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Abstract. Pancreatic cancer cells are resistant to the
growth-inhibitory and apoptosis-inducing effects of
conventional chemotherapeutic agents. There are
multiple genetic and epigenetic events during the
process of carcinogenesis that enable the cancer cells
to avoid normal growth constraints and apoptosis.

Investigation of the mechanisms involved has led to
multiple strategies that encourage cell death and
apoptosis to occur. The pathways involved are sum-
marized in this review, together with some recently
developed strategies to promote cell death in this
cancer.
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Pancreatic cancer and its resistance to chemotherapy

Pancreatic adenocarcinoma is a devastating disease
with the worst survival outcome of any human cancer.
Symptoms occur late in the development of pancreatic
malignancy and conventional chemotherapy has little
impact on the outcome [1]. Less than 20 % of patients
are candidates for potentially curative resection and
the vast majority of even this pre-selected group of
patients eventually succumbs to metastatic disease
[1]. It is claimed that 20 % 5-year survival after surgery
is responsible for an overall 5-year survival of 2–4%.
However, even this dismal figure has been disputed
recently [2].
Pancreatic cancers are resistant to the effects of
available drugs. The reasons for this are hard to define
and evidence suggests that they are complex [3, 4].
Meaningful studies on the mechanisms of resistance to
therapy can only be performed once a highly effective
drug has been found and at present that appears to be
a distant hope. Resistance to chemotherapeutic drugs
is partly due to the intrinsic properties of the cancer
cells, such as their ability to overcome normal cellular
growth constraints, to resist apoptosis and partly due

to resistance acquired from therapy, such as the up-
regulation of multi-drug resistance proteins, which are
pumps that lower the intracellular drug concentra-
tions. In the case of pancreatic cancers, there are a host
of genetic and epigenetic changes that enable them to
avoid normal growth constraints [3, 5, 6]. These
include up-regulation and activation of growth path-
ways and loss of function of tumor suppressor
proteins. These pathways provide a number of poten-
tial targets for inhibition of pancreatic cancer cell
growth and induction of apoptosis. With application of
therapies targeted to these pathways, we can hopefully
improve on the dismal outcome of this disease in the
future.

Targeting the apoptosis pathways in pancreatic cancer

Programmed cell death, known as apoptosis plays a
pivotal role in cellular homeostasis. Abnormal cells
are eliminated by apoptosis, but cancer cells develop
mechanisms to prevent this process just as they
manage to avoid cellular growth constraints [7, 8].
There are two pathways through which apoptosis can
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be triggered (Fig. 1). The first involves death recep-
tors belonging to the tumor necrosis factor (TNF)
super family. The second is triggered by environ-
mental stresses or drugs that result in permeabiliza-
tion of the mitochondrial outer membrane and
release of apoptotic factors into the cytoplasm [7,
8]. Apoptosis is mediated by activation of a cascade
of serine proteases, called caspases. There are
initiator caspases (caspases 8 and 9) that trigger the
cascade and effector or executioner caspases (cas-
pases 3, 6, 7, etc.) that are responsible for cleavage of
substrates that directly or indirectly lead to cell
death. In contrast to necrosis, cellular contents
remain membrane bound and subsequently undergo
phagocytosis in apoptosis, thus preventing inflam-
mation. In some cells, activation of caspase-8 through
the death receptors is sufficient to directly activate
the central effector caspase, caspase-3 and to trigger
apoptosis directly. In other cells, the mitochondrial
pathway has to be involved in the apoptotic process.
In pancreatic cancer cells, regardless of whether
apoptosis is triggered by death receptors or by the
stress or drug-activated mechanism, the mitochon-
drial pathway is always involved.
The death receptor pathway, involves binding of
TNF-a, Fas ligand, or TNF-related apoptosis-inducing
ligand (TRAIL) to their respective specific receptors,
which share a common internal region called the death
domain. Ligand binding causes receptor trimerization
and recruitment of Fas-associated death domain
protein (FADD) and caspase-8 to form the death-

inducing signaling complex (DISC), then caspase-8 is
activated by cleavage. In pancreatic cancer cells the
signal-enhancing effect of mitochondria is needed,
and the Bcl family member, Bid, mediates the
activation of mitochondria in response to death
receptor activation. Bid is cleaved by caspase-8 to its
truncated form (tBID), which becomes integrated
into the mitochondrial membrane and induces release
of cytochrome c and other apoptogenic factors. In the
cytoplasm, cytochrome c forms a complex with
apoptotic protease-activating factor (Apaf-1), ATP
and caspase-9, called the apoptosome. Caspase-9 is
another initiator caspase. It is activated by cleavage at
the apoptosome and in turn activates the executioner
caspases, caspases-3, -6 and -7. These executioner
caspases then cleave substrates that result in DNA
fragmentation, cleavage of cytoskeletal proteins and
cell death. Most studies have shown that, while the Fas
ligand and receptor are produced in pancreatic cancer
cells, they are resistant to apoptosis through this
pathway. This may be due to non-functional receptors
or to changes in the downstream pathway, with up-
regulation of Bcl-xL (anti-apoptotic member of the Bcl
protein family) or other family members [9]. The
secreted Fas ligand may be important in evasion of the
immune response to the tumor. Similarly, resistance to
TRAIL is not related to lack of receptors, but rather to
up-regulation of anti-apoptosis proteins such as Bcl-
xL, X-linked inhibitor of apoptosis protein (XIAP),
and the short form of FADD-like ICE inhibitory
proteins (FLIPS) [10, 11]. Furthermore, inhibition of

Figure 1. Simplified scheme for
induction of apoptosis through
the death receptor and mito-
chondrial pathways. For descrip-
tion of the mechanism refer to
the text. Apaf-1, apoptosis acti-
vating factor; Bid, BH3-interact-
ing death domain agonist; DISC,
death inducing signaling com-
plex; FADD, Fas-associated
death domain protein; Fas li-
gand, the ligand for tumor ne-
crosis receptor superfamily
member 6; tBid, truncated Bid;
TNF, tumor necrosis factor;
TRAIL, TNF-related apoptosis
inducing ligand; PARP, poly-
ADP ribose polymerase.
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production of these proteins sensitizes the cells to the
apoptosis-inducing effects of TRAIL [10, 11].
Key factors in the cell�s balance of apoptosis or
survival are the Bcl family of apoptosis regulators.
This is a large family of at least 16 members including
anti-apoptotic (e.g. , Bcl-2, Mcl-1, Bcl-xL) and pro-
apoptotic proteins (e.g., Bax, Bak, and Bad). These
regulators interact with other proteins through a
helical region, called the Bcl homology domain. This
interaction is important for regulation of apoptosis.
The pro-apoptotic Bcl proteins activate permeabiliza-
tion of the mitochondrial membrane, either by form-
ing tetrameric channels themselves or by interaction
with the mitochondrial permeability pore complex,
allowing cytochrome c to pass into the cytoplasm. The
anti-apoptotic members of the family prevent cyto-
chrome c release, and it is probably the balance
between these effectors that determines whether
apoptosis will proceed or not. Bcl-x exists in two
molecular forms, one long (Bcl-xL) that is anti-
apoptotic and a short form (Bcl-xS) that is pro-
apoptotic. There is some evidence in pancreatic
cancer cells that Bcl-xL is more important than Bcl-2
in protecting against apoptosis triggered by the Fas
ligand or TRAIL [12]. Bcl-xL is constitutively over-
expressed in pancreatic cancer cells. Like Bcl-2, Bcl-xL

prevents cytochrome c release, but it also binds to
Apaf-1 and thereby prevents association of caspase-9
with Apaf-1 and activation of this caspase [13] (Fig. 2).
However, Bcl-2 itself and Mcl-1 appear to be impor-
tant in resistance to drug-induced apoptosis [14, 15].
Bcl-xL or other family members might be useful
targets for pancreatic cancer therapy and certainly
knockout of Bcl-xL function results in an increase in
apoptosis and sensitivity to gemcitabine, the cytotoxic
agent that is the mainstay of therapy in pancreatic
cancer [16, 17]. Similarly, over-expression of Bax
increases the sensitivity of pancreatic cancer cells to
drug-induced apoptosis [18]. Expression of another
family member, Bak and apoptosis occur in the areas
of inflammation surrounding the cancer, but not in the
cancer cells themselves. This may actually promote
tumor growth. There is considerable effort being
aimed at restoring the function of the pro-apoptotic
Bcl-2 family members in the tumor cells using peptide
mimetics and drugs that mimic the function of these
proteins [19].
The complex control mechanisms of apoptosis also
involve a series of caspase inhibitors. One class of
these is the FLIP. Long (FLIPL) and short (FLIPS)
forms of FLIP have been characterized [20]. FLIPL,

which is a homologue of caspase-8 but lacks the amino
acids necessary for caspase activity, competes with
caspase-8 for binding to FADD at the DISC, prevent-
ing activation of the caspase [20]. FLIPL is over-

expressed in pancreatic cancer cells that are resistant
of Fas-mediated apoptosis, and thus is a potential
target for therapy [9]. Indeed, peroxisone prolifer-
ator-activated receptor (PPAR) g agonists sensitize
tumor cells to apoptosis by decreasing FLIP expres-
sion [21]. FLIP is also involved in activation of NF-kB
by recruiting adaptor proteins such as TNF-a recep-
tor-associated factor (TRAF), which in turn activates
expression of several genes involved in tumor growth
and progression [22, 23].
Another group of caspase inhibitors is the inhibitor of
apoptosis (IAP) family, including cIAP, XIAP and
survivin [24]. These proteins contain a region called
the baculoviral IAP repeat domain, through which
they bind to caspases. The cellular function of the
IAPs is not clear, but their expression is increased in
cancer cells resistant to Fas and TRAIL-induced
apoptosis. Forced expression of cIAP1, cIAP2 and
XIAP suppresses apoptosis [24]. Survivin is a member
of the IAP family, but has a unique structure that
discriminates it from the other family members [24]. It
is expressed in the G2/M phase of the cell cycle in a
regulated manner. The induction of G1 cell cycle
arrest and retinoblastoma (Rb) activation in pancre-
atic cancer cells treated with a CDK4 inhibitor results
in increased sensitivity to TRAIL induced by down-
regulation of survivin expression [25]. Knockdown of
hypoxia-inducible factor alpha (HIF-1a) also results
in decreased survivin expression and increased sensi-
tivity to the apoptotic effects of chemotherapeutics,
indicating that the up-regulated HIF-1a is also
involved in the increased survivin expression in
pancreatic cancer [26]. Survivin binds and inhibits
both caspase-3 and caspase-7, which are the major
executioner caspases [27]. It is not expressed in
normal differentiated cells from any organ in adults,

Figure 2. Illustration of the central role for BCL-XL in the
regulation of apoptosis. BCL-XL inhibits release of cytochrome c
from the mitochondria into the cytoplasm and also associates with
Apaf-1 to prevent activation of the initiator pro-caspase-9. BCL-
XL, pro-apoptotic member of the Bcl-2 protein family.
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but is highly expressed in a wide range of cancers,
including pancreatic cancer. Survivin expression
steadily increases through the developmental stages
of pancreatic intraepithelial neoplasias (PanINs),
which are the precursor lesions of pancreatic cancer
[28]. Since survivin is such a potent caspase inhibitor,
its over-expression in cancer is implicated in the
resistance to different apoptotic stimuli, including
chemotherapy. This appears to be a major reason for
the resistance of pancreatic cancer to therapeutic
agents. Several studies have shown that knockdown of
survivin, XIAP or cIAP-2 expression using small
inhibitory RNA (siRNA) can induce apoptosis in a
number of different cancer cell types, including
pancreatic cancer and increase sensitivity to gemcita-
bine, 5-fluorouracil, paclitaxel and doxyrubicin
[29–32]. That is why these proteins are of such interest
as targets in cancer therapy and also for chemo-
prevention. A recent report showed that small mol-
ecule inhibitors of XIAP (XAntags 1396 – 11 and
1396 – 12) increased caspase-3 and caspase-7 activity
with effects in the low nM range [33]. These inhibitors
also produced marked apoptosis of mouse xenografts
of human pancreatic cancers and showed marked
synergy with TRAIL or radiation therapy [33].
The function of IAPs is inhibited by a protein called
SMAC [34]. The precursor form of SMAC is localized
to mitochondria and it is released into the cytosol by
cellular stress [34]. Its release, like that of cytochrome
c, is suppressed by Bcl-2 [34]. Up-regulation of SMAC
or its function may be valuable in pancreatic cancer
therapy. A small fragment of the N-terminal sequence
of SMAC coupled to a carrier peptide is able to
enhance the anti-proliferative effect and apoptosis
induction stimulated by a wide range of anti-neo-
plastic agents [35].
Procaspase-3 expression is increased in pancreatic
cancer and levels are related to the invasiveness of the
cancer cells [36]. Attempts to increase its expression
would, therefore, be futile. Recently, it came to light
that the dormancy of the proenzyme is maintained by
a regulatory “safety catch”, which prevents accidental
apoptosis [37]. The safety catch comprises of a triplet
of aspartic acid residues contained within the pro-
enzyme itself that blocks access to the Ile-Glu-Thr-
Asp (IETD) proteolytic activation site. It appears that
the safety catch becomes disabled under the low
cellular pH conditions that accompany apoptosis,
enabling activation of this executioner caspase by
caspase-9 or autoactivation [37] (Fig. 3). This “safety
catch” clearly represents an important drug target,
since procaspase-3 is up-regulated in pancreatic
cancer and its activation results in apoptosis. These
observations triggered the search for a small molecule
that would directly activate this executioner caspase

and bypass the upstream apoptosis regulatory path-
ways. A screen of more than 20 000 diverse small
molecules revealed four compounds that could in-
crease hydrolysis of a peptidic caspase-3 substrate
[38]. One compound in particular showed a strong
dose-dependent effect on procaspase-3 activation.
This compound, named procaspase-activating com-
pound 1 (PAC-1) induces apoptosis in a wide range of
cell lines and retarded growth of tumors in three
different mouse models of cancer [38]. PAC-1 is active
when administered orally [38]. Hopefully, PAC-1 or a
similar compound can be developed as an anti-cancer
agent.

Targeting the growth pathways in pancreatic cancer

Genetic mutations in oncogenes and tumor suppres-
sor genes leads to up-regulation of growth factors,
their receptors and downstream signaling pathways in
pancreatic cancer. These tumors are largely inde-
pendent of extrinsic growth factors, giving them a
distinct growth advantage. Removal of autocrine
growth factor support triggers apoptosis and many
targeted therapy strategies are focused on these
pathways. Important targets include the phosphatidy-
linositol-3 kinase (PI3K) and protein kinase B (AKT)
pathway, the epidermal growth factor receptor
(EGFR)-mediated pathway, the NF-kB pathway, the
p53 tumor suppressor gene and the lipoxygenase and
cyclooxygenase pathways (Fig. 4).
The k-ras gene is activated by mutations in more than
90 % of pancreatic cancers. The vast majority of
activating point mutations in this gene occur at codon
12, with a few other mutations targeting codons 13 or
61 [39]. These mutations occur early in the develop-
ment of pancreatic neoplasia, giving the cells a growth
advantage even before invasive cancer develops [39].

Figure 3. Schematic diagram showing how activation of procas-
pase-3 is suppressed. A triplet of aspartic acid residues (DDD)
overlays the Ile-Glu-Thr-Asp (IETD) proteolytic cleavage site.
Low pH within the apoptotic cell causes a conformational change,
which renders this activation site vulnerable to cleavage by initiator
caspases (caspase-8 and -9) or by self activation.
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The PI3K/AKT pathway is activated by growth factor
receptors, such as the EGF and IGF-1 receptors. This
pathway is important for cellular survival as well as
growth. Activation of AKT induces up-regulation of
anti-apoptotic Bcl family members, MDM2 and
NF-kB, as well as inactivation of pro-apoptotic
proteins such as Bad, forkhead, caspase-9, and glyco-
gen synthase kinase 3 (GSK3) [40, 41]. AKT also
phosphorylates and thereby inactivates the pro-apop-
totic Bcl family member, Bad as well as caspase-9 [42,
43]. The activity of PI3K is inhibited by a protein
called phosphatase and tensin homolog (PTEN). In

pancreatic cancer cells, PI3K, AKT, growth factors
and their receptors are over-expressed, while expres-
sion of PTEN is often suppressed. Because of the
survival advantage that this pathway renders, it
provides an important target for sensitizing cells to
apoptosis. Wortmannin, a potent PI3K inhibitor
blocks proliferation, induces apoptosis and enhances
the effects of gemcitabine in pancreatic cancer cells
[44, 45]. Other PI3K inhibitors are currently under
investigation for cancer therapy. GN963 is a tyrosine
kinase inhibitor with activity against Akt as well as
platelet-derived growth factor receptor and Src. This
inhibitor markedly reduced growth of pancreatic
cancer xenografts in nude mice. It was even more
effective and completely blocked hepatic metastases,
when used in combination with gemcitabine [46].
The EGFR is over-expressed in the majority of
pancreatic cancer cells and several of the ligands for
this receptor are also up-regulated, including EGF
itself, transforming growth factor-a (TGF-a), amphir-
egulin, and heparin-binding EGF [47]. High-affinity
binding of these ligands to the receptor triggers a
growth-stimulatory signaling cascade that involves k-
ras, which is mutated and constitutively active in about
95 % of pancreatic cancers. This pathway is, therefore,
extremely important for growth and survival of this
cancer and several therapeutic strategies targeting the
pathway are being pursued. These include various
strategies to normalize the function of k-ras. Previous
studies have shown that protein kinase C (PKC)
activation by tumor-promoting phorbol esters cause a
paradoxical inhibition of pancreatic cancer cell pro-
liferation [48]. A recent study showed that phosphor-
ylation of the k-ras oncogene on Ser181 results in
translocation from the plasma membrane to intra-
cellular membranes, including the outer mitochon-
drial membrane, where it interacts with Bcl-xL to
promote apoptosis [49]. The PKC partial agonist
bryostatin-1 inhibited the growth in vitro and in vivo of
cells transformed with oncogenic k-ras in a Ser181-
dependent mechanism (Fig. 5). These findings pro-
vide a direct link between PKC activation and
apoptosis, and provide a possible explanation for
PKC activation-mediated growth inhibition. Further-
more, since k-ras is mutated in almost all pancreatic
cancers, these findings suggest that bryostatin may be
effective in the treatment of these tumors [49].
Another important approach to targeting the EGF
growth pathway is the use of EGF receptor tyrosine
kinase inhibitors, the first of which (Erlotinib) has
been approved by the FDA for treating the disease
[50, 51]. However, it is now clear that a small subset of
patients with EGFR mutations are the ones that
respond well to the effects of these agents [52].
Another kinase inhibitor under investigation is

Figure 4. Simplified scheme showing the interaction between
different intracellular signal transduction components of the
growth factor pathways. Growth factor receptors, such as the
epidermal growth factor receptor (EGFR), are membrane-span-
ning glycoprotein dimers with an N-terminal ligand binding
domain, a hydrophobic transmembrane domain and a cytoplasmic
domain containing tyrosine kinase and receptor regulatory motifs.
The growth factor binds to its respective receptor and induces
homodimerization (or heterodimerization with another member of
the ErbB receptor family) and autophosphorylation of the opposite
chain. The resulting phosphorylated tyrosines serve as binding and
activation sites for signal transducers and adaptor proteins, such as
Grb2 and IRS-1/2. Two major signaling routes are the Ras-Raf-
MAPK pathway and the PI3K/Akt pathway. Akt triggers several
events that suppress apoptosis and promote cell survival. These
include inactivation of pro-apoptotic proteins such as Bad, FKHR,
caspase-9, and GSK3, activation of MDM2 that results in
inactivation of the p53 tumor suppressor protein, and activation
of NF-kB that increases transcription of anti-apoptotic proteins
such as Bcl-2, Bcl-XL, the cIAPs and FLIP. PTEN, which is
inactivated in many cancers is a natural inhibitor of the PI3K/Akt
pathway. ErbB, erythroblastic leukemia viral (v-erb-b) oncogene
homolog; Grb2, growth factor receptor-bound protein; IRS, insulin
receptor substrate; Ras, rat sarcoma viral oncogene homolog; Raf,
v-raf-1 murine leukemia viral oncogene homolog; MAPK, mito-
gen-activated protein kinase; PI3K, phosphatidylinositol-3 kinase;
Akt, v-akt murine thymoma viral oncogene homolog; Bad, Bcl-2
antagonist of cell death; FKHR, forkhead in rhabdomyosarcoma;
GSK3, glycogen synthase kinase 3; MDM2, murine double minute
2 protein; NF-kB, nuclear factor kB; Bcl-2, B cell lymphoma 2
protein; cIAPs, cellular inhibitor of apoptosis proteins; FLIP,
FLICE inhibitory protein; PTEN, phosphatase and tensin homo-
log.
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ZD6474, which is known to inhibit the tyrosine kinase
activity of vascular endothelial growth factor and
EGFR. In a recent study in pancreatic cancer cells,
ZD6474 inhibited growth and induced apoptosis and
showed synergistic effects with gemcitabine and
radiation [53]. The drug inhibited phosphorylation
of Akt as well as EGFR [53]. In the athymic mouse
xenograft model, ZD6474 inhibited tumor growth and
significantly enhanced the effects of gemcitabine and
radiation [53]. Other approaches to targeting this
pathway include chimeric or humanized monoclonal
antibodies that target the EGFR, such as Cetuximab
and Matuzumab [54, 55], as well as inhibitors of the
extracellular regulated kinases (ERKs) [56]. Curcu-
min inhibits expression of EGFR via a pathway that
involves inhibition of cyclooxygenase-2 (COX-2)
expression [57]. Another member of the EGFR
family, ErbB2, also known as Her-2/neu, has also
been targeted with a monoclonal antibody marketed
as Herceptin [58].

NF-kB is a transcription factor involved in diverse
cellular activities including inflammation and the
immune response. NF-kB induces transcription of
multiple target genes, including Bcl-xL, cIAPs, and
FLIPs [59]. Normally, NF-kB is kept in an inactive
state in the cytoplasm by another protein called IkBa.
Cytokines, growth factors and cellular stress activate
NF-kB by degradation of IkBa, whereupon it is
translocated to the nucleus to increase expression of
several anti-apoptotic genes listed above. NF-kB
appears to be constitutively activated in pancreatic
cancer cells and is further activated by several chemo-
therapeutic agents, indicating that this transcription

factor contributes to resistance to apoptosis in this
cancer [23]. Inhibitors of NF-kB, such as genestein,
gliotoxin, sulfasalazine, and gabexate mesilate sensi-
tize pancreatic cancer cells to chemotherapeutic drugs
and to TNF-a with an increase in apoptosis [60–62].
Such agents are likely to be valuable in enhancing the
effect of chemotherapeutic drugs in pancreatic cancer.
Recent reports show that inhibition of NF-kB activa-
tion by lidamycin or curcumin markedly inhibits
growth of human pancreatic cancer xenografts in
athymic mice and also suppresses angiogenesis [63,
64]. Notch signaling plays a critical role in maintaining
the balance between cellular proliferation, differ-
entiation and apoptosis, and recent reports suggest
that Notch-1 is an upstream regulator of NF-kB [65,
66]. Indeed, the inhibitory effects of genistein and
curcumin on NF-kB activation appear to be mediated
by the down-regulation of Notch-1 [65, 66]. GSK and
tissue transglutaminase (TG2) are critical regulators
of NF-kB and so they are also potential therapeutic
targets [67, 68].
Interferons (IFN-a, -b and -g) have anti-proliferative
and apoptotic effects in pancreatic cancer cell lines
expressing the respective receptors [69]. The apop-
totic effects are blocked by a caspase-8 inhibitor,
indicating that IFNs induce apoptosis by triggering the
caspase cascade [69]. Enhanced cytotoxicity is seen
when IFNs are combined with gemcitabine or 5-
fluorouracil.
Activation of sonic hedgehog (shh) signaling is seen in
the majority of pancreatic cancers. Shh increases
proliferation of the cancer cells and protects them
from apoptosis by activation of PI3K and stabilization
of Bcl-2 and Bcl-XL [70]. In addition, Shh enhances k-
Ras-induced tumorigenesis by reducing dependence
of the tumor cells on the sustained activation of the
ERK and PI3K/Akt growth pathways [70]. Thus, Shh
is another important target for inhibition of growth
and induction of apoptosis.
In normal cells, the p53 tumor suppressor protein
inhibits growth by triggering cell cycle arrest and
apoptosis (Fig. 6). It acts directly by binding and
inactivating Bcl-2 and Bcl-xL, and indirectly by
increasing the expression of pro-apoptotic Bcl family
members such as Bax, Bid, and Bim [6]. This tumor
suppressor gene is inactivated in more than 60 % of
pancreatic cancers, giving the cells a growth advantage
[6]. Forced expression of wild-type p53 suppresses
growth of pancreatic cancer cells and sensitizes them
to apoptosis. Thus, an important therapeutic approach
for pancreatic cancer is to normalize p53 function
[71].
Lipoxygenases (particularly 5-LOX, 12-LOX) and
cyclooxygenases (COX-2), which are key enzymes of
arachidonic acid metabolism, play a major role in

Figure 5. Activation PKC by bryostatin-1 induces phosphoryla-
tion of active oncogenic k-ras by a farnesyl-electrostatic switch with
causes tranlocation of serine181 k-ras from the inner plasma
membrane to inner cell membranes, including that of the mito-
chondria, where it becomes associated with BCL-XL and induces
apoptosis. k-ras, Kersten rat sarcoma 2 viral oncogene homolog;
SMAC/diablo, second mitochondrial second-mitochondria-de-
rived activator of caspase also known as direct AIP binding protein
with low pI; PKC, protein kinase, C.
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development and progression of pancreatic cancers
[15, 72, 73]. These enzymes are not expressed in
normal ductal cells, but are expressed in pancreatic
cancers as well as in the precursor PanIN lesions [74,
75]. LOX and COX metabolites stimulate growth of
pancreatic cancer cells, while inhibitors of these
enzymes block growth both in vitro and in vivo [15,
72, 73, 76–79]. The LOX enzymes are up-regulated in
response to growth factor stimulation, while inhibitors
of these enzymes block growth factor-induced growth
and mitogen-activated protein kinase (MAPK) acti-
vation, indicating interaction of these pathways. COX
and LOX inhibitors, and receptor antagonists for the
downstream metabolite, leukotriene B4 induce apop-
tosis in vitro and in vivo and enhance the effectiveness
of gemcitabine against these cancer cells [15, 73, 78,
79]. These pathways are clearly valuable targets for
pancreatic cancer therapy and chemoprevention.

Novel agents recently shown to inhibit pancreatic
cancer growth with apoptosis

There are many naturally occurring substances that
have been recently shown to potently inhibit growth of
pancreatic cancer cells with induction of apoptosis.
These include genistein, a flavonoid from soy beans
[61]; resveratrol, a phytoalexin found in high concen-
trations in grape skins and red wine [80]; apigenin, a
flavonoid found in herbs such as parsley, thyme and
peppermint [81]; gingerol a major phenolic compound
in root ginger [82]; frondoside A., a triterpine glyco-
side from the skin of the edible Atlantic sea cucumber
[83]; and sansalvamide, a small cyclic depsipeptide
from a marine fungus [84]. All of these compounds
appear to have low toxicity and may be developed into
therapeutics themselves or as adjuncts to conventional
chemotherapeutic drugs.

Conclusions

The complex pathways involved in apoptosis are
controlled by a variety of pro- and anti-apoptotic
factors, the balance of which ensures tissue homeo-
stasis. Activation or down-regulation of pro- and anti-
apoptotic genes can influence cancer cell viability and
sensitivity to chemotherapy or radiotherapy, tumor
development and progression. There are a number of
potential targets for inducing and enhancing apoptosis
in this disease, including enhancing or mimicking the
effects of pro-apoptotic Bcl family members; blocking
the effects of caspase inhibitors; up-regulating SMAC/
diablo function; inhibition of the PI3K/Akt pathway;
blocking growth factor (e.g. , EGF) pathways; inhibit-
ing NF-kB; normalizing p53 function; inhibiting 5-
LOX, 12-LOX, and or COX-2 activity or blocking the
downstream pathways for their metabolites. Such
therapeutic strategies, perhaps in combination may
help to improve outcome of this devastating disease.
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