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RESUMEN

Las manzanas son fuente rica en Procianidinas (Pcy), inhiben la carcinogénesis del colon en modelos
animales aunque los mecanismos no son bien comprendidos. Esta revisién presenta evidencia sobre los
efectos pro-apoptéticos de Pcy por diferentes mecanismos en células humanas de adenocarcinoma de
colon SW480 y sus derivadas metastiticas SW620. En la apoptosis inducida por Pcy en células SW620
participa el metabolismo de poliaminas, pero no en células SW480. Existe sensibilidad diferencial de
ambas lineas a la activacién de los receptores de muerte-TRAIL. Pcy aumenta la sensibilidad de SW480
a TRAIL activando la via extrinseca, y sobrepasa la resistencia a TRAIL en células SW620 mediante
interaccién entre las vias extrinseca e intrinseca, y produccién de especies reactivas del oxigeno (ROS)
con dafio mitocondrial. Pcy activan el receptor Fas en células SW480, mientras que las células SW620
son Fas-resistentes a pesar del aumento en la expresion de Fas. La activacién de la apoptosis via Fas por
Pcy se observa en células SW620 después de inactivar los receptores de muerte-TRAIL, sugiriendo que
el fenotipo Fas-resistente podria estar asociado con alteraciones corriente-abajo entre los receptores
TRAIL y Fas. Estos datos resaltan el potencial interés en las Pcy de manzana para la prevencién y terapia
combinada del cincer de colon.
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ABSTRACT

Apples are a rich source of Procyanidins (Pcy) which are able to inhibit colon carcinogenesis in animal
models, but the mechanisms through which this occurs are not well understood. The evidence obtained
in our laboratory and by other researchers, which shows that Pcy trigger apoptosis through different
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mechanisms in human colon adenocarcinoma SW480 cells and their derived-metastatic SW620 cells
is reviewed in this paper. In the apoptosis induced by Pcy, the polyamine metabolism is involved, but
it is not present in SW480 cells. There is a differential sensitivity of both cells lines to the activation of
TRAIL-death receptors. Pcy enhance the sensitivity of SW480 cells to TRAIL by activating the extrinsic
apoptotic pathway, and overcome TRAIL-resistance in SW620 cells involving a cross-talk between the
extrinsic and intrinsic pathways; and a Pcy-induced ROS production favoring mitochondria disruption.
In addition, Pcy activate Fas receptor in SW480 cells, whereas SW620 cells are Fas-resistant despite the
up-regulated Fas expression. Surprisingly, activation of the Fas receptor-mediated apoptosis by Pcy
is observed in SW620 cells after inactivation of TRAIL-death receptors, suggesting that Fas-resistant
phenotype may be associated with alterations in downstream events between TRAIL-death and Fas
receptors. These data highlight the potential interest of apple Pcy in colon cancer prevention and therapy

(combination therapy).
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INTRODUCTION

Epidemiological studies support an inverse re-
lationship between regular consumption of fruits,
vegetables, and the risk of CRC (Colorectal Cancer).
Individual non-nutritive polyphenolic compounds
present in fruits, identified as inhibitory agents of
colon carcinogenesis, can be divided into various
classes on the basis of their molecular structure,
with flavonoids being one of the main groups oc-
curring in human diet. Apples are a rich source of
tlavonoids, and its major subclass is flavanols, which
contain monomers (epicatechin and catechin) and
polymeric forms (procyanidins). An in vitro model
of colon carcinogenesis that represents the pro-
gression from a primary tumor (SWA480 cells) to
metastatic disease (SW620 cells) was employed, and
it was found that apple procyanidins can directly
or indirectly influence some important targets
involved in apoptosis, such as polyamines metabo-
lism, TRAIL-death receptor pathway, Fas-receptor
pathway, and mitochondrial integrity. Evidences
presented in this review encourage knowing that a
dietary agent such as apple Pcy presents multipotent
anti-cancer properties and may represent a promis-
ing agent for the chemoprevention of colon cancer
through the induction of apoptosis.

General characteristics of procyanidins

Procyanidins (Pcy), also known as condensed
tannins, represent the second most abundant class
of plant polyphenols (1). Pcy are widely distributed
in the peel of fruits, legumes, cereal grains, and a
variety of beverages including wine, beer, tea, cocoa,
and cider. Their content is decreased by industrial
food processing methods as fruit peeling, decor-

tications, juice filtration, maceration, drying or
long-term storaging. For example, natural cloudy
apple juice contains about 2.5-fold more Pcy than
processed clear apple juice (2, 3). They are of inter-
est in nutrition and medicine due to their potent
antioxidant capacity and possible effects on human
health as they reduce the risk of chronic diseases
such as cardiovascular diseases and cancer.

Pcy are di-, tri- and oligomeric condensation
products of flavan-3-ol monomers of (+)-catechin
and (-)-epicatechins; they generally possess 12-16
phenolic OH-groups and 5-7 aromatic rings/1000
units of relative molecular mass, and they also pos-
sess an average molecular weight of 1000-6000.
Their mean degree of polymerization (DP) in foods
has rarely been determined, however, in cider apples
the DP ranges from 4 to 11 (4).

The Pcy content of red wine, chocolate, cran-
berry juice and cloudy apple juice (5) and several
varieties of apples (6) has been determined in an
analytical study. On average, apples contain a large
Pcy content per serving (147.1 mg), this corresponds
to 63-77% of apple polyphenols. Moreover, a serv-
ing size of cloudy apple juice contains 48-61% of
Pcy. The Pcy content varied greatly between apple
samples (12.3-252.4 mg/serving) with the highest
amounts on average observed for the Red Delicious
(207.7 mg/ serving) and Granny Smith (183.3 mg/
serving) varieties; and the lowest amounts in the
Golden Delicious (92.5 mg/serving) and McIntosh
(105.0 mg/serving) varieties (5, 6).

Apoptosis

Apoptosis is a physiological process in which
cells are removed after exposing them to toxic
compounds; it also takes place during develop-
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ment and in degenerative disorders. Apoptosis is a
nontoxic model of cell death which affects single
cells in the midst of living tissues without eliciting
an inflammatory response (7). Apoptosis is consid-
ered to be one of the important targets in a cancer
preventive approach, which provides a physiological
mechanism for the elimination of abnormal cells.
In studies of animal colon cancer, the experimental
enhancement of crypt-cell apoptosis has shown to
suppress the induction of neoplasia by chemical
carcinogens (8, 9).

Apoptosis is characterized, at the morphological
level, by cell shrinking, membrane blebbing, nuclear
pyknosis, chromatin condensation, and cellular
fragmentation into so-called apoptotic bodies, rap-
idly phagocyted and digested by macrophages (10).
These changes are preceded by biochemical events
such as the redistribution of membrane lipids, the
loss of mitochondrial membrane potential, and the
fragmentation of DNA at internucleosomal sites
(11). There are two main pathways involved in the
induction of apoptosis; a death receptor-pathway
(the extrinsic pathway) and a mitochondrial path-
way (the intrinsic pathway). The apoptotic signal
involves the activation of many proteins that are
part of two major families: the caspases and the
Bcl-2 proteins. Caspases play an important role
in the degradation of cellular organelles, whereas
Bcl-2 proteins participate in the maintenance and
propagation of the signal (7).

The polyamines metabolism and apoptosis
triggered by apple Pcy

The putrescine (Put), spermidine (Spd) and
spermine (spm) are aliphatic amines known as poly-
amines, which are formed and stored by nearly all eu-
karyotic cells. They are required for optimal growth
in cells. The loss of these polyamines results in the
inhibition of cell proliferation and differentiation, and
sometimes even cell death (necrosis and/or apopto-
sis). It has been shown that when quiescent cells are
stimulated to growth, the biosynthesis of polyamines
increases before the synthesis of DNA, RNA and
proteins for cell cycle (12, 13). At physiological pH,
the polyamines are nearly completely protonated
which enables them to form ion bonds with a wide
variety of anionic-binding, such as nucleic acids and
proteins, stabilizing their conformations (14).

An important function of the polyamines is gene
regulation. The depletion of polyamines affects
the expression of numerous genes, as well as of

protein factors involved in the cell cycle growth
and regulation, and in programmed cell death.
Investigations of the role of the polyamines as
modulators of the binding of transcription factors
and related proteins to relevant DNA sites are
therefore of great interest. Several DNA—protein
interactions are modulated by polyamines, for
example, spermine improves the binding of
protein to DNA. Another function of polyamines
is their role as precursors of biologically active
compounds such as Hypusine (N-¢-(4-amino-2-
hydroxybutyl-lysine), the prosthetic group of the
cukaryotic initiation factor elF-5A, which appears
to be involved in the control of cell proliferation
and apoptosis. Since spermidine is a precursor of
hypusine, the depletion of the spermidine pools
prevents the formation of active elF5A, therefore,
cells stop growing (12-14).

The polyamines metabolism consist of bio-
synthesis and catabolic or retroconversion path-
ways shown on figure 1. The two key enzymes
involved in polyamine biosynthesis are ornithine
decarboxylase (ODC) and S-adenosylmethionine
decarboxylase (AdoMetDC). ODC catalyzes the
formation of putrescine from L-ornithine, and
AdoMetDC decarboxylates S-adenosylmethionine
(AdoMet). The product of this reaction, decar-
boxylated S-adenosylmethionine (dcAdoMet), is
the aminopropyl group donor for spermidine and
spermine synthesis. In the catabolic pathway (or
retroconversion pathway) acetylated polyamines are
formed by spermine/spermidine acetyltransterase
(SSAT) and are used as substrates by a flavin-de-
pendent polyamine oxidase (PAO), which catalyzes
their conversion back to spermidine, and finally to
putrescine (14).

The polyamine metabolism differs in various
aspects in SW480 and SW620 cells (16, 17). The
polyamine metabolism has been studied as a po-
tential target of apple Pcy because they are involved
in cell proliferation and in the maintenance of cell
viability. Apple Pcy-induced apoptosis in SW480
and SW620 cells is potentiated by the use of MDL
72527 (MDL), a specific inhibitor of PAO, in the
metastatic SW620 cells (18) but not in SW480 cells.
This difference in sensitivity to MDL in SWA480
and SW620 cells is probably not a function of PAO
activity, which presents similar activity in both cell
lines (16). Therefore other aspects may be involved,
such as the intracellular pool of polyamines and
their acetylated forms.



340

Methionine Omithine
AdoMet oDe
l AdoMetDC
dAdoMet

PUTRESCINE
‘\pao

N'-ACETYLSPERMIDINE

MTA SPERMIDINE

N

MTA

Figure 1. Polyamine interconversion pathway.
AdoMetDC: S-Adenosyl Methione Decarboxylase,
ODC: Ornithine Decarboxylase, Spd Synthase:
Spermidine Synthase, Spm: Spermine Synthase,
SSAT: Spermidine/spermine N'-acetyltransferase,
PAO: Polyamine Oxidase (15).

Pcy-induced apoptosis in SW620 cells is ac-
companied by a decreased intracellular pool of
polyamines and a higher accumulation of acety-
lated polyamines, respectively indicating a reduc-
tion of polyamine biosynthesis and an enhanced
polyamine catabolism (18). This is correlated to a
previous report by Gossé et al., 2005 (8), showing
Pcy down-regulated ODC and AdoMet DC activi-
ties in SW620 cells, the two enzymes of polyamine
biosynthesis. These effects of Pcy on polyamines
metabolism are enhanced in presence of MDL
72527, a specific inhibitor of PAO activity. The
depletion of the intracellular pool of polyamines
in presence of Pcy/MDL led to apoptosis, and the
addition of exogenous polyamines to SW620 cell
culture inhibit the potentiation by MDL of Pcy-
triggered apoptosis, which confirms the impor-
tance of polyamines (putrescine, spermidine and
spermine) for cell proliferation and maintenance
of cell viability (18).

The massive formation of acetylated polyamines
may contribute to cell death due to the depletion of
Acetyl-CoA (19). In addition, there is a discussion
speculating the possibility that the accumulation of
intracellular N-acetylated polyamines affects his-
tone acetylation by competing with the acetyl-CoA:
spermidine N8-acetyltransferase, an enzyme that

VITAE

M. E. Maldonado C. et al.

also has histone acetylating properties (20). Howev-
er, findings in SW620 cells suggest that in the pres-
ence of Pcy, MDL might favor the hyperacetylation
of the promoters of TRAIL-death receptors, leading
to the up-regulation of DR4/DR5 expression (21,
22); which may be controlled at the transcriptional
level, favored by an inhibition of 50% nuclear His-
tone deacetylase (HDAC) activity caused by Pcy/
MDL. Under these conditions, the activation of
the extrinsic apoptotic pathway has been induced
through the TRAIL-death receptors, confirmed
by the reduction of Pcy/MDL-induced cell death
after a specific inhibition of DR4/DR5 receptors
(18). The SW620 cell line is normally resistant to
TRAIL-death receptor mediated apoptosis because
they do not express DR4 and DRS5 receptors at
the cell surface (23). Thus, the activation by Pcy/
MDL of TRAIL-death receptor mediated apoptosis
through the modulation of polyamine metabolism
can be of great interest in chemoprevention, since
this pathway can preferentially activate apoptosis
in cancer cells but not in normal non-cancerous
cells (24). Furthermore, the Pcy/MDL combination
could potentiate the effect of TRAIL exogenous
and/or the TRAIL produced by cells of innate im-
mune system (25).

The apoptotic pathway activated by Pcy only
in SW620 cells is different to the one observed in
presence of MDL (18). Pcy activate the intrinsic
mitochondrial apoptotic pathway through the
alteration of mitochondrial membrane potential,
involving the activation of caspases-9 and -3. These
eftects caused by the Pcy-enhanced ROS produc-
tion (26) are prevented by MDL. Indeed, MDL
inhibits ROS generated through the activation of
polyamine catabolism caused by Pcy. This increase
of intracellular ROS may be a way to kill cancer
cells by activating the mitochondrial permeability
transition (27, 28).

Apple Pcy also induce apoptosis in SW480 cells,
although this effect is not enhanced by MDL 72527
as observed in SW620 cells, which suggest that Pcy-
induced apoptosis in SW480 cells is unrelated to the
production of H,O, by the oxidation of N1-acetyl de-
rivatives of spermidine and spermine. This reaction
is catalyzed by the PAO when these acetylated poly-
amines are excessively formed by the SSAT enzyme
(15). SW480 cells seem to be less sensitive to com-
bined treatment of Pcy and MDL in comparison to
SW620 cells, despite the similar PAO activity in both
cell lines under basal conditions (16). This difference
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on the apoptotic effects observed with Pcy/MDL
in SW480 cells may be related to low polyamine
biosynthetic activity and low intracellular content of
acetylated forms of the polyamines observed in these
cells (25). Indeed, if Pcy down-regulate polyamine
biosynthesis (8, 15), which already is significantly low
under basal conditions in SW480 cells (16, 17); the
levels of non-acetylated forms of polyamines would
probably be lower in these cells.

In SW480 cells, Pcy only or combined with
MDL activate an extrinsic apoptotic pathway by
up-regulating expression of TRAIL-death receptors
DR4/DR5. We investigated whether the activation of
TRAIL-death receptor pathway under these condi-
tions was associated to a reduced activity of HDAC.
Pcy, as well as MDL, used individually do not aftect
the enzyme activity; whereas MDL in combination
with Pcy reduced by 20% HDAC activity, which
could favor hyperacetylation of the promoters of
DR4/DR5 receptors. However, no significant dif-
terence is observed in the percentage of SW480 cells
expressing DR4/DR5 receptors after Pcy only or
combined Pcy/MDL treatments, which suggests that
the enhanced expression of TRAIL-death receptors
at the cell surface of SW480 cells might be regulated
at a post-transcriptional level (29). The alteration of
the polyamine metabolism is a factor involved in the
Pcy-induced apoptosis of SW620 metastatic cells, but
not of SW480 colon cancer cells.

Activation of TRAIL-death receptor medi-
ated pathway

Tumor necrosis factor a-related apoptosis-in-
ducing ligand (TRAIL) is a death ligand expressed
in the majority of human tissues. It has been dem-
onstrated that four Death Receptors (DRs) are spe-
cifically bound to TRAIL: two cell death-inducing
receptors (TRAIL-R1/DR4 and TRAIL-R2/
DR5) and two non-cell-death-inducing receptors
(TRAIL-R3/DcR1 and TRAIL-R4/DcR2), (27,
28). Like TRAIL, these receptors are expressed in
a wide variety of tissues. However, it has been re-
ported that TRAIL demonstrates selective toxicity
to cancer cells, but not to normal cells (30, 31). DR4
and DR5 signal apoptosis through the interaction
with FADD and caspase 8 (30, 32) may activate the
intrinsic mitochondrial cell death pathway (33). In
addition to apoptosis, TRAIL ligation of DR4 and
DR5 can activate NF-kB and p53 (34, 35).

Once it was showed that Pcy can induce apoptosis
in SW480 and SW620 cells through the activation of

TRAIL-death receptors DR4/DRS5, the mechanism
through which DR4/DR5 could be activated down-
stream by Pcy only or in the presence of exogenous
TRAIL was described in both cell lines. Pcy enhance
the sensitivity to the apoptotic effects of TRAIL in
SWA480 cells and overcome TRAIL-resistance in
SW620 cells (26). The co-administration of Pcy
and TRAIL enhance apoptotic signaling, leading
to nuclear DNA fragmentation in both cell lines
compared to TRAIL alone (29).

In SW480 cells, the increased expression of
DR4/DR5 receptors by Pey at the cell surface en-
hanced the sensitivity to TRAIL. In these cells, the
main apoptotic pathway activated by Pcy only and
combined with TRAIL is the extrinsic pathway,
involving the activation of caspase-8 and caspase-3.
Mitochondrial dysfunctions observed in SW480
cells exposed to Pcy and Pcy/TRAIL is limited and
do not cause the release of cytochrome ¢ into cy-
tosol and caspase-9 activation, because neither Bid
protein nor Bcl-2/Bax are modified. In contrast, in
the metastatic SW620 cells, Pcy initiate apoptosis
through a crosstalk between the TRAIL-death
receptor pathway and the intrinsic (mitochondrial)
apoptotic pathway through an activation of the
caspase-8, a reduction of full length Bid protein,
and parallel to a progressive increase Bax protein
and mitochondria membrane permeabilization.
Such mitochondrial dysfunction favors the release
of cytochrome c into cytosol, leading to the activa-
tion of caspase-9 and, consequently, caspase-3. In
SW620 cells, these events are associated to ROS
production induced by Pcy which are also enhanced
in the presence of exogenous TRAIL (26).

The importance to activate the TRAIL apoptotic
pathway for the treatment of cancer is highlighted
by the recent introduction of TRAIL-receptor
agonistic antibodies in human phase 1 trials (36,
37). However, most solid tumor cells are relatively
resistant to TRAIL-induced apoptosis. Even though,
numerous studies have shown that TRAIL resistance
can be overcome by the combined application of
chemotherapeutic drugs. Thus, finding natural phy-
toconstituents able to enhance the apoptotic eftect of
TRAIL, which is produced by cells of the immune
system as macrophages or natural killer cells (25), and
sensitizing TRAIL-resistant cancer cells represents
an important potential strategy for cancer therapy.

Pcy, similarly to phytochemicals such as cur-
cumin (38), quercetin (39, 40), apigenin (41), and
resveratrol (42) augments TRAIL-mediated apop-
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tosis in cancer cells by increasing the expression of
death-receptors on the cell surface, improvement
the transport of DR4/DR5 proteins into the cell
surface. The failure in trafticking mechanisms for
delivering TRAIL-death receptors may contribute
to TRAIL-resistance in colon cancer cells (43). In
SW480 cells, although the total amount of DR4 and
DRS5 transcripts is similar in control and treated
cells, Pcy increase DR4 and DR5 expression at
cell surface and sensitize SW480 cells to TRAIL.
This eftect was similar to the one observed by Jin
et al., 2004 (44) using the glycosilation inhibitor
tunicamicyn in SW480 TRAIL-resistant clones.
In contrast to TRAIL-resistant SW620 cells, Pcy
increased the levels of DR4/DR5 transcripts. This
event is correlated to the enhanced localization of
death receptors at the cell surface, which suggests
that Pcy regulate post-transcriptional mechanisms
involved in the delivery of death receptors to the
cell membrane in SWA480 cells (45). On the other
hand, Pcy overcame TRAIL-resistance in SW620
cells by regulating the transcription and the intra-
cellular transport mechanisms, leading to increase
cell surface expression of TRAIL-death receptors.

It has been proposed that the basic expression
level on the cell surface is not enough to determine
TRAIL-sensitivity, but also the redistribution of
TRAIL-death receptors to the cell membrane and
the formation of lipid rafts, plasma membrane
microdomains enriched with cholesterol, glyco-
sphingolipids and caveolar-associated proteins,
such as caveolin. All of them are able to regulate
the efficacy of death receptor signaling throough
the redistribution in the cell membrane (42). In
colon cancer cells, resveratrol (46) and quercetin
(40) induced DR4/DR5 receptor redistribution in
lipid rafts colocalized with caveolin-1, becoming
sensitive to TRAIL, this lipid raft formation was
prevented by the cholesterol sequestering agent
nystatin. Caveolin-1 is an integral membrane pro-
tein involved in cellular signaling transduction.
This protein has been described as a marker for
raft-associated caveolae which interacts with lip-
ids such as cholesterol, which are both structural
components of caveolae (47).

Pcy are able to activate the TRAIL-death re-
ceptor pathway through a lipid-raft independent
mechanism in both cell lines. This is confirmed
with the analysis of lipid-raft fractions of Pcy-
treated SW480 (45) and SW620 cells, where the
levels of DR4, DR5 and caveolin were similar to
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the basal conditions. Caveolin protein can interact
directly and inhibits or sequester the inactive form
of many signaling molecules via the scaffolding
domain (47). Therefore, the direct activation of the
TRAIL-death receptor pathway by Pcy independent
of lipid raft-formation, could be considered an in-
teresting strategy for sensitizing SW480 and SW620
cells to TRAIL-death receptor mediated apoptosis,
and overcoming the resistance mechanisms that
suppress the signaling activity of TRAIL-death
receptors. It has been proposed that antitumor
properties of flavanols and Pcy can be associated to
the oligomeric chain length which directly influ-
ences the interactions of the lipid bilayer and the
membrane proteins (48).

In response to the interaction of Pcy with the cell
membrane, DR4 and DRS5 are activated, the procas-
pase-8is recruited to the DISC complex via binding
to FADD (49) which results in caspase-8 activation.
This is supported by the ability of a selective inhibi-
tor of caspase-8 to reduce the induced apoptosis by
Pcy only, or Pcy combined with TRAIL in SW480
cells, compared to SW620 cells (26). Caspase-8 has
two important substrates, procaspase-3 and Bid
protein. Caspase-3 is the main downstream eftec-
tor caspase that cleaves the majority of the cellular
substrate in apoptotic cells (50). Bid is the link in
the crosstalk between the extrinsic and the intrinsic
apoptotic pathways. Bid also disrupts mitochondria
and favors the release of pro-apoptotic factors such
as cytochrome c (51). Caspase-8 cleaves Bid as ef-
ficiently as it cleaves pro-caspase-3 (52). However,
although caspase-8 is activated in both cell lines
after Pcy and combined with TRAIL, Bid is cleaved
only in SW620-treated cells. As a consequence, a
decreased mitochondrial membrane potential is
observed in these cells, leading to the release of cy-
tochrome c into cytosol and to caspase-9 activation;
which indicates that the mitochondrial pathway
is activated in Pcy-induced apoptosis through the
action of TRAIL-death receptors.

The reason for an inefficient cleavage of Bid
protein in Pcy-treated SW480 cells is not the lack
of caspase-8 enzyme activity. It may be influenced
by posttranslational modifications of Bid (52),
mutations to Bid cleavage sites (53), or the pres-
ence of a negative regulator (54) in SW480 cells. It
has been demonstrated that the phosphorylation of
Bid prevents caspase-8 cleavage (55). In addition,
truncated Bid form (tBid) has been reported to be
ubiquitinated and targeted for degradation (56). It
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has also been shown that in the SW480 cells, the
overexpression of Bcl-2 blocked TRAIL-death
receptor mediated apoptosis by inhibiting Bax
translocation into mitochondria and reduced cy-
tochrome c release. Thus, strategies to overcome
the observed Bcl-2-mediated resistance to the mi-
tochondrial pathway have the potential to greatly
increase treatment efficacy. One possible approach
involves the use of small molecules inhibitor that
binds to Bcl-2 and inhibits it function (54).

Many studies have shown that cancer preventive
agents induced apoptosis through the generation of
ROS. Apoptosis induced by Pcy only or combined
with TRAIL in SW620 cells also involves genera-
tion of ROS, which can result from the increased
polyamine catabolism, as well as from the mito-
chondrial permeabilization caused by tBid and Bax
(26). ROS produced in cytosol may also activate a
cell intrinsic pathway of apoptosis by perturbing the
mitochondrial function which is inhibited by MDL
(18). Taken together, these observations suggest that
ROS generation is another mechanism by which
Pcy may sensitize TRAIL-resistant SW620 cells as
observed in cancer cells treated with resveratrol (46)
and curcumin (38). The accumulation of ROS leads
to mitochondrial functional changes, such as the
increased permeability transition pore opening and
loss of Dym, which are events associated with the
release of cytochrome c and caspase activation (27).

Modulation of Fas- receptor mediated apoptosis

Fas-receptor (CD95) is an integral cell mem-
brane protein and a member of the TNF receptor
family. Pcy sensitized SW480 cells to Fas receptor-
mediated apoptosis. This sensibilization was as-
sociated with an up-regulated expression at the
post-transcriptional level of the Fas receptor with-
out significant changes at the transcriptional level,
which suggests that the sensitizing mechanism of
Pcy to Fas implies a favored delivery of the Fas
receptor to the cell membrane. On the contrary,
SW620 cells showed a Fas-resistant phenotype as it
was described above (57), despite the up-regulation
of Fas transcripts correlated with a huge expression
of the receptor at the cell surface.

Tumours have developed multiple mechanisms
for evading the surveillance of the immune sys-
tem. Most cancer cells are relatively resistant to
Fas-mediated apoptosis (58). This protects tumor
cells from FasL expressed as a cytotoxic mediator

by T cells (59) or NK cells (60) infiltrated into the

tumor. Colon cancer cells have acquired defensive
strategies (Fas resistance) against this effect by
either down-regulating Fas-receptor (61) or by
acquiring Fas-receptor signaling defects (58). A
mutated intracytoplasmic domain of Fas receptor
has been reported, precluding the establishment of
a functional DISC (62). Some cancer types express
high levels of Fas-associated phosphatase-1 (FAP-1)
(63) which interacts with the C-terminal region of
Fas, leading to the inhibition of downstream events.
The microinjection of a tripeptide, corresponding
to the three amino acids of Fas receptor C-terminal
region, prevented this interaction and restored the
Fas sensitivity of the colon cancer cell line (64).
The activation of Fas-receptor by apple Pcy was
confirmed in both cell lines through two strategies:
i) usising an antagonist antibody to Fas-receptor,
anti-Fas ZB4; ii) Pcy combination with an agonist
antibody of Fas-receptor, the anti-Fas CH-11 which
reproduces the activation by FasL. Under these con-
ditions, an increase in the number of hypodiploid
cells, a loss of mitochondrial membrane potential
and DNA fragmentation caused by the activation
of Fas receptor have been observed in SW480 cells.
The potentiated pro-apoptotic effects of anti-Fas
CH-11 were enhanced by Pcy which are abrogated
by the anti-Fas ZB4. We also observed in these cells
that Pcy combined with anti-Fas CH-11 activate a
type II (mitochondrial)-apoptotic pathway, which is
an effect also observed for anti-Fas CH-11 in other
experimental models (65). Whereas, the use of mul-
timeric forms of Fas ligand induces a physiologically
relevant apoptotic signaling type I (without mito-
chondria) pathway through the activation of the Fas
receptor (66). In any case, these evidences supports
the concept that Pcy may help cancer cells to recover
Fas sensitivity, contributing to the elimination of
tumor cells by FasL or by agonists of Fas-receptor.
On the contrary, in SW620 cells the anti-Fas
CH-11 do not enhance the pro-apoptotic effects
observed with Pcy only. However, in SW620 cells
it is not excluded that the Fas-receptor might be
implicated in the Pcy-induced apoptosis after a
blockade of TRAIL-DR4/-DR5 receptors that
induce its activation by Pcy. This fact suggests that
Pcy are able to initiate a cross-talk between DR4/
DR5 and Fas in metastatic cells. These findings
suggest molecular defects at the level of Fas signal
transduction. Thus, understanding the basis of
the resistance of metastatic-derived colon cancer
cells to Fas-mediated apoptosis might provide new
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strategies and treatment types for targeting death
receptors in cancer cells (29).

In this study, we propose that Pcy may restore
Fas-sensitivity in metastatic cells by overcoming
several aspects, contributing to Fas-resistance: i)
the ratio between DR4/DR5 and Fas receptors
in cell membrane may play an important role in
determining Fas-sensitivity. The number of Fas
receptor relative to DR4/DR5 might not be suffi-
cient to induce Fas-mediated apoptosis, since both
types of receptors interact similarly with the adaptor
protein FADD (67, 68) after their activation by the
combined treatments Pcy /TRAIL or Pcy/ anti-Fas
CH-11; ii) DR4/DR5 and Fas receptors have difter-
ent C-terminal tails. The corresponding region for
DR4 and DR5 positively regulates FADD binding,
caspase activation and apoptosis, whereas the C-
terminal tail of Fas receptor has the opposite effect
and inhibits the binding of FADD to the receptor
death domain (67). We may hypothesize that the
C-terminal tail of DR4 and DR5 receptors located
outside the death domain could present additional
regulatory sites for the activation of Fas receptor
in order to overcome an inactivation of DR4/DR5
receptors (67). However, currently there is no evi-
dence showing such a direct interaction between
Fas and DR4/DR5 receptors; iii) Cross linking of
FasL and TRAIL to their respective receptors ac-
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tivates PKC which in turn triggers anti-apoptotic
mechanisms for the mitochondrial pathway (69).
Thus, one may speculate about the possibility that
the simultaneous inhibition with blocking anti-
bodies for DR4/DRS5 and Fas affects PKC activity,
which can also be inhibited by apple Pcy in SW620
cells as described by Gossé et al., 2005 (8). However,
all these aspects deserve further investigations.

CONCLUSIONS

The different apoptotic signaling pathways
triggered by apple Pcy, demonstrated in the course
of this review, are summarized on figures 2 and
3; where a differential induction of apoptosis be-
tween SW480 and SW620 cells is illustrated. The
Pcy were able to induce apoptosis in SW480 cells
through the extrinsic apoptotic pathway involving
TRAIL-DR4/-DR5 and Fas receptors activated by
a post-transcription mechanism. On the contrary,
Pcy can induce apoptosis in SW620 cells through
the activation of the TRAIL-DR4/-DR5 or the
Fas apoptotic and intrinsic pathway, involving a
crosstalk between these two pathways by the tBid
protein. These death receptors may be up-regulated
by a transcriptional mechanism yet unknown.
Moreover, Pcy-induced apoptosis in SW620 cells in-
volved ROS production from increased polyamine
catabolism, leading to mitochondrial disruption.

< Anti-Fas CH-11

Figure 2. Apoptotic signaling pathways triggered by apple Pcy in SW480 cells. Pcy caused mainly an activation
of the extrinsic apoptotic pathway involving DR4, DR5 and Fas receptors. The activation of receptors leads to a
direct activation of caspase-8 and caspase-3. Despite the expression of Bcl-2 and Bax, and ROS production, the
loss of mitochondria membrane potential was insufficient to cause cytochrome c release and caspase-9 activation.
DISC, Death-induced signaling complex; FADD, Fas-associated death domain; ROS, reactive oxygen species;

Ay, mitochondrial membrane potential.
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Figure 3. Apoptotic signaling pathways triggered by apple Pcy in SW620 cells. Pcy caused inhibition of polyamine
biosynthesis and enhanced polyamine catabolism, leading to ROS production. This modulation of polyamine
metabolism was associated with the inhibition of the HDAC activity which might favor the observed up-regulation
of DR4, DR5 and Fas gene expression. The activation of death receptors led to the activation of caspase-8, cleavage of
Bid (tBid) protein, progressive increase of Bax protein, causing mitochondria dysfunction, the release of cytochrome
¢ into cytosol, and caspase-9 and caspase-3 activation. PKC, protein kinase C, PAO, Polyamine oxidase; MDL,
MDL 72527; HDAC, Histone deacetylase; ROS, reactive oxygen species; DISC, death induced signaling complex;
FADD, Fas-associated death domain; tBid, truncated BID; Cyt ¢, Cytochrome c.
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