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Witch hazel (Hamamelis virginia) extracts are used in traditional medicine. They are particularly rich
in gallate esters included in proanthocyanidins, hydrolyzable tannins (galloylated sugars), and methyl
gallate. This study examines the response of human colon cancer cells to treatment with fractions
obtained from a witch hazel polyphenolic extract. The results are compared with those obtained
previously with homologous fractions from grape (less galloylated) and pine (nongalloylated). Witch
hazel fractions were the most efficient in inhibiting cell proliferation in HT29 and HCT116 human
colon cancer cell lines, which clearly shows that the more galloylated the fractions, the more effective
they were at inhibiting proliferation of colon cancer cells. Witch hazel fractions were, in addition,
more potent in arresting the cell cycle at the S phase and inducing apoptosis; they also induced a
significant percentage of necrosis. Interestingly, the apoptosis and cell cycle arrest effects induced
were proportional to their galloylation. Moreover, witch hazel fractions with a high degree of galloylation
were also the most effective as scavengers of both hydroxyl and superoxide radicals and in protecting
against DNA damage triggered by the hydroxyl radical system. These findings provide a better
understanding of the structure-bioactivity relationships of polyphenolics, which should be of assistance
in choosing an appropriate source and preparing a rational design for formulations of plant polyphenols
in nutritional supplements.
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INTRODUCTION

Several phytochemicals (e.g., polyphenols) found in plants
exert antioxidant and anticancer activities, including cell cycle
arrest and induction of apoptosis in cancer cells (1, 2). Interest
in plants as a source of bioactive compounds such as (-)-
epigallocatechin-3-gallate (EGCG), (-)-epigallocatechin (EGC),
(-)-epicatechin (EC), and (+)-catechin (C) has recently in-
creased. Some of these polyphenols can be found in green tea

(Camellia sinensis), grape (Vitis Vinifera), pine (Pinus pinaster),
and witch hazel (Hamamelis Virginiana) (3-6).

Plant polyphenols are natural antioxidants, and most of their
pharmacological properties are understood to be based on their
antioxidant capacity (7). This capacity is also generally con-
sidered to be linked to the scavenging of endogenously generated
oxygen radicals or exogenous radicals produced by radiation
or exposure to certain xenobiotics (8). A particularly valuable
effect attributed to polyphenolics is their capacity to prevent
oxidative DNA damage.

It has been suggested that EGCG, which is a galloylated
compound and the major biologically active component of green
tea, is associated with reduced risk of cancer through its pro-
oxidant property (9). This anticancer effect has been linked to
inhibition of cell growth, deregulation of cell cycle, and
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apoptosis induction (10-12). Moreover, other related com-
pounds such as epicatechin, trans-resveratrol, and gallic acids
have been described as antioxidant protectors in intestinal model
systems (13). The influence of the polyphenolic structure on
antioxidant activity, protective capacity, and, particularly, the
mechanism of action remains open to debate, and further studies
are required. It has been observed that polymerization and
galloylation may render polyphenolics more or less reactive and
bioavailable (14, 15).

It is usually argued that the extent of the potency of
polyphenols in vivo is dependent on their metabolization and
therefore their absorption (16). Some but not all polyphenols
can be extensively degraded, metabolized, and absorbed through
the gastrointestinal tract by several chemical reactions, but their
final uptake is sometimes incomplete and their plasma and body
levels are low (16). Indeed, there are several studies that
demonstrate the presence of intact polyphenols in the gas-
trointestinal tract and suggest their importance as antioxidants,
producing health-promoting activities in the colon (17, 18). The
gallate esters are more stable than the simple catechins upon
metabolization (19) and may be more bioavailable in the colon.
Gallates have been reported to inhibit cell growth, trigger cell
cycle arrest in tumor cell lines, and induce apoptosis (20). These
chemical properties may be useful indicators for evaluating the
potential of polyphenolic fractions for colon cancer prevention
or treatment and the degree of polymerization related to the
bioavailability in the colon.

For the present study we evaluated the inhibition of cell
growth by witch hazel fractions on colorectal adenocarcinoma
HT29 cells and the effect of those fractions on the cell cycle
and induction of apoptosis through FACS analysis. Furthermore,
we analyzed the properties of witch hazel fractions as scavengers
of hydroxyl and superoxide radicals by ESR. We also compared
the results obtained for the highly galloylated fractions from
witch hazel with those from grape and pine. All of the fractions
from the three sources (witch hazel, grape, and pine) were
extracted using the same chemical procedures but differ in terms
of gallate ester content (high, medium, and nil, respectively)
and polymerization. All of the fractions were evaluated as
protective agents against DNA damage through the measurement
of 8-oxo-dG by HPLC. The results may help to clarify the role
played by polyphenols from different sources and the relation-
ship between structure and inhibition of cell proliferation,
scavenger capacity, and DNA protection processes.

EXPERIMENTAL PROCEDURES

Materials. Dubelcco’s Modified Eagle’s Medium (DMEM) and
Dubelcco’s phosphate buffer saline (PBS) were obtained from Sigma

Chemical Co (St. Louis, MO), antibiotics (10000 units/mL penicillin,
10000 µg/mL streptomycin) were from Gibco-BRL (Eggenstein,
Germany), and fetal calf serum (FCS) was from Invitrogen (Carlsbad,
CA). Trypsin EDTA solution C (0.05% trypsin-0.02% EDTA) was
purchased from Biological Industries (Kibbutz Beit Haemet, Israel).
3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), propidium iodide (PI), and Igepal CA-
630 were obtained from Sigma Chemical Co. NADH disodium salt
(grade I) was supplied by Boehringer (Mannheim, Germany). RNase
and agarose MP were obtained from Roche Diagnostics (Mannheim,
Germany). Iron(II) sulfate heptahydrated was obtained from Merck
(Darmstadt, Germany), R,R,R-Tris(hydroxymethyl)aminomethane was
from Aldrich-Chemie (Steinheim, Germany) and moviol from Calbio-
chem (La Jolla, CA). Annexin V/FITC kit was obtained from Bender
System (Vienna, Austria). The Realpure DNA extraction kit, including
proteinase K, was obtained from Durviz S.L (Paterna, Spain). Blue/
Orange loading dye and 1 kb DNA ladder were purchased from
Promega (Madison, WI). 5,5-Dimethyl-1-pyrolline N-oxide (DMPO),
hydrogen peroxide, phenazine methosulfate (PMS), and Hoescht were
obtained from Sigma. DMPO was further purified by charcoal treatment.
Salmon sperm DNA 2′-deoxyguanosine (dG) was obtained from
Sigma.

Fractions. The polyphenolic fractions were obtained previously in
our laboratories (4-6) and contain mainly monomeric catechins and
procyanidins (OWG and OWP from grape and pine, respectively),
which are soluble in both ethyl acetate and water. OWH from witch
hazel contains mixtures of monomeric catechins, proanthocyanidins
(procyanidins + prodelphinidins), and gallotannins (hydrolyzable
tannins). The fractions derived from the extracts OWH, OWG, and
OWP were generated by a combination of preparative reversed-phase
high-performance liquid chromatography and semipreparative chro-
matography on Toyopearl TSK HW-40F (TosoHass, Tokyo, Japan),
which separated the components by size and hydrophobicity. The
phenolics were eluted from the latter column with MeOH (fractions
VG and VP) and water/acetone 1:1 (fractions VIIIH, IVH, VH, VIIIG,
IVG, VG, VIIIP, IVP, and V), evaporated almost to dryness, redissolved
in Milli-Q water, and freeze-dried. The third to sixth columns in Table
1 show the average chemical compositions of the fractions. Witch hazel
fractions contain mainly small proanthocyanidins (monomers and
dimers) so their mDPs are around 1 or 2. The composition of the
fractions was estimated as previously described (4-6). Condensed
tannins represented in Figure 1 (monomeric catechins and proantho-
cyanidins) were estimated by thioacidolytic depolymerization and HPLC
analysis of the cleaved units, and hydrolyzable tannins represented in
Figure 2 (HT, hamamelitannin, gallic acid, methyl gallate, and
pentagalloylglucose) were determined directly from the fractions by
HPLC and standards.

Cell Culture. Human colorectal adenocarcinoma HT29 cells (ATCC
HTB-38) and HCT116 cells (ATCC CCL-247) were used in all
experiments. HT29 and HCT116 cells were maintained in monolayer
culture in an incubator with 95% humidity and 5% CO2 at 37 °C. HT29

Table 1. Polyphenolic Composition of Witch Hazel, Grape, and Pine Extracts and Growth Inhibition Potency on HT29 and HCT116 Cells

plant source fraction % CTa mDPb % HTc % Gb HT29 IC50
d (µg/mL) HCT116 IC50

d (µg/mL)

witch hazel VIIIH 4 1.1 96 97 35 ( 2 22 ( 2
IVH 63 1.6 37 52 21 ( 2 36 ( 2
VH 79 1 21 16 25 ( 2 27 ( 3

grape VIIIG >99 3.4 0 34 64 ( 4a 73 ( 4
IVG >99 2.7 0 25 59 ( 3a 82 ( 5
VG >99 1 0 0 119 ( 6a 122 ( 5

pine VIIIP >99 3 0 0 108 ( 5a 128 ( 6
IVP >99 2.9 0 0 106 ( 5a 128 ( 4
VP >99 1 0 0 422 ( 4a 447 ( 4

a CT, condensed tannins: monomeric catechins and proanthocyanidins; molar percentage. b mDP (mean degree of polymerization) refers only to condensed tannins. %
G (percentage of galloylation) adds up the contributions of both condensed and hydrolyzable tannins. mDP and %G from refs 4-6. c HT, hydrolyzable tannins (hamamelitannin,
gallic acid, methyl gallate and pentagalloylglucose); molar percentage estimated by HPLC and standards. d IC50 of grape and pine in HT29 from ref 14.
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and HCT116 cells were passaged at preconfluent densities using
trypsin-EDTA solution C. Cells were cultured and passaged in DMEM
supplemented with 10% heat-inactivated fetal calf serum and 0.1%
streptomycin/penicillin.

Cell Growth Inhibition. HT29 and HCT116 were seeded at densities
of 3 × 103 and 1.7 × 103 cells/well, respectively, in 96-well flat-bottom
plates. After 24 h of incubation at 37 °C, the polyphenolic fractions
were added to the cells at different concentrations from 5 to 2300 µM
in fresh medium. The culture was incubated for 72 h, after which the
medium was removed and 50 µL of MTT (5 mg/mL in PBS) with 50
µL of fresh medium was added to each well and incubated for 1 h.
The blue MTT formazan precipitated was dissolved in 100 µL of
DMSO, and the absorbance values at 550 nm were measured on an
ELISA plate reader (Tecan Sunrise MR20-301, TECAN, Salzburg,
Austria). Absorbance was proportional to the number of living cells.
The growth inhibition concentrations that caused 50% (IC50) and 80%
(IC80) cell growth inhibition were calculated using Grafit 3.0 software.
The assay was performed using a variation of the MTT assay described
by Mosmann (21).

Cell Cycle Analysis. The assay was carried out using flow cytometry
with a fluorescence-activated cell sorter (FACS). HT29 cells were plated
in 6-well flat-bottom plates at a density of 87.3 × 103 cells/well. The
number of cells was determined by cells/area well, as used in the cell

growth inhibition assay. The culture was incubated for 72 h in the
absence or presence of the polyphenolic fractions at their respective
IC50 values. Cells were then trypsinized, pelleted by centrifugation, and
stained in Tris-buffered saline (TBS) containing 50 µg/mL PI, 10 µg/
mL RNase free of DNase, and 0.1% Igepal CA-630 in the dark for 1 h
at 4 °C. Cell cycle analysis was performed by FACS (Epics XL flow
cytometer, Coulter Corp., Hialeah, FL) at 488 nm (22).

Apoptosis Analysis by FAC. Annexin V-FITC and propidium iodide
staining were measured by FACS. Cells were seeded, treated, and
collected as described in the previous section. Following centrifugation,
cells were washed in binding buffer (10 mM Hepes, pH 7.4, 140 mM
sodium chloride, 2.5 mM calcium chloride) and resuspended in the
same buffer. Annexin V-FITC was added using the Annexin V-FITC
kit. Following 30 min of incubation at room temperature and in the
dark, propidium iodide (PI) was added 1 min before the FACS analysis
at 20 µg/mL.

HPLC-ECD for Measuring 8-Oxo-dg. HPLC-ECD of 8-oxo-dG
was based on a method described previously (23). Salmon DNA (1
mg/mL) was incubated as blank with Milli-Q water. The positive control
of the experiment was performed using salmon DNA (1 mg/mL)
incubated with Milli-Q water, 1 µM FeSO4, and 250 µM H2O2,
generating the hydroxyl radical system that induced the DNA lesion
(8-oxo-dG), as a marker of oxidative damage. To assay the protection

Figure 1. Structures of condensed tannins in H. virginiana bark extract. Figure 2. Structures of hydrolyzable tannins and methyl gallate in H.
virginiana bark extract.
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capacity of the fractions in the induction of 8-oxo-dG, the witch hazel,
grape, and pine fractions (VIIIH, IVH, VH, VIIIG, IVG, VG, VIIIP,
IVP, and VP) were preincubated at 10, 25, 50, and 100 µM. In all
samples the incubation time was 10 min at room temperature, and then
the hydroxyl radical systems were generated to simulate the oxidative
stress exposure; samples were incubated for 30 min at 37 °C, and the
reaction was stopped with a 1/30 volume of 0.5 M NaAc. After that,
DNA was digested into deoxyribonucleosides by treatment with
nuclease P1 (0.02 unit/mL) and alkaline phosphatase (0.014 unit/mL)
as was previously described (23). To minimize the possible induction
of 8-oxo-dG during DNA handling, 10 mM 2,2,6,6-tetramethylpiperi-
dine-1-oxide (TEMPO) was added to all solutions. The digest was then
injected into a Gynkotek 480 isocratic pump (Gynkotek, Bremen,
Germany) coupled with a Midas injector (Spark Holland, Hendrik Ido
Ambacht, The Netherlands) and connected to a Supelcosil LC-18S
column (250 × 4.6 mm) (Supelco Park, Bellefonte, PA) and a Decade
electrochemical detector (Antec, Leiden, The Netherlands). The mobile
phase consisted of 10% aqueous methanol containing 94 mM KH2PO4,
13 mM K2HPO4, 26 mM NaCl, and 0.5 mM EDTA. Elution was
performed at a flow rate of 1.0 mL/min with a lower detection limit of
40 fmol absolute for 8-oxo-dG or 1.5 residues/106 2′-deoxyguanosine
(dG). 8-Oxo-dG was detected at a potential of 850 mV, and dG was
simultaneously monitored at 260 nm. Results are expressed as percent-
ages of the ratios of 8-oxo-dG to dG, relative to control ratios.

Electron Spin Resonance Spectroscopy. ESR measurements were
performed at concentrations that caused 50% cell growth inhibition
(IC50). Fifty micromolar witch hazel fractions (VIIIH, IVH, and VH)
were then compared with grape and pine fractions (VIIIG, IVG, VG,
VIIIP, IVP, and VP). The molar concentrations of the fractions were
calculated using the mean molecular masses estimated from the fraction
compositions in Table 1. The mean molecular masses of the condensed
tannins were estimated by thiolysis with cysteamine, as described in
ref 24. •OH and O2

•- formation was detected by ESR spectroscopy
using DMPO (100 mM) as a spin trap. ESR spectra were recorded at
room temperature in glass capillaries (100 µL, Brand AG Wertheim,
Germany) on a Bruker EMX 1273 spectrometer equipped with an ER
4119HS high-sensitivity cavity and 12 kW power supply operating at
X-band frequencies. The modulation frequency of the spectrometer was
100 kHz. Instrumental conditions for the recorded spectra were as
follows: magnetic field, 3490 G; scan range, 60 G; modulation
amplitude, 1 G; receiver gain, 1 × 105; microwave frequency, 9.85
GHz; power, 50 mW; time constant, 40.96 ms; scan time, 20.97 s;
number of scans, 25. Spectra were quantified by peak surface
measurements using the WIN-EPR spectrum manipulation program
(Bruker, Karlsruhe, Germany).

All incubations were done at room temperature; the hydroxyl radical
generation system used 500 µM FeSO4 and 550 µM H2O2, and hydroxyl
radicals generated in this system were trapped by DMPO, forming a
spin adduct detected by the ESR spectrometer. The typical 1:2:2:1 ESR
signal of DMPO•-OH was observed. The superoxide radical generation
system using 50 µM of the reduced form of �-nicotinamide adenine
dinucleotide (NADH) and 3.3 µM phenazine methosulfate (PMS), and
the superoxide radicals generated in this system were trapped by DMPO,
forming a spin adduct detected by the ESR spectrometer. The typical
ESR signal of DMPO•-OOH/ DMPO•-OH was observed. The •OH
and O2

•- scavenging activity was calculated on the basis of decreases
in the DMPO•-OH or DMPO•-OOH/ DMPO•-OH signals, respec-
tively, in which the coupling constant for DMPO•-OH was 14.9 G.

Data Presentation and Statistical Analysis. Assays were analyzed
using Student’s t test and were considered to be statistically significant
at / ) P < 0.05 and // ) P < 0.001. Data shown were representative
of three independent experiments, with the exception of ESR experi-
ments that were performed in duplicate. ESR experiments were analyzed
separately by radicals, two-way ANOVA was applied (day was a block
factor; due to the nonsignificant effect of the day factor, we have
reanalyzed with a one-way ANOVA), and finally multicomparison was
done between compounds with respect to the control. ANOVA with
Bonferroni and Scheffe posthoc tests was performed in ESR experiments.

RESULTS

Growth Inhibition Capacity. Table 1 shows that witch hazel
fractions containing highly galloylated tannins (VIIIH and IVH)
dose-dependently reduced the proliferation of the carcinoma cell
lines HT29 and HCT116 with IC50 average values of ap-
proximately 28 and 29 µg/mL, respectively, whereas the IC50

of fraction VH containing around 16% of galloylation was
effective in almost the same order (25 and 27 µg/mL, respec-
tively). It can also be observed that grape polyphenolic fractions
VIIIG and IVG obtained by the same extraction procedure as
witch hazel fractions VIIIH and IVH have a percentage of
galloylation of around 30% (approximately half or one-third
that of the witch hazel fractions). On HT29 and HCT116, VIIIG
and IVG showed IC50 values of around 61 and 77 µg/mL,
respectively. Those concentrations were approximately double
those of the homologous VIIIH and IVH witch hazel fractions
required to exert the same cell growth inhibition on these cells.
Moreover, for both cell lines IC50 of grape fraction VG was
higher (119 and 122 µg/mL, respectively). Pine fractions VIIIP
and IVP required a concentration almost 4 times higher than
their homologues from witch hazel to exert the same effect in
HT29 and HCT116 cells. In addition, the IC50 for fraction VP
was almost 16 times higher than its counterpart from witch
hazel. As pine fractions are not galloylated and grape fractions
show almost half the galloylation of witch hazel fractions, we
conclude that the more galloylated fractions are much more
efficient than the less galloylated fractions in inhibiting colon
carcinoma cell proliferation. This effect might also be modulated
by the degree of polymerization of some components of the
fractions (e.g., proanthocyanidins). Among monomers, those
from witch hazel (galloylated) were more efficient than the less
galloylated grape and pine counterparts. The results show that
the more galloylated the fractions, the more effective they are
at inhibiting proliferation of colon cells. These results confirm
that galloylation enhances the antiproliferative capacity of
polyphenolic fractions and indicate that natural polyphenolic
fractions with a high degree of galloylation are more suitable
as potential antitumoral agents than those containing no gal-
loylation. This might be due to an enhanced electron transfer
capacity (each gallate moiety provides three electrons) or a more
specific activity attributed to the gallate group and not to other
phenolic moieties.

Cell Cycle Analysis. The growth inhibition capacity of the
fractions in HT29 and HCT116 from colon cancer followed
almost the same pattern. We examined the effects of witch hazel
fractions on the cell cycle at concentrations equal to their IC50

values in HT29 colon cancer cells. Cells were treated with each
fraction for 72 h and then analyzed by FACS cytometer (Figure
3). The cell cycle distribution pattern induced after witch hazel
polyphenolic treatments showed that, at IC50, fraction VIIIH
induced a significant decrease in G1 phase with respect to the
control. In addition, the three fractions induced significant
increases in S phase; interestingly, this induction was propor-
tional to their percentage of galloylation. In phase G2 a
significant decrease was induced by VIIIH. The most galloylated
fraction (VIIIH) was the one that induced more deregulation in
all stages of cell cycle in HT29 cells.

Apoptosis Induction. HT29 cell incubations with witch hazel
polyphenolic fractions were performed at concentrations de-
scribed under Materials and Methods. As shown in Figure 4,
at IC50 concentrations, the witch hazel polyphenolic fractions
VIIIH and IVH induced significant percentages of early apop-
tosis in HT29 cells as measured by FACS analysis. In addition,
the three fractions (VIIIH, IVH, and VH) induced significant
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percentages in early/late apoptosis. Interestingly, this effect is
proportional to their galloylation percentage. Fractions VIIIH
and IVH also induced a significant percentage of necrosis, which
could be due to a prooxidant effect at that concentration (25).
This effect has also been observed for different polyphenolic
compounds such as EGCG in HT29 and other tumoral
cells (26, 27).

Protection Exerted by the Fractions against DNA Oxida-
tive Damage. To evaluate the protective capacity of phenolics
of different origins and compositions against DNA oxidative
damage, salmon DNA incubation with fractions VIIIH, IVH,
VH, VIIIG, IVG, VG, VIIIP, IVP, and VP was performed at
10, 25, 50, and 100 µM as described under Materials and
Methods. Cells were preincubated with the fractions and
thereafter exposed to a hydroxyl radical system. As shown in
Figure 5, VIIIH, IVH, VIIIG, IVG, VIIIP, and IVP induced a
dose-dependent protection against the hydroxyl radical, as given
by the amount of the oxidative marker 7,8-dihydro-8-oxo-2′-
deoxyguanosine (8-oxo-dg) (28) compared with the levels in
2′-deoxyguanosine (dG) of the cells. Low dose effects from
fractions IVG, VIIIP, and IVP could be due to an interaction
between polyphenols and traces of iron, which results in more
radical-induced oxidative DNA damage in a hydroxyl radical
generating system. A reasonable explanation for this phenom-
enon is that green tea polyphenols and flavonoids have metal-
chelating properties combined with DNA-binding properties,

thereby promoting hydroxyl radical production closely associ-
ated with the DNA (29). The dose-dependent decreases in the
8-oxo-dG to dG ratios indicate the efficiency of the fractions
in protecting DNA from damage. The same DNA protection
pattern has been observed for all of the fractions, with the witch
hazel fractions providing the highest level of protection,
followed by the grape fractions and finally by pine fractions
(Figure 5). This property has recently been related to the
antioxidant capacity exerted by several polyphenolic compounds.
The monomeric fractions from witch hazel, grape, and pine (VH,
VG, and VP) did not exert a protective effect (data not shown);
this may be due to the concentration used in this assay.
Moreover, to detect whether witch hazel fractions are also
scavengers of the hydroxyl radical system, the scavenging
capacity of the fractions was assayed by ESR.

Oxygen Radical Scavenging Activity As Detected by ESR
Spectroscopy. The next set of experiments used ESR spectros-
copy to test the radical scavenging capacity of the fractions
against different biologically significant potentially harmful
radicals. The results show that the VIIIH, IVH, VIIIG, IVG,
VIIIP, and IVP, which were the most effective in antiprolif-
erative assays on HT29 cells, were also the most efficient as
hydroxyl radical and superoxide scavengers at 50 µM (Figure
6A). Fraction VIIIH was the most potent radical scavenger,
followed by IVH, grape fractions VIIIG and IVG, and finally
the pine fractions VIIIP and IVP. The same order of efficiency
was also observed in the cell cycle arrest and induction of
apoptosis observed in the present study and in our previous paper
on grape and pine fractions (14). When fractions were tested at
their respective IC50 (Figure 6B), witch hazel phenolics were
less effective as hydroxyl scavengers than grape and pine
fractions. The same radical scavenging was observed on the
superoxide anion radical system. This may be due to the low
concentration used. At 50 µM, VH, VG, and VP (Figure 6A)
were efficient hydroxyl scavengers; the fraction VH was the
most effective, followed by VG fraction and VP fraction. These
monomers did not show significant activity as superoxide anion
radical scavengers. Again, the different order of efficacies as
hydroxyl scavenger observed at their IC50 (Figure 6B) for VH,
VG, and VP may be attributed to the high concentrations used
for monomers VG and VP (119 ( 6 and 422 ( 4 µg/mL,
respectively) as opposed to the low concentration used for VH
(25 µg/mL). In any case, VH from witch hazel was clearly more
effective than VG and VP from grape and pine on the superoxide
anion radical system.

Figure 3. Cell cycle analysis of HT29 cells treated with witch hazel
polyphenolic fractions at their respective grape IC50 concentrations.
Percentages of cells are shown in the different cell stages. Cell phases
analyzed were G1, S, and G2 (% cells ( SEM; /, p < 0.05; //, p <
0.001). Experiments were performed in triplicate.

Figure 4. Apoptosis was induced in HT29 tumor cells. HT29 cells were
treated with witch hazel polyphenolic fractions at their respective IC50

concentrations. Percentages of cells are shown in different cell stages
(on the x-axis) (% cells ( SEM; /, p < 0.05; //, p < 0.001). Experiments
were performed in triplicate.

Figure 5. Witch hazel oligomeric fractions induced protection against DNA
damage in the hydroxyl radical system. Percentages of protection produced
at different fractions concentrations [concentrations (µM) shown on the
x-axis] are shown (% protection ( SEM). Experiments were performed
in triplicate.
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DISCUSSION

The present study shows that significant differences in the
inhibition of cell growth in HT29 and HCT116 cells brought
about by phenolics of different origins (fractions VIIIH, IVH,
VH, VIIIG, IVG, VG, VIIIP, IVP, and VP) may be related to
the structural properties of their components, mainly the
percentage of galloylation and perhaps the degree of polymer-
ization. Witch hazel fractions VIIIH, IVH, and VH were more
effective than VIIIG, IVG, VG, VIIIP, IVP, and VP from grape
and pine (Table 1). The same differences were observed in cell
cycle deregulation and apoptosis induction on HT29 cells, the
protective activity against DNA damage by oxidative stress, and
the free radical scavenging capacities at the same concentration
(50 µM). Galloylation appears to play an important role in the
inhibition of cell growth. Even with monomers, galloylated VH
was more potent than nongalloylated VG and VP. Fraction
VIIIH was the most potent cell cycle deregulator, inducing
significant changes in cell percentages of all the phases of the
cell cycle. This fraction was also the most effective scavenger
among those tested. Because the increases of cell percentages
on the S phase of the cell cycle were proportional to their
galloylation, this structural feature appears to be clearly
significant for the explanation of the activity of phenolics, in
accordance with our previous studies (14, 15). This highly
galloylated fraction was also the most active apoptotic inducer
and best free radical scavenger. The cell cycle arrest in the S
phase observed for the three witch hazel fractions tested might
be triggered by a change in the intracellular redox balance.
Perturbations of the intracellular redox signals may block
proliferation of tumor cells. It has been observed that cell
membrane potentials change in response to H2O2 depending on
the cell cycle phase. Intracellular ROS are particularly high in
the S phase (30). Therefore, the cell cycle arrest induced by
witch hazel fractions may be explained by their ROS scavenger
capacity. Witch hazel fractions may block the cell cycle of HT29

cells in the S phase by scavenging ROS, with subsequent
inhibition of DNA synthesis.

Because each gallate moiety provides three hydroxyl groups,
galloylation clearly enhances the scavenger capacity of the
fractions. Interestingly, galloylation also enhanced the induction
of apoptosis and necrosis on HT29 cells. Fractions VIIIH and
IVH induced both effects, whereas VH induced only some
apoptosis. In this assay VIIIH also was the most active fraction,
inducing around 13% of apoptosis and 11% of necrosis. The
latter may be due to a pro-oxidant effect. This pro-oxidant effect
of some polyphenolic fractions has been extensively discussed
in the literature, where it has been described as a protective
mechanism by up-regulation of genes implicated in the intra-
cellular defense and biotransformation of xenobiotics such as
enzymes of phases I and II (31).

There is a clear relationship between high galloylation
percentages with low IC50, cell cycle deregulation, apoptosis-
necrosis induction, and scavenging capacity. Witch hazel
fractions, which are heavily galloylated (Table 1), were more
potent scavengers than grape and pine fractions in the two
radical generation systems (hydroxyl and superoxide) at 50 µM.
This is due to the presence of pyrogallol moieties (three adjacent
phenolic groups) in the form of gallates from both condensed
and hydrolyzable tannins and gallocatechins (pyrogallol moieties
in the condensed ring of proanthocyanidins). The main hydro-
lyzable tannins in the fractions are hamamelitannin (2′,5′-di-
O-galloyl hamamelose) and pentagalloyl glucose (6), included
in Table 1 under HT. Moreover, witch hazel is a source of
gallocatechins such as pyrogallol-containing epigallocatechin
gallate (EGC), whereas grape and pine are mainly composed
of epicatechin (EC) units. These structural features make witch
hazel fractions effective electron donors (6). This could be
behind the alleged pro-oxidant effect of some polyphenols. In
fact, ROS may be formed by phenolics through one-electron
reductions of molecular oxygen (O2) to form the superoxide
radical, which is primarily responsible for the cytotoxic effects

Figure 6. Scavenging activity of OH• and O2
•- analyzed by ESR. Witch hazel, grape, and pine fractions were evaluated at (A) 50 µM and (B) IC50

concentration in HT29 cells in hydroxyl radical and superoxide anion radical generating systems, described under Experimental Procedures. Experiments
were performed in duplicate (/, p < 0.05; //, p < 0.001). Data from grape and pine are from ref 18.
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observed in aerobic organisms (32, 33). It has been observed
that several pyrogallol-containing polyphenols, such as EGCG
from green tea, exert their chemotherapeutical properties by
modulating the cellular redox system on cells, including the
production of reactive oxygen species, and influence glutathione
metabolism and lipid peroxidation in different subcellular
compartments (9). Moreover, it has been observed that
antioxidant-prooxidant properties of ECGC are dose-response
dependent (34). The redox states of polyphenolic flavonoids
appear to influence their ability to induce oxidative molecular
damage or antioxidant protective action (35). Nowadays, many
natural polyphenolic extracts are commercialized, so it is crucial
to increase knowledge of the polyphenolic structures within the
extracts, the relationship with their putative antioxidant protec-
tive activity, and their mechanisms of action. The results
presented here should be useful for a better understanding of
structure-bioactivity relationships of polyphenolics, which
should be of assistance in choosing an adequate source and a
rational design for formulations of plant polyphenols in nutri-
tional supplements and as chemotherapy in cancer.
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