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Synergism between Apple Procyanidins and Lysosomotropic
Drugs: Potential in Chemoprevention
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Abstract. Background: Procyanidins are apple constituents
with potential in colon cancer chemoprevention. Materials and
Methods: Human colon cancer derived metastatic cells
(SW620), growing under standardized conditions, were exposed
to procyanidins and lysosomotropic compounds. Growth,
apoptosis and lysosomal integrity was determined using
published methods. Results: Lysosomotropic drugs (MDL
72527, phenylalanine methylester and chloroquine) amplified
procyanidin-induced growth inhibition and apoptosis in SW620
cells at non-cytotoxic concentrations. The improved toxicity of
the drug combinations relies primarily on the enhancement of
lysosomal membrane permeability. Conclusion: Combinations
with non-toxic concentrations of lysosomotropic compounds
improve the anti-carcinogenic properties of apple procyanidins.
Numerous polyphenols affect processes involved in
carcinogenesis and cancer development. Procyanidins are the
most abundant polyphenols in apples (1). They have
antioxidant and radical scavenging properties, and prevent
carcinogenesis by impairing molecular events in the initiation,
promotion and progression stages (2). Among other effects,
apple procyanidins inhibit melanogenesis in mouse
melanoma cells (3) and induce apoptosis in stomach cancer
(4) and colonic adenocarcinoma cells (5). Their ability to
reduce the formation of pre-neoplastic colonic lesions
(aberrant crypt foci) in a rat model of colon carcinogenesis
(5, 6) suggests their suitability as chemopreventive agents.
However, their low solubility in aqueous media restricts
therapeutically useful concentrations. The enhancement of
their anti-cancer effect by combination with non-toxic drugs,
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therefore, appears of interest and may improve their
potential in colon cancer prophylaxis.

In the present work, an apple procyanidin fraction with
enriched tetramer (designated PCy) was used. Figure 1
shows the structures of the compounds which were
considered in this work. SW 620 human colon cancer-
derived cells were employed because they are invasive and
metastatic, and previous work on PCy cytotoxicity has been
performed with this cell line (5, 7).

Materials and Methods

Chemicals. Unless stated otherwise chemicals were from Sigma
Chemical Co. (St. Louis, USA) or from Merck (Darmstadt,
Germany). MDL 72527 (N1,N#-bis(2,3-butadienyl)-1,4-butanediamine
dihydrochloride) was synthesized as described previously (8).

Isolation and characterisation of apple procyanidins. PCy were isolated
from cider apple (Malus domestica, variety Antoinette) as described
previously (5). They were characterized by thiolysis coupled with
reverse-phase HPLC (9). On a weight basis, the PCy fraction
contained 78.4% PCy, consisting of 95% (-)-epicatechin and 4%
(+)-catechin. The mean degree of polymerisation was close to four.

Cell culture and treatments. SW620 cells were obtained from the
European Collection of Animal Cell Culture (Salisbury, UK). They
were seeded at 3x103 cells per well in 96-well culture clusters, or at
1x100 cells in culture dishes (10 cm diameter), and were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) (containing 25
mM glucose and glutamax) supplemented with 3% heat-inactivated
(56°C) horse serum, 100 U/ml penicillin, 100 pg/ml streptomycin,
1% non-essential amino acids, 5 ug/ml transferrin, 5 ng/ml
selenium and 10 pg/ml insulin (Gibco, Invitrogen Corp., Cergy-
Pontoise, France). The use of horse serum avoids oxidative
deamination of polyamines by serum amine oxidase. Stock
solutions of PCy (50 mg/ml) were prepared in dimethylsulfoxide
(DMSO). Due to their limited solubility in aqueous media, the
highest concentration of PCy in culture medium was 50 ug/ml,
corresponding to 1 pl/ml DMSO. Cells were exposed for various
times to PCy and/or lysomotropic drugs. All media contained
1 wl/ml DMSO and were replaced every 48 h. Cell growth was
stopped by the addition of 50 ul/well trichloroacetic acid (50% v/v).
Cell protein was assayed by staining with sulforhodamine B and
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Figure 1. Structural formulae of the procyanidin tetramer and other drugs
employed in this work.

determining absorbance at 590 nm (10). The relationship between
cell number (protein content/well) and absorbance at 590 nm was
linear between 0 and 200,000 cells per well. Since PCy have a
limited stability, dilutions in culture medium were made at each
treatment time.
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Determination of apoptotic cells. After labelling cells with propidium
iodide, the proportion of hypodiploid cells was determined
according to Nicoletti et al. (11). The fluorescence of 10,000 cells
was analyzed using the FACScan flow cytometer and CellQuest
software (Becton Dickinson, San Jose, USA).

Assay of lysosomal integrity. Lysosomal integrity was determined in
acridine orange-stained cells according to Yuan et al. (12). Cells
were grown in DMEM culture medium and 3% horse serum. Forty
eight h after seeding, cells were exposed to 5 ug/ml acridine orange
for 15 min at 37°C and rinsed in complete medium. They were then
exposed for 24 h to the drugs. After harvesting by trypsinisation, the
cell pellet was re-suspended in 0.1 ml PBS. Increase in green
fluorescence, as determined by flow cytometry (FL1 channel) from
10,000 cells per sample indicates release of acridine orange from
lysosomes into the cytoplasm.

Statistical analysis. The dose-response curves and ECs, values were
calculated from the experimental data using a four-parameter
logistic, the Erithacus software, GraFit (version 3.0). Unless stated
otherwise, data are means=S.D. Statistical differences between
groups were evaluated by one-way ANOVA and specific
differences were identified using the Student’s -test: differences
with p=<0.05 were considered statistically significant.

Results

Effects of some lysosomotropic compounds on cell growth,
alone and in combination with procyanidins. MDL 72527, a
polyamine oxidase inactivator with lysosomotropic
properties (13, 14), has recently been shown to sensitize
human colon carcinoma (LoVo) and M14 human melanoma
cells to the cytotoxic metabolites of spermine (15, 16), and
enhances the cytotoxic effect of PCy on SW 620 cells (7).
These effects of MDL 72527 are not due to its ability to
inactivate polyamine oxidase, but rely, at least in part, on its
lysosomotropy. In order to further investigate the presumed
role of lysosomal membrane permeabilization in the
enhancement of PCy toxicity, phenylalanine methylester
(PME) (17) and chloroquine (CQ), the well known anti-
malarial and anti-inflammatory drug, (18) were chosen.

PME is cytotoxic to SW 620 cells in the mM range. As is
apparent from Figure 2, it inhibits SW 629 cell growth in a
dose — dependent manner. After exposure for 96 h, the
ECs( of PME was 161 mM. In the presence of 50 ug/ml
PCy, the dose response curve shifted to the left
(EC50=6=0.5 mM). However, since its low potency is a
handicap in practical applications, no further experiments
were carried out with PME.

CQ is a potent cytotoxic agent. After exposure of SW 620
cells to 100 uM CQ for 96 h, SW 620 cell numbers
decreased almost to zero (Figure 3A). In the presence of
50 pg/ml PCy, the dose-response curve shifted from
EC50=28=+3 uM to 6*1 uM. Figure 3B shows the effect of
10 uM and 20 uM CQ on the dose-effect relationship of
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Figure 2. Effect of phenylalanine methylester (PME) alone and in
combination with 50 ug/ml procyanidins (PCy) on the growth of SW 620
cells. Dose — effect relationship of PEM after 96 h exposure. y-axis:
absorbance at 590 nm after staining with sulforhodamine B. Error bars
indicate=S.D. (n=8).

PCy. Again the ECs shifted to the left, from 32+2 pg/ml to
19+3 pg/ml and 13+2 pg/ml, respectively.

Effect of chloroquine and MDL 72527 on procyanidin-induced
cell death. The ability of PCy to induce apoptosis has
previously been demonstrated (4, 7). In the present work,
combined treatments with MDL 72527 and CQ were
studied at concentrations that caused only marginal cell
death. The results of these experiments are shown in Figure
4. Fifty ug/ml PCy produced a significant number of
hypodiploid cells, as determined by flow cytometry of
propidium iodide stained SW 620 cells. At 50 uM MDL
72527 and 10 pM CQ, the proportion of hypodiploid
(apoptotic) cells increased only marginally above control
values. However, in combination with PCy, the proportion
of apoptotic cells increased significantly, indicating a
synergizing effect of these drugs on PCy cytotoxicity. These
treatments only had a minor effect on the cell cycle phase
distribution of the diploid cells (not shown).

Lysosomal destabilization by MDL 7252,
chloroquine and procyanidins. In order to test the idea that
the enhancement of PCy toxicity by MDL 72527 and CQ is
due to lysosomal destabilization, a method devised by Yuan
et al. (12) was employed, which relies on the increase in green
fluorescence of acridine orange-stained cells, following their
exposure to compounds which increase the permeability of
the lysosomal membrane. For methodical reasons, long-term
incubations incorporating medium changes were not feasible
using this method, hence the concentrations of the

membrane
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Figure 3. Effect of chloroquine (CQ) alone and in combination with
procyanidins (PCy) on the growth of SW 620 cells. A: Dose - effect
relationship of CQ and of CQ + 50 ug/ml PCy after 4 days exposure. B.
Dose — effect relationship of PCy and of PCy + 10 uM and 20 uM CQ
after 96 h exposure. y-axis: absorbance at 590 nm after staining with
sulforhodamine B. Error bars indicatexS.D. (n=38).

lysosomotropic compounds had to be increased above those
employed in the experiments discussed above. However,
under such experimental conditions, the concentrations of the
lysosomotropic compounds were sufficiently low to produce
only a small effect on lysosomal permeability as shown in
Figure 5 providing incubation time was limited to 24 h. PCy
alone at 50 ug/ml produced a considerable increase in green
fluorescence of acridine orange-stained cells. When
combined with 300 uM MDL 72527 or 25 M CQ, green
fluorescence increased 2- and 3-fold, respectively, that
obtained with PCy, indicating the enhanced release of
cathepsins due to increased permeability of the lysosomal
membrane.
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Figure 4. Formation of hypodiploid cells due to exposure of SW 620 cells
to procyanidins (PCy), MDL 72527 and chloroquine (CQ). Cells were
exposed for 96 h to the drugs at the concentrations indicated in the graph.
After harvesting by trypsinization and staining with propidium iodide, the
proportion of hypodiploid cells was determined according to Nicoletti et
al. (11). Error bars indicate=S.D. (n=2).

Discussion

The abundance from natural sources and low toxicity
suggest PCy as first rate chemopreventive agents,
particularly for cancer prevention in the gastrointestinal
tract. As a result of their size (FW of the
tetramer=1150.99), most polymeric procyanidins do not
traverse cell membranes (19) but bind to the surface of the
gut mucosa cells and initiate death signaling pathways (5).

Our previous work on the cytotoxic properties of MDL
72527 (20, 21) led us to investigate its effect on cell viability
in combination with potential anticancer treatments (15,
16), and with PCy. As a result of this work, the
lysosomotropic properties of MDL 72527 emerged as a
major cause of its sensitizing effect. A strong argument in
this regard is the formation of cytoplasmic vacuoles by this
compound (13, 20). Additional arguments in favor of this
suggestion came from the present work. The fact that a
well-known lysosomotropic compound (CQ) structurally
different from MDL 72527, increases the apoptotic effect of
PCy much like MDL 72527, though at a considerably lower
concentration, argues in favour of the impairment of
lysosome function by MDL 72527. The increase in green
fluorescence of acridine orange-stained cells due to
exposure to these drugs in combination with PCy is
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Figure 5. Determination of lysosomal destabilization in SW 620 cells after
exposure to procyanidins (PCy), MDL 72527 and chloroquine (CQ). After
staining with acridine orange, cells were exposed for 24 h to the drugs at
the concentrations indicated in the graph and lysosomal integrity was
determined according to Yuan et al. (12) Error bars indicatexS.D. (n=2).

additional evidence for this assumption. Our observation on
the enhancement of the cytotoxicity of PCy by
lysosomotropic compounds has an analogy in the
enhancement by CQ of the toxicity of vincristine and related
drugs in multidrug resistant leukemia cells (22).

Based on our observations, we propose that lysosomal
membrane permeabilization is a major cause for the
observed increase in PCy toxicity by non-toxic
concentrations of PME, CQ and MDL 72527. However, at
present other toxic mechanisms cannot be excluded.
Particularly CQ is known to have multiple effects on
metabolism and signalling pathways. As an example CQ
interferes with the mitogen-activated protein kinase
(MAPK) signalling pathway (23), much like PCy (5).

It is known that exogenous (and endogenous) stress may
lead to lysosomal membrane permeabilization, which may
then mediate apoptosis-like cell death (24, 25). PCy is
presumably a stressor due to its ability to down-regulate
protein kinase C and affect MAPK. However, the direct
impairment of lysosomal membrane stability by PCy,
following intracellular accumulation by endocytosis is, also
possible, but has not yet been studied.

CQ is a low cost drug with few side effects (18) that has
proved to be useful in malaria prophylaxis, even in the
treatment of children (26). In addition it has other
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advantageous properties, among which the improvement of
glioblastoma therapy should be mentioned (27). Our
observations suggest CQ, in combination with procyanidins,
as suitable for use in colon cancer chemoprevention. Other
promising combinations of PCy with lysosomotropic
compounds may be found in the future.
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