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Abstract

Little is known about the potentially chemopreventive mechanisms of anthocyanins apart from their antioxidant activity. We
investigated the in vitro capacity of the anthocyanin cyanidin-3-O-B-glucopyranoside (Cy-g) to induce apoptosis in T-lymphoblastoid,
as well as apoptosis and differentiation in HL-60 promyelocytic cells. Although Cy-g-induced apoptosis (as well as necrosis) in the two
systems, HL-60 cells were much less sensitive than T-lymphoblastoid cells. Moreover, treatment of HL-60 cells with Cy-g caused
differentiation into macrophage-like cells and granulocytes. Concerning the mechanism of action, the induction of apoptosis in Jurkat T
cells can be explained by a modulation of p53 and bax protein expression. At the molecular level, the induction of apoptosis and
cytodifferentiation in HL-60 cells involved different proteins, thus suggesting that the effects of Cy-g on apoptosis and cytodifferentiation
induction are two distinct events. These interesting biological properties should encourage further investigation into the chemopreventive

and/or chemotherapeutic potential of Cy-g.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Uncontrolled imbalances between cell proliferation and
physiological cell death (apoptosis) and between cell pro-
liferation and differentiation can lead to development of
malignant clones. Differentiation of malignant/premalig-
nant cells into more mature or normal-like cells, and
apoptosis during multi-step carcinogenesis are theoretically
amenable to preventive cancer intervention. Thus, com-
pounds capable of inducing differentiation or apoptosis are
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candidate cancer chemopreventive and/or chemotherapeu-
tic agents [1,2].

Hundreds of compounds, selected drugs, and naturally
occurring compounds have been identified as potential
chemopreventive agents. Anthocyanins are the largest
group of pigments present in many berries, in dark grapes,
cabbages and other pigmented foods, plants, and vege-
tables. They can be found to be absorbed unmodified from
the diet [3] and to be incorporated in cell cultures, both in
the plasma membrane and in the cytosol [4]. They exert
antioxidant activities, which could help explain their anti-
atherosclerotic [5], anti-carcinogenic [6], and anti-inflam-
matory [7] properties. Cyanidin-3-0-B-glucopyranoside
(Cy-g), the main anthocyanin present in juice of pigmen-
ted oranges, has been reported as one of the most effective
antioxidants [8—11]. It acts as a real antioxidant, and not
as a simple metal-chelating compound, because of its
peculiar redox potential [12]. Its antioxidant activity is
greater than that of resveratrol and ascorbic acid [12],
two of most active natural antioxidants. However, little is
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currently known regarding the potentially chemopreven-
tive mechanisms of anthocyanins apart from their anti-
oxidant activity.

The present study was designed to expand our knowl-
edge of the potential chemopreventive (and chemothera-
peutic) properties of Cy-g. We investigated the potential
activity of Cy-g in parallel on two human leukemia cell
lines: human lymphoblastoid Jurkat T cells and HL-60
promyelocytic cells. These cell lines represent two differ-
ent models of leukemia: Jurkat is a non-tumorigenic
T-lymphoblastoid cell line, whereas HL-60 is a tumori-
genic promyelocytic cell line, that consists predominantly
of promyelocytes and can be induced to terminally differ-
entiated toward granulocytes and/or macrophages. More-
over, Jurkat and HL-60 cells harbor defective [13] and no
pS3 [14], respectively. These characteristics could mod-
ulate the responsiveness of Jurkat and HL-60 cells to
potential chemopreventive agents, such as Cy-g, as the
status of the tumor suppressor p53 has emerged as a key
determinant in this context.

2. Materials and methods
2.1. Chemicals

Cy-g (CAS registry number 7084-24-4) was kindly
offered by Professor G. Galvano (Department of Chemical
Sciences, University of Catania, Italy). Structure formula is
reported in Fig. 1. The purity of Cy-g was more than 97%.
Cy-g was dissolved in sterile water acidified (pH 3) with
HCI1 0.1 N. The solutions were stocked in a dark camera at
0—4 °C. The concentrations of Cy-g used were from 3.1 to
200.0 pg/ml of cell suspension. The treatment of cultures
with Cy-g did not modify the pH of cultures (data not
shown).

2.2. Cells and in vitro culture conditions

The human promyelocytic leukemia cell line HL-60 was
obtained from the Istituto Zooprofilattico of Brescia, Italy.
Cells were grown in Roswell Park Memorial Institute
(RPMI) supplemented with 20% heat-inactivated fetal
bovine serum (Sigma), 1% penicillin/streptomycin solu-
tion (Sigma), and 1% glutamine solution 200 mM (Sigma).
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Fig. 1. Cy-g’s structure formula.

To reduce spontaneous differentiation, cells were never
allowed to exceed the concentration of 1.0 x 10° cells/ml.

Jurkat T-leukemia cells were generously provided by
Dr. Michael Niisse (GSG-Flow Cytometry Group, Neuher-
berg, Germany). Cells were grown in RPMI supplemented
with 10% heat-inactivated fetal bovine serum and 1%
glutamine 200 mM with addiction of 1% penicillin/strep-
tomycin solution. To maintain exponential growth,
the cultures were divided every third day by dilution to
a concentration of 1.0 x 10° cells/ml.

2.3. Cytotoxicity test

Viability was determined using trypan blue dye-exclu-
sion test, which distinguishes viable and non-viable cells.
Jurkat and HL-60 cells were treated with various concen-
trations of Cy-g for 24 and 30 h, respectively (i.e. the
exposure times correspond to the length of the cell-cycle).
Cell concentrations were measured by counting trypan
blue-excluding cells. Results were calculated as viable
cells in Cy-g-treated cultures relative to control. Inhibitory
concentration causing cell toxicity by 50% following one
cell-cycle exposure (i.e. ICsp) was calculated by interpola-
tion from dose-response curves.

2.4. Flow cytometry

Flow cytometry was performed using a FACStar™ flow
cytometer (Becton Dickinson) equipped with an argon laser
(Innova 90; Coherent Radiation) operating at 488 nm
(500 mW) for excitation of propidium iodide and fluores-
cein isothiocyanate.

2.5. Evaluation of apoptosis and necrosis by flow
cytometry

Cells of exponentially growing cultures were collected
at a time corresponding to one cell-cycle (24 h for Jurkat T
cells, 30 h for HL-60 cells). Since apoptosis death is a
feature of normal terminally differentiated cells [15], an
additional time-point (8 h) was chosen for HL-60 cells in
order to discriminate between apoptosis as a primary effect
of Cy-g and apoptosis as a consequence of terminal
differentiation by Cy-g. Aliquots of 0.5 x 10° cells were
centrifuged (100 x g) for 5 min and washed with PBS. The
cell pellet was resuspended in 100 pl of labeling solution
(ANNEXIN-V-FLUQOS; Boehringer Mannheim) contain-
ing 2 pl Annexin V labeling reagent and 0.1 pg propidium
iodide (Sigma) and incubated for 10—15 min, as per man-
ufacturer’s instructions. Immediately after adding 0.1 ml of
incubation buffer (10 mM HEPES/NaOH, 140 mM NaCl,
5 mM CaCl,), green (Annexin V-fluorescein isothiocya-
nate), and red (propidium iodide uptake) fluorescence of
individual cells were measured with a FACStar™ flow
cytometer, using 488 nm excitation and a 530 nm bandpass
filter for fluorescein isothiocyanate detection and a filter
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>590 nm for propidium iodide detection. Hence, it
is possible to detect non-apoptotic live cells (Annexin
VgV propidium  iodide™Y®),  early  apoptotic
cells (Annexin VPO'"“_propidium iodide™""¥®), late
apoptotic or necrotic cells (Annexin VP*'"*_propidium
jodideP*i®) and late necrotic cells (Annexin V"8ive_
propidium iodide?*"™*®) [16]. For each sample, 10,000
events were registered. Electronic compensation was re-
quired to exclude overlapping of the two emission spectra.

2.6. Analysis of cell differentiation

To test the potency of compounds to induce cell differ-
entiation, HL-60 cells in log phase were treated with
different concentration of Cy-g. After incubation, cells
were analyzed to determine the percentage exhibiting
enzymatic markers or morphologic features of differen-
tiated cells, as judged by three assays described below.
Nitroblue tetrazolium (NBT)-reducing activity is indica-
tive of cell differentiation along both granulocytic and
monocytic lineage [2]; differentiation into macrophage-
like phenotype was assayed by the ability of cells to
markedly adhere to plastic with prominent pseudopodia
formation [17]; non-specific/specific acid esterase activity
suggests differentiation along monocytic/macrophage
lineage and monocytic/granulocytic lineage, respectively

(2].

2.6.1. Ability to produce oxidative burst, evaluated
using the NBT reduction assay

This assay was used to evaluate the ability of sample-
treated HL-60 cells to produce superoxide when chal-
lenged with 12-O-tetradecanoylphorbol 13-acetate (TPA)
(Sigma). The assay was performed as reported by Cafino
[18]. Cells were treated for 72 h with Cy-g. A 1:1 (v/v)
mixture of cell suspension (10° cells) and freshly prepared
TPA/NBT solution (PBS containing 0.2% NBT and
200 ng/ml TPA) was incubated for 30 min at 37 °C. The
reaction was stopped by placing the tubes on ice for 5 min.
Cell were then smeared on glass slides. Positive cells
reduce NBT yielding intracellular black-blue formazan
deposits and this was determined by microscope examina-
tion (200x total magnification) of 500 cells. The results
were expressed as percentage of positive over total cells.
DMSO 1% (v/v) was used as positive control.

2.6.2. Adherence to the plastic substrate

Dish-anchored cells are easily distinguished from the
undifferentiated suspension cells. Cells (approximately
1.0 x 10°) were grown in RPMI media supplemented with
20% fetal bovine serum. After 72 h, the medium was
removed and remaining non-adherent cells were gently
washed away with PBS. The number of adherent cells was
counted on a light microscope. Results were reported as
number of attached cells [19]. TPA 100 nM was used as
positive control.

2.6.3. Non-specific/specific esterase activity

Assays for o-naphthyl acetate esterase (non-specific
acid esterase) and naphthyl AS-D chloroacetate esterase
(specific acid esterase) were performed using cytochemical
kits from Sigma (91-A and 91-C) [20]. Differentiated cells
were assessed by microscopic examination of a minimum
of 200 cells (in duplicate) for each experiment.

2.7. Analysis of cell differentiation in the presence of
kinase inhibitors

To study the involvement of protein kinase C (PKC) and
phosphatidylinositol 3-kinase (PI3-K) in the differentia-
tion of cells exposed to Cy-g, we investigated the effects
of the PKC inhibitor 1-(5-isoquinolinesulfonyl)-2-
methylpiperazine (H-7) (Sigma) and the PI3-K inhibitor
LY-294002 (Sigma) on NBT reduction stimulated with
Cy-g.

H-7 and LY-294003 were dissolved in sterile water and
methanol, respectively. Cells were incubated for 40 min in
the presence of different concentrations of H-7 or LY-
294002 at 37 °C and 5% CO, and then treated with Cy-g
200 pg/ml for 72 h. The NBT reduction assay’s procedure
was followed as previously described. Results were
expressed as percentage of positive over total cells. The
percentage of differentiated cells induced by Cy-g 200 pg/
ml was indicated as 100%.

2.8. Flow cytometric evaluation of p53, bcl-2, bax,
and c-myc proteins

Detection by flow cytometry of different proteins
involved in cell-cycle regulation and in the apoptotic
process offers rapid and objective quantification of pro-
tein levels [21-23]. Under the same exposure conditions
described above, 1 x 10° cells were fixed and permea-
bilized by a commercially available kit, namely Leuco-
perm solution A and B (Serotec). They were then
incubated with 10 pl of each antibody, i.e. fluorescein
isothiocyanate p53 (35 pg/ml; Novocastra) against phos-
phorylated and non-phosphorylated protein, fluorescein
isothiocyanate bcl-2 (200 pg/ml; Serotec) against phos-
phorylated and non-phosphorylated protein, fluorescein
isothiocyanate c-myc (200 pg/ml; Santa Cruz Biotech-
nology), and bax (200 pg/ml; Santa Cruz Biotechnology)
or isotype-matched negative control (Serotec). The cells
were washed and incubated with 10 pl of fluorescein
isothiocyanate-labeled secondary antibody (5 pg/ml;
Serotec) for the bax-stained cells. Finally, the cells were
washed and resuspended in 0.2 ml of 1% paraformalde-
hyde. The cells were then analyzed to quantitate fluor-
escein isothiocyanate binding by flow cytometry. From
each sample 10,000 cells were analyzed and non-specific
binding was excluded by gating around those cells
which were labeled by the isotype negative control
antibodies.
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Fig. 2. The effect of Cy-g on viability of Jurkat cells (A) and HL-60 cells (B). The time of treatment was 24 h for Jurkat cells and 30 h for HL-60 cells. Cells
were removed from drug-treated and untreated control cultures after one cell-cycle. The data presented is averaged from three independent experiments with

error bars denoting standard errors.

2.9. Statistical analysis

All data are the mean + S.E. of at least three experi-
ments. Statistical significance of the results was evaluated
using ANOVA, and Bonferroni or Dunnet #-test as post test.
All P values were two-sided. All statistical analyses were
performed in GraphPad Instat version 3.00 for Windows
95, GraphPad software, San Diego, CA, USA.

3. Results

3.1. Viability of Jurkat T-lymphoblastoid cells and
HL-60 promyelocytic cells after treatment with Cy-g

Fig. 2 shows the growth curves of Jurkat cells (Fig. 2A)
and HL-60 cells (Fig. 2B) after treatment with different
concentrations of Cy-g. In both cell systems, a gradual, but
not significant, dose-dependent decrease in the number of
viable cells was recorded. The ICs, for Jurkat cells (mea-
sured by the number of viable cells in cultures after the
addition of Cy-g, and calculated by interpolation from the
dose-response curve) was seen at a concentration of
174.9 pg/ml. Only a slight decrease in the number of
viable cells was observed for HL-60, where the ICs( value
did not fall within the range of concentrations tested. In
fact, Cy-g treatment at 200.0 pg/ml produced a 37%
reduction in viable HL-60 cells (1.7 x 10° versus
2.7 x 10 in untreated HL-60 cells).

It is interesting to note that an increase of viable cells
was observed at the lower Cy-g concentrations in both cell
lines.

3.2. Induction of apoptosis and necrosis of Jurkat
T-lymphoblastoid cells and HL-60 promyelocytic
cells after treatment with Cy-g

Cy-g treatment induced apoptosis in both cell systems.
However, different concentrations of Cy-g were necessary
to trigger apoptosis. In Jurkat cells (Fig. 3), even the lowest
concentration tested (12.5 pg/ml) was sufficient to increase

the number of cells displaying features of apoptosis (i.e.
Annexin VP*'""® and propidium iodide"**""®: 28.0% ver-
sus 11.2% in untreated controls; P < 0.01). After treat-
ment with higher doses, the fraction of apoptotic cells
continued to increase, reaching 49.0% (P < 0.01 with
respect to controls) at 200.0 pg/ml.

When HL-60 cells were exposed to Cy-g for 8 h, we
recorded a dose-dependent increase in the fraction of
apoptotic cells, which reached an about two-fold increase
with respect to the control, only at the highest concentra-
tion tested (at 200 pg/ml: 18% versus 8% in controls)
(Fig. 4A). When the treatment was prolonged until 30 h,
we recorded a statistically significant increase in the
apoptotic cell fraction starting from 50 pg/ml Cy-g
(Fig. 4B). This fraction increased to 32.5% at 100 pg/ml
and 36.0% at 200.0 pg/ml (P < 0.01). HL-60 cells were,
therefore, more resistant to Cy-g-induced apoptosis than
Jurkat cells.

Membrane permeabilization, revealed by propidium
iodide uptake (Annexin VP*'"*_propidium iodideP*s"""®)
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Fig. 3. Fraction of viable, apoptotic and necrotic cells, as detected in
Jurkat cells treated with Cy-g at the indicated doses for 24 h. Cells were
removed from treated and untreated cultures and stained with Annexin V—
fluorescein isothiocyanate and propidium iodide. The data presented is
averaged from three independent experiments with error bars denoting
standard errors.
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Fig. 4. Fraction of viable, apoptotic and necrotic cells, as detected in HL-60 cells treated with Cy-g at the indicated doses for 8 h (A) and 30 h (B). Cells were
removed from treated and untreated cultures and stained with Annexin V—fluorescein isothiocyanate and propidium iodide. The data presented is averaged

from three independent experiments with error bars denoting standard errors.

indicated that Cy-g was active in Jurkat cells but not in
HL-60 cells. In Jurkat cells (Fig. 3), induction of necrosis
started at the concentration of 25.0 pg/ml Cy-g (9.8 %
versus 1.6% in controls, P < 0.05). By comparison, in
HL-60 cells (Fig. 4A and B), no significant induction of
necrosis was reached in the range of the concentrations
tested (at 200.0 pg/ml for 30 h: 8.0% versus 3.3% in
controls, P = ns).

3.3. Induction of differentiation of HL-60 promyelocytic
cells treated with Cy-g

To explore the ability of Cy-g to induce differentiation,
HL-60 cells were treated with various doses of Cy-g
(12.5-200.0 pg/ml). As indicated in Fig. 5A, Cy-g-
induced dose-dependent differentiation of HL-60 cells,
as determined by NBT reduction, a functional marker for
granulocyte/monocyte differentiation. The highest effect
was recorded after treatment with 200 pg/ml Cy-g, where
the fraction of NBT-positive cells reached 32.4%
(P < 0.01 with respect to controls), thus comparable to
the fraction of NBT-positive cells recorded for the positive
control (DMSO). Moreover, Cy-g treatment (Fig. 5B)
increased the number of adherent cells by over 15-fold
(P < 0.01), suggesting that Cy-g induces differentiation
into monocyte/macrophage-like phenotype. Cy-g also
induced naphtol AS-D chloroacetate activity in HL-60
cells, that represents a marker for granulocytic differen-
tiation (Fig. 5C). At the concentration of 50 pg/ml, the
naphtol AS-D chloroacetate esterase positive cells were
around 38%. This percentage slightly rose to 44 and 48%
at Cy-g 100 and 200 pg/ml, respectively. It is important to
note that undifferentiated HL.-60 cells constitute a positive
control for the naphtol AS-D chloroacetate esterase, thus
explaining the high percentage of positive cells in the
control (Fig. 5C).

Finally, Cy-g-induced a significant dose-related increase
in the number of a-naphthyl acetate esterase positive cells,
that indicates a differentiation toward the monocytic/
macrophagic lineage (Fig. 5D). The highest effect was
recorded at the concentration of 200 pg/ml Cy-g, where the
fraction of positive cells reached a percentage of 57.5.

3.4. Reduction of HL-60 cell differentiation after
incubation with PKC or PI3-K inhibitors and Cy-g

Previous studies have provided evidence that activation
of PKC and PI3-K is necessary for the differentiation
of HL-60 cells [24,25]. To determine any relationship
between the effect of Cy-g on cellular differentiation
and PKC and/or PI3-K activation, HL-60 cells were treated
with specific inhibitors, H-7 and LY-294002, followed by
incubation with Cy-g at the concentration where the high-
est NBT reduction was recorded (200 pg/ml). Afterwards,
the degree of cellular differentiation was assessed by the
NBT reduction assay.

Cy-g significantly increased the percentage of differen-
tiated cells with respect to the control (data not shown). As
illustrated in Fig. 6A and B, both H-7 and LY-294002
significantly inhibited HL-60 cell differentiation induced
by Cy-g. A dose-dependent reduction in the percentage
of differentiated cells was observed beginning with the
lowest concentration tested (5 uM for H-7 and 0.5 pM for
LY-294002) where about 16 and 50% of total cells were
able to produce oxidative burst, respectively. The reduction
in the percentage of NBT-positive cells reached the max-
imum value at the highest concentration of each inhibitor
tested (20 uM for H-7 and 5 pM for LY-294002), where
only 6.5 and 7% of total cells were able to reduce NBT
salts, respectively.

The PKC and PI3-K inhibitors were not toxic to the
HL-60 cells at the used concentrations in the experiments,
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Fig. 5. Dose-dependent effects of Cy-g on HL-60 cell differentiation as evaluated by NBT-reducing ability (A), cell adhesion (B), naphtol AS-D
chloroacetate esterase activity (C), and a-naphthyl acetate esterase activity (D). Data are mean + S.E. of three independent experiments.

as demonstrated by the trypan blue exclusion assay (data involved in cell growth and differentiation, and apoptosis.
not shown). Flow cytometric measurements were performed at the time
points and the concentrations where it was recorded an
3.5. Expression of p53, bax, bcl-2, and c-myc in Jurkat induction of apoptosis. Apoptotic cells were gated—based
and HL-60 cells treated with Cy-g on their modified forward- and side-angle light-scatter
characteristics—and proteins were then quantified.

In order to delineate the events leading to apoptosis and/ Jurkat cells were treated for 24 h with Cy-g 200 pg/ml.
or cytodifferentiation elicited by Cy-g, we analyzed the Fig. 7 shows histograms of p53, bcl-2, bax, and c-myc
expression of different proteins, that are known to be protein levels in apoptotic cells following incubation with
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Fig. 6. Effect of PKC (A) and PI3-K (B) inhibitors on HL-60 cell differentiation induced by Cy-g 200 pg/ml. HL-60 cells were treated with varying
concentrations of PKC inhibitors (H-7) or PI3-K (LY-294002) for 40 min, followed by incubation with Cy-g 200 pg/ml for 72 h. Data are mean =+ S.E. of
three independent experiments.
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and without Cy-g. Treated cells showed a marked increase
in p53 and bax protein levels (4- and 3.6-fold decrease with
respect to the control, respectively), whereas bcl-2 and
c-myc levels were substantially unchanged.

The analysis of protein levels in HL-60 cells was
performed after 8 (Fig. 8A) and 30 h (Fig. 8B) of treatment
with Cy-g 200 pg/ml. As expected, we were not able to
detect pS3 expression in HL-60 cells after treatment with
Cy-g, since HL-60 are known to lack a functional p53
pathway [14]. However, when HL-60 cells were exposed to
Cy-g, an apoptotic cell fraction was observed by FACS
analysis (Annexin VP*¥"*_propidium iodide™*™™® cells,
see Fig. 4), showing that the ability of this compound to
induce apoptosis in this cell line was not requiring a
functional p53.

The analysis of bcl-2, bax, and c-myc protein levels at 8
and 30 h gave us some interesting information. After 8 h of
treatment, we recorded a marked decrease by about three-
fold only in the bcl-2 levels, while c-myc and bax were not
affected by Cy-g. However, when the samples were ana-
lyzed after 30 h of treatment, we detected a 4.5-fold
decrease in the levels of c-myc paralleled by a significant
decrease in the bcl-2 levels. The levels of bax remained
unchanged.
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4. Discussion

Inducing of apoptosis or differentiation are two promis-
ing cancer prevention strategies, as well as therapy. Recent
findings have shown that defects in the cell death pathway
are not only important for the origin of cancer, but also may
markedly influence the response to chemotherapeutic treat-
ment [26]. On the other hand, most cancer cells exhibit a
defect in their capacity to mature into non-replicating adult
cells, thereby existing in a highly proliferating state, which
results in outgrowing their normal cellular counterparts.
The induction of terminal differentiation represents an
alternative approach to the treatment of cancer by conven-
tional anti-neoplastic agents, by generating cells with
limited or no replicative capacity and ultimately undergo
apoptosis [2].

We, therefore, investigated the ability of Cy-g of indu-
cing apoptosis and cytodifferentiation in leukemic cell
lines. Although Cy-g-induced apoptosis (as well as necro-
sis) both in Jurkat and in HL-60 cells, these latter were
much less sensitive to these effects than Jurkat cells.

In Jurkat cells, the IC5o was estimated at a concentration
of 175 pg/ml Cy-g, whereas in HL-60 cells this value was
not reached in the range of tested concentrations. Further-
more, a significant induction of apoptosis was detected
in Jurkat cells even at the lowest concentration tested
(12.5 pg/ml). In HL-60 cells, 200 pg/ml for 8h or
50 pg/ml of Cy-g for 30 h was required to trigger a
significant increase in apoptosis. Moreover, the highest
amount of apoptosis induced in Jurkat cells was about two
times greater than that recorded in human promyelocytic
cells. It should be noted that almost all tested doses of Cy-g
caused necrosis in Jurkat cells, whereas no significant
incidence of necrosis was recorded for HL-60 cells until
the highest concentrations tested. This observation sug-
gests that Cy-g does also exert toxic effects in Jurkat cells.

The lower concentrations of Cy-g caused an increase in
the number of viable cells in both cell lines. This seems to
be an actual phenomenon because the effect was repro-
ducible. This apparently paradoxical finding is open to
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Fig. 8. bcl-2, bax and c-myc protein contents following 8 h (A) and 30 h (B) culture of HL-60 cells in the absence or presence, respectively, of Cy-g
(200 pg/ml). Proteins were measured by flow cytometry. The results are expressed as the percentage of the protein content in untreated cells (mean £ S.E. of

four independent experiments).



2054 C. Fimognari et al./Biochemical Pharmacology 67 (2004) 2047-2056

question. One possibility is that Cy-g at lower concentra-
tions has no general cytotoxicity activity. However, it was
shown for many compounds that at low level of disruption
or toxicity many biological systems display an overcom-
pensation response, which results in the apparent low-dose
stimulation component of the response curve. At higher
doses with greater initial toxicity, the system often display
a more limited capacity for a compensatory response,
usually insufficient to return to control values [27-30].
These findings have important clinical implications.

The present study also demonstrated that Cy-g is an
effective inducer of differentiation in vitro, able to commit
leukemia cells toward terminal maturation. Three assays,
NBT reduction, non-specific/specific acid esterase activity,
and the adhesion of cells to the substrate correlate with
each other, and suggest the lineage of differentiation. Cy-g
treatment increased NBT reduction activity (a marker for
differentiation to monocytes/granulocytes), markedly
increased monocytic and, also if at a lesser degree, gran-
ulocyte esterase activities, and caused a marked adhesion
of cells to the substrate (a marker for differentiation to
macrophage-like cells) [31]. These results indicate that
Cy-g induces differentiation mostly toward macrophage
lineage.

A differentiating agent can exhibit different mechan-
isms. PI3-K is an enzyme that participates in a myriad of
cellular processes and its activity has been linked to cell
growth and transformation, differentiation, motility, insu-
lin action, and cell survival. This enzymatic activity can
phosphorylate the 3’-hydroxyl group on the inositol ring of
phosphatidylinositol (PtdIns) or same group of PtdIns 4-
phosphate or PtdIns 4,5-biphosphate and generate three
distinct membrane lipids, the phosphatidylinositol (3)
phosphate. They act as intracellular mediators themselves
and subsequently activate many effector enzymes (e.g.
protein kinase, phospholipase, and G-protein) [18]. PKC
is a family of phospholipid-dependent serine-threonine
protein kinases and is a good candidate for mediating
PI3-K signaling. PKC plays an important role in signal
transduction pathways that regulate growth and differen-
tiation in a variety of cells types [17]. In our study,
inhibitors for PKC and PI3-K significantly decreased
HL-60 cell differentiation induced by Cy-g, suggesting
that PKC and PI3-K may be involved in Cy-g-mediated
differentiation. However, H7 not only acts as a PKC
inhibitor but also as a protein kinase A and protein kinase
G inhibitor. Thus, the role of PKA and PKG on Cy-g-
induced cytodifferentiation is open to speculation.

On the whole, our results indicate that Cy-g is able to
stimulate the differentiation of HL-60 cells. This consid-
eration is of relevance since differentiated cells contain
amounts of survival-maintaining molecules lower than
their immature progenitors, whose great immaturity is
likely to account for their resistance to apoptosis [32].

Treatment of HL-60 cultures with Cy-g caused apopto-
sis, that may represent an event only partly dependent on

cytodifferentiation in our experimental conditions. In fact,
after 8 h of treatment with Cy-g, we had already recorded
an increase in the apoptotic cell fraction. The analysis of
the apoptosis- and differentiation-related proteins offered
some explanations. The measurements of protein contents
after 8 h of HL-60 treatment with Cy-g indicated a strong
decrease in the content of bcl-2, whereas the levels of bax
and c-myc were not affected. This might suggest that
Cy-g induces apoptosis through a modulation of bcl-2
protein. Phosphorylation of bcl-2 at serine residues can be
regulated by treatment with growth factors, as well as
activators and inhibitors of PKC, although the functional
significance of this observation remain unclear [33].
Since we demonstrated that PKC is involved in the effects
of Cy-g, we can not exclude the possibility that Cy-g
could affect the bcl-2 protein at a post-transcriptional
level, for example, by altering its phosphorylation. After
30 h of treatment, we still recorded a significant decrease
in bcl-2 content, but also a strong decrease in the levels of
c-myc. This latter information, together with the onset of
phosphatidylserine exposure 8 h after exposure to Cy-g—
a time-point when no major changes in c-myc levels were
observed—suggests that c-myc downregulation is a sec-
ondary event, possibly associated with an anti-proli-
ferative effect of Cy-g, as a consequence of terminal
maturation. On the whole, our results indicated that
Cy-g-induced differentiation is accompanied by cytosta-
sis and c-myc downregulation.

It is noteworthy that HL-60 cells are p53 null [14]. Thus,
the induction of apoptosis in this system indicates that Cy-
g may exert its effects independently of the p53 gene.
However, the analysis of protein levels in Jurkat cells
showed that Cy-g-induced apoptosis is associated with
significant changes in p53 and bax proteins, suggesting
that alterations in the levels of these proteins are directly
responsible for the death signal delivered by Cy-g. On the
whole, our results do not allow us to exclude a p53-
dependent pathway in the apoptotic effect of Cy-g. If
the apoptotic pathway of Cy-g is p53-dependent, this could
represent a possible explanation for the less sensitivity of
HL-60 cells to the effects by Cy-g than Jurkat cells.

Cy-g is well known for its antioxidant properties, which
have been demonstrated in several cell systems [12,34-36].
A link might exist between the ability of Cy-g to protect
against reactive oxygen species damage and the pro-apop-
totic effects observed in our study. Cancer cells constitu-
tively produce high amounts of H,O, [37] and the concept
of ““persistent oxidative stress in cancer’” was formulated
[38]. Despite the relatively greater damage to key cellular
components such as DNA, cancer cells tolerate the
damage, survive, and continue to growth and proliferate
as if the oxidative stress was actually conducive to their
vitality [37]. If the H,O, functions as a secondary mes-
senger in triggering signaling events leading to the activa-
tion of cancer cell proliferation genes [37], antioxidant
compounds, such as Cy-g, might induce apoptosis in
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cancer cells by scavenging H,0,, thereby depriving them
of an essential molecule needed for their existence.

Our in vitro findings indicate that Cy-g does possess
interesting biological properties that should encourage
further investigation as regards both its chemopreventive
and chemotherapeutic potential. Many natural products or
synthetic compounds can induce differentiation of HL-60
cells. The potential activity of these agents can be eval-
uated by the percentage of cells that differentiate and the
concentration at which these agents induce maximum
differentiation. As an example, the polar—planar drugs
DMSO, acetamide, piperidine and triethylene glycole
induce cytodifferentiation at concentrations of about
107" to 1072 M [39], thus higher than those used in this
study. However, some questions may be raised about the
concentrations and the exposure times used in in vitro
experiments, which may not be representative of an in vivo
situation. The bioavailability of anthocyanins is still ques-
tionable. Most of the studies have been performed by using
extracts or juices obtained from different fruits, where the
presence of other compounds might modify the bioavail-
ability of single anthocyanins. However, some information
are currently available. Netzel and coworkers [40] com-
pared pharmacokinetic parameters and the bioavailability
of several dietary anthocyanins following consumption of
red grape juice in nine healthy volunteers. They were given
a single oral dose of 283.5 mg total anthocyanins and the
relative bioavailability of cyanidine-3-glucoside was cal-
culated to be 65.7%. Moreover, it was demonstrated that,
after the ingestion of 153 mg of anthocyanins, only 0.020-
0.050% of the oral doses was excreted in the urine [41].
Taken together, these observations indicate that the con-
centrations used in the present study can be achievable in
vivo. If Cy-g is to be applied in clinical settings as a
suitable cancer chemopreventive agent, the compound
should be administered in such a way as to maintain a
steady state of drug in the body, also considering the
growth enhancement seen at low doses.

In any case, any definitive conclusion on the potential
chemopreventive effect of Cy-g would be premature. The
knowledge that relapsed acute promyelocytic leukemia
patients are resistant to further treatment with retinoic acid
even when their leukemia cells respond to retinoic acid in
vitro [42] provides an interesting illustration of the limita-
tions of in vitro studies.
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