of human LITERATURE CITED
hepatoma HepG2 as a previous step for apoptosis, but the
biochemical mechanism of this blockage remains unknown, and

further studies to clarify the regulation of their cytotoxic action

are necessary. Finally, the reason for the differences among the

pure polyphenols and fruit extracts in the regulation of the

S.R. thanks the Spanish Ministry of Science and Technology
for a Ramoén y Cajal contract.

(1) Gerber, M. The comprehensive approach to diet: A critical
review.J. Nutr.2001,131, 3051S—3055S.

(2) Manson, M. M. Cancer preventiofThe potential for diet to

18.

modulate molecular signalingrends Mol. Med2003,9, 11—



Food-Derived Polyphenols Induce Apoptosis

(3) Middleton, E., Jr.; Kandaswami, C.; Theoharides, T. C. The
effects of plant flavonoids on mammalian cells: Implications
for inflammation, heart disease, and cand&harmacol. Rew.
2000,52, 673—751.

(4) Bravo, L. Polyphenols: Chemistry, dietary sources, metabolism
and nutritional significanceNutr. Re».1998,56, 317—333.

(5) Schewe, T.; Sadik, C.; Klotz, L.-O.; Yoshimoto, T.; Kihn, H.;
Sies, H. Polyphenols of cocoa: Inhibition of mammalian 15-
lipoxygenaseBiol. Chem.2001,382, 1687—1696.

(6) Russo, A.; Acquaviva, R.; Campisi, A.; Sorrenti, V.; Di Giacomo,
C.; Virgata, G.; Barcellona, M. L.; Vanella, A. Bioflavonoids
as antiradicals, antioxidants and DNA cleavage protec@el.
Biol. Toxicol.2000,16, 91-98.

(7) Matito, C.; Mastrorakou, F.; Centelles, J. J.; Torres, J. L,;
Cascante, M. Antiproliferative effect of antioxidant polyphenols
from grape in murine Hepa-1c1cBZur. J. Nutr.2003,42, 43—

49.

(8) Meyers, K. J.; Watkins, C. B.; Pritts, M. P.; Liu, R. H.
Antioxidant and antiproliferative activities of strawberriek.
Agric. Food Chem2003,51, 6887—6892.

(9) Mateos, R.; Goya, L.; Bravo, L. Determination of malondial-
dehyde (MDA) by high-performance liquid chromatography as
the 2,4-dinitrophenylhydrazine derivative. A marker for oxidative
stress in cell cultures of human hepatoma HeplzZhromatogr.

B 2004,805, 33-39.

(10) Sun, J.; Chu, Y. F.; Wu, X.; Liu, R. H. Antioxidant and
antiproliferative activities of common fruitsl. Agric. Food
Chem.2002,50, 7449—7454.

(11) Xue, H.; Aziz, R. M.; Sun, N.; Casady, J. M.; Kamendulis, L.
M.; Xu, Y.; Stoner, G. D.; Klauning, J. E. Inhibition of cellular
transformation by berry extractSarcinogenesi2001, 22, 351—
356.

(12) Watson, W. H.; Cai, J.; Jones, D. P. Diet and apoptdsisu.
Rew. Nutr.2000, 20, 485—505.

(13) Lopaczynski, W.; Zeisel, S. H. Antioxidants, programmed cell
death, and canceNutr. Res.2001,21, 295—307.

(14) Musonda, C. A.; Helsby, N.; Chipman, J. K. Effects of quercetin
on drug metabolizing enzymes and oxidation g7 &lichlorof-
luorescein in HepG2 cell$dum. Exp. Toxicol1997,16, 700—
708.

(15) Feng, Q.; Torii, Y.; Uchida, K.; Nakamura, Y.; Hara, Y.; Osawa,
T. Black tea polyphenols, theaflavins, prevent cellular DNA
damage by inhibiting oxidative stress and suppressing cyto-
chrome P450 1Al in cell cultures. Agric. Food Chem2002,

50, 213—-220.

(16) Bravo, L.; Saura-Calixto, F. Characterization of dietary fiber and
the in vitro indigestible fraction of grape pomaden. J. Enol.
Vitic. 1998,49, 135—141.

(17) Montreau, F. R. Sur le dosage des omposés phénoliques totaux (35) Se

dans le vins par le méthode Folin-Ciocalte&@ann. Vigne Vin.
1972,24, 397—404.

(18) Genaro, A. M.; Hortelano, S.; Alvarez, A.; Martinez, C.; Bgsca
L. Nitric oxide rescues B cells from programmed cell dedth.
Clin. Invest.1995,95, 1884—1890.

(19) Piazza, G. A.; Rahm, A. K.; Finn, T. S.; Fryer, B. H.; Li, H,;
Stouman, A. L.; Pamukcu, R.; Ahnen, D. J. Apoptosis primarily
accounts for the growth-inhibitory properties of sulindac me-
tabolites and involves a mechanism that is independent of
cyclooxigenase inhibition, cell cycle arrest, and p53 induction.
Cancer Res1997,57, 2452—2459.

(20) Manach, C.; Scalbert, A.; Morand, C.fResy, C.; Jiménez, L.
Polyphenols: Food sources and bioavailabiign. J. Clin. Nutr.
2004,79, 727—747.

(21) Yang, G. Y.; Liao, J.; Kim, K.; Yurkow, E. J.; Yang, C. S.
Inhibition of growth and induction of apoptosis in human cancer
cell lines by tea polyphenol€arcinogenesid998,19, 611—
616.

(22) Carnésecchi, S.; Schneider, Y.; Lazarus, S. A.; Coehlo, D.; Gosse
F.; Raul, F. Flavanols and procyanidins of cocoa and chocolate
inhibit growth and polyamine biosynthesis of human colonic
cancer cellsCancer Lett.2002,175, 147—155.

J. Agric. Food Chem., Vol. 53, No. 4, 2005 1279

(23) Yamagishi, M.; Natsume, M.; Osakabe, N.; Nakamura, H.;
Furukawa, F.; Imazawa, T.; Nishikawa, A.; Hirose, M. Effects
of cacao liquor proanthocyanidins on PhIP-induced mutagenesis
in vitro, and in vivo mammary and pancreatic tumorigenesis in
female SpragueDawley rats.Cancer Lett.2002 185 123—
130.

(24) Kosar, M.; Kafkas, E.; Paydas, S.; Can Baser, K. H. Phenolic
composition of strawberry genotypes at different maturation
stagesJ. Agric. Food Chem2004,52, 1586—1589.

(25) Lombardi-Boccia, G.; Lucarini, M.; Lanzi, S.; Aguzzi, A,
Cappelloni, M. Nutrients and antioxidant molecules in yellow
plums (Prunus domestica )Lfrom conventional and organic
productions: A comparative study. Agric. Food Chem2004,

52, 90-94.

(26) Kuo, S. M. Antiproliferative potency of structurally distinct
dietary flavonoids on human colon cancer ceCancer Lett.
1996,110, 41-48.

(27) Chan, M. M.; Fong, D.; Soprano, K. J.; Holmes, W. F,;
Heverling, H. Inhibition of growth and sensitization to cisplatin-
mediated killing of ovarian cancer cells by polyphenolic chemo-
preventive agentsl. Cell Physiol.2003,194, 63-70.

(28) Hakimuddin, F.; Paliyath, G.; Meckling, K. Selective cytotoxicity
of a red grape wine flavonoid fraction against MCF-7 cells.
Breast Cancer Res. Tre&2004,85, 65-79.

(29) Mertens-Talcott, S.; Talcott, S. T.; Percival, S. S. Low concentra-
tions of quercetin and ellagic acid synergistically influence
proliferation, cytotoxicity and apoptosis in MOLT-4 human
leukemia cellsJ. Nutr.2003,133, 2669—2674.

(30) Nguyen, T. T. T.; Tran, E.; Nguyen, T. H.; Do, P. T.; Huynh,
T. H.; Huynh, H. The role of activated MEK-ERK pathway in
guercetin-induced growth inhibition and apoptosis in A549 lung
cancer cellsCarcinogenesi®004,25, 647—659.

(31) Chi, C. W.; Chang, Y. F.; Ou, Y. R.; Hsieh, C. C.; Lui, Y. W.;
Peng, F. K.; Liu, T. Y. Effect of quercetin on the in vitro and in
vivo growth of mouse hepatoma cell®ncol. Res.1997, 4,
1021-1024.

(32) Yang, K.; Lamprecht, S. A.; Liu, Y.; Shinozaki, H.; Fan, K;
Leung, D.; Newmark, H.; Steele, V. E.; Kelloff, G.; Lipkin, M.
Chemoprevention studies of the flavonoids quercetin and rutin
in normal and azoymethane-treated mouse cdamncinogenesis
2000,21, 1655—-1660.

(33) Yu, H. N.; Yin, J. J.; Shen, S. R. Growth inhibition of prostate
cancer cells by epigallocatechin gallate in the presence #f.Cu
J. Agric. Food Chem2004,52, 462—466.

(34) Tan, X.; Hu, D.; Li, S.; Han, Y.; Zhang, Y.; Zhou, D. Differences
of four catechins in cell cycle arrest and induction of apoptosis
in LoVo cells. Cancer Lett.2000,158, 1-6.

eram, N. P.; Zhang, Y.; Nair, M. G. Inhibition of proliferation
of human cancer cells and cyclooxygenase enzymes by antho-
cyanidins and catechinslutr. Cancer2003,46, 101—106.

(36) Zheng, Q.; Hirose, Y.; Yoshimi, N.; Murakami, A.; Koshimizu,
M.; Ohigashi, H.; Sakata, K.; Matsumoto, Y.; Sayama, Y.; Mori,
H. Further investigation of the modifying effect of various
chemopreventive agents on apoptosis and cell proliferation in
human colon cancer cells. Cancer Res. Clin. OncoR002,
128, 539—-546.

(37) Jiang, Y.; Kusama, K.; Satoh, K.; Takayama, E.; Watanabe, S.;
Sakagami, H. Induction of cytoxicity by chlorogenic acid in
human oral tumor cell lineRhytomedicin000,7, 483—491.

(38) Wedge, D. E.; Meepagala, K. M.; Magee, J. B.; Smith, S. H.;
Huang, G.; Larcom, L. L. Anticarcinogenic activity of strawberry,
blueberry, and raspberry extracts to breast and cervical cancer
cells.J. Med. Food2001,4, 49-51.

(39) Chen, M. S.; Chen, D.; Dou, Q. P. Inhibition of proteasome
activity by various fruits and vegetables is associated with cancer
cell death.In Vivo 2004,18, 73-80.

(40) Csokay, B.; Pradja, N.; Weber, G.; Olah, E. Molecular mecha-
nisms in the antiproliferative action of quercetitife Sci.1997,

60, 2157—2163.



1280 J. Agric. Food Chem., Vol. 53, No. 4, 2005

(41) Shi, M.; Wang, F. S.; Wu, Z. Z. Synergetic anticancer effect of
combined quercetin and recombinant adenoviral vector express-
ing human wild-type p53, GM-CSF and B7-1 genes on hepa-
tocellular carcinoma celi® vitro. World J. Gastroentero2003,

9, 73-78.

(42) Lee, J. C.; Kim, J.; Park, J. K.; Chung, G. H.; Jang, Y. S. The
antioxidant, rather than prooxidant, activities of quercetin on
normal cells: Quercetin protects mouse thymocytes from glucose
oxidase-mediated apoptosixp. Cell Res2003,291, 386—
397.

(43) Yoshida, M.; Sakai, T.; Hosokawa, N.; Marui, N.; Matsumoto,
K.; Fujioka, A.; Nishino, H.; Aoike, A. The effect of quercetin
on cell cycle progression and growth of human gastric cancer
cells. FEBS Lett.1990,260, 16-13.

(44) Kaneuchi, M.; Sasaki, M.; Tanaka, Y.; Sakuragi, N.; Fujimoto,
S.; Dahiya, R. Quercetin regulates growth of Ishikawa cells
through the suppression of EGF and cyclin rit. J. Oncol.
2003,22, 159—164.

(45) Ong, C. S.; Tran, E.; Nguyen, T. T.; Ong, C. K,; Lee, S. K,;
Lee, J. J.; Ng, P. P.; Leong, C.; Huynh, H. Quercetin-induced
growth inhibition and cell death in nasopharyngeal carcinoma

Ramos et al.

cells are associated with increase in Bad and hyphosphorylated
retinoblastoma expressior®ncol. Rep2004,11, 727—-733.

(46) Salucci, M.; Stivala, L. A.; Maiani, G.; Bugianesi, R.; Vannini,
V. Flavonoids uptake and their effect on cell cycle on human
colon adenocarcinoma cells (CacoBy. J. Cancer2002, 86,
1645—-1651.

(47) Gupta, S.; Hussain, T.; Mukhtar, H. Molecular pathway fey-(
epigallocatechin-3-gallate-induced cell cycle arrest and apoptosis
of human prostate carcinoma cellrch. Biochem. Biophys.
2003,410, 177—185.

(48) Cao, Y.; Cao, R.; Brakenhielm, E. Antiangiogenic mechanism
of diet-derived polyphenolsl. Nutr. Biochem2002,13, 380—
390.

Received for review June 8, 2004. Revised manuscript received
November 30, 2004. Accepted December 1, 2004. This work was
supported by Grant AGL2000-1314 from the Spanish Ministry of
Science and Technology (CICYT).

JF0490798



