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Abstract

Inflammation is closely linked to cancer, and many
anti-cancer agents are also used to treat
inflammatory diseases, such as rheumatoid
arthritis. Moreover, chronic inflammation increases
the risk for various cancers, indicating that
eliminating inflammation may represent a valid
strategy for cancer prevention and therapy. This
article explores the relationship between
inflammation and cancer with an emphasis on
epidemiological evidence, summarizes the current
use of anti-inflammatory agents for cancer
prevention and therapy, and describes the
mechanisms underlying the anti-cancer effects of
anti-inflammatory agents. Since monotherapy is
generally insufficient for treating cancer, the
combined use of anti-inflammatory agents and
conventional cancer therapy is also a focal point in
discussion. In addition, we also briefly describe
future directions that should be explored for anti-
cancer anti-inflammatory agents.
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I. Inflammation and Cancer

It has long been recognized that infections and
inflammation are related to cancer, and strong
correlations between the presence of inflammation
and the development of pre-cancerous lesions at
various anatomic sites have been established.
Exemplary studies have indicated that there is an
approximately 14% increase in prostate cancer risk
due to prostatitis ((1-3), a 25% increase in colorectal
cancer risk due to ulcerative colitis (4, 5), and a 10-
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20-fold increase in the risk of pancreatic cancer for
patients who have experienced pancreatitis (6-8).
Thus, the presence of inflammation appears to
induce or facilitate carcinogenesis.

That inflammation may lead to the initiation of
cancer 1s reasonable considering that chronic
inflammation is characterized by infiltration of
mononuclear immune cells (including macrophages,
lymphocytes, and plasma cells), tissue destruction,
fibrosis, and increased angiogenesis (9, 10).
Increased genomic damage, increased DNA
synthesis, cellular proliferation, disruption of DNA
repair pathways, inhibition of apoptosis, and the
promotion of angilogenesis and invasion are also
associated with chronic inflammation (11). All of
these processes have been implicated in the
initiation and progression of cancers. During chronic
inflammation, pro-inflammatory molecules, such as
cytokines, inducible nitric oxide synthase (iNOS),
reactive oxygen species (ROS), and NF-kB are
upregulated (12). Together, these processes provide
a favorable microenvironment for the exponential
growth of malignant cells. Thus, inflammation may
provide both the key mutations and the proper
environment to foster tumor growth.

There is extensive data demonstrating that
inflammation plays a role in the establishment,
progression, and/or aggressiveness of various
malignancies. As a tumor develops, it expresses
phenotypes similar to inflammatory cells (13). For
example, numerous cancer cells express cytokines
and chemokines and their receptors. These
molecular mediators and their respective receptors
have a significant impact on angiogenesis, cell
migration, and metastasis (14, 15). In a study
conducted by Chavey et al, a number of cytokines,
including IL-6, IL-8, G-CSF (granulocyte colony
stimulating factor), IFN-y (interferon-y), and MIP-18
(macrophage inflammatory protein- 18), were found
to be more abundant in breast carcinoma than in
normal breast tissue (16). Surprisingly, the
expression level of IL-8, an important regulator of
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neutrophil activation and chemotaxis, and an
activator of NF-kB, negatively corresponded with
estrogen receptor status; the mediator was also more
abundant in high-grade tumors than low-grade
tumors, and was increased in tumors that exhibited
high  macrophage content and  increased
vascularization. MIP-18 expression was also higher
in high-grade breast carcinomas compared to low-
grade tumors. Its expression corresponded to B
lymphocyte, T lymphocyte, and macrophage
infiltration, and was found to correlate with the
overall presence of inflammatory cell components
(16). Additionally, the observed levels of AP-1
(activator protein-1), a transcriptional target of NF-
kB and known regulator of numerous inflammatory
cytokines, correlated with the expression levels of
many of the examined cytokines.

II. Targeting Inflammation for Cancer Therapy

Given  its myriad  pro-tumor effects,
inflammation has become a target for cancer
prevention and therapy. COX-2 (cyclooxygenase 2,
PTGS2) is the most frequently evaluated anti-cancer
anti-inflammatory target, although numerous other
targets, such as NF-kB, cytokines/cytokine receptors,
chemokines/chemokine receptors, FGF/FGFR
(fibroblast growth factor/receptor), and VEGF have
also been examined (17-20). More than two decades
ago, it was demonstrated that NSAIDs (non-
steroidal anti-inflammatory drugs) have anti-colon
cancer effects (21, 22). Other clinical trials have
indicated that long-term use of aspirin or other
NSAIDs decreases the incidence of colorectal,
esophageal, breast, lung and bladder cancers (23).
While initial studies focused on various broad-
spectrum NSAIDs (which non-specifically inhibit
both COX-1 and COX-2), more recent studies have
examined COX-2 specific agents, such as celecoxib
(24). However, given the GI toxicity and non-specific
activity of NSAIDs (25), and the cardiotoxicity of
specific COX-2 inhibitors, the use of such agents
remains controversial.

Nevertheless, given that their toxicity is modest
compared to conventional chemotherapeutic agents,
various anti-inflammatory agents are still being
investigated for cancer therapy and prevention.
Many anti-inflammatory agents, including the
NSAIDs, can alter the tumors themselves or the
tumor microenvironment, potentially decreasing
migration (26), increasing apoptosis (27), and
increasing sensitivity to other therapies (28); thus,
the agents still have immense promise against
cancer. The remainder of this review will focus on
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the current status, mechanisms of action, and future
directions for the use of anti-inflammatory agents
for cancer therapy.

lll. Current Status of Anti-Inflammatory Agents
for Cancer

Dysregulated inflammation plays a major role in
chronic illnesses, including diabetes, cardiovascular
disease, arthritis, psoriasis, and cancer (29). As a
result, there are numerous FDA-approved anti-
inflammatory agents for these indications. Although
they were designed to decrease or prevent
inflammation, many of these agents exhibit other
properties such as anti-emetic, anti-thrombotic (30),
anti-angiogenic (31), anti-proliferative, and pro-
apoptotic activities (32), making them potential
candidates for cancer therapy or prevention.

a. NSAIDs

Epidemiological data suggest that the incidence
of breast, colorectal, and lung cancers is inversely
related to the use of aspirin and nonsteroidal anti-
inflammatory drugs (33). Moreover, colorectal cancer
patients who were long-term NSAID users had
dramatically lower mortality rates than non-NSAID
users (34). Randomized trials have demonstrated
that aspirin can reduce the short-term risk of colon
adenomas in patients with a prior history of
adenomas (35). Another study demonstrated that
the incidence and mortality from lung cancer for
patients taking aspirin was significantly lower for
non-smokers and former smokers than those who
did not take aspirin (36). However, other studies,
such as one in breast cancer patients, did not
demonstrate any reduction in cancer risk for
patients taking aspirin for up to 10 years follow-up
(37). Although many clinical trials have not
indicated any significant improvement for long-term
prevention of different cancers (studies with <10
years follow-up), an examination of data from
studies with longer follow-up periods demonstrated
that aspirin use (300mg/day for >5 years) can reduce
the long-term risk of colon adenomas after a 10 year
latency period (35).

Sulindac, another NSAID, has also been shown
to decrease the recurrence and polyp number in FAP
(familial adenomatous polyposis) patients (38) and
lead to the regression of existing adenomas (39).
Other NSAIDs, including ibuprofen and piroxicam,
have also been shown to decrease the risk of
developing cancers (40, 41). Thus, there appears to
be a significant correlation between NSAID use and
decreased incidence of primary and recurrent



cancers, and decreased mortality, although the
effects vary by dose, duration of exposure, cancer
type, and the duration of follow-up. All of these
agents have been approved by the FDA for different
indications, and could readily be added to cancer
therapy or prevention regimens.

b. Specific COX-2 inhibitors

Although the NSAIDs are effective anti-
inflammatory agents, newer agents were designed to
specifically inhibit COX-2 in an effort to generate
more active compounds with decreased GI toxicity.
Early clinical studies involving patients with FAP
demonstrated that celecoxib, a specific COX-2
inhibitor, induced significant regression of existing
adenomas (39). These findings led to the accelerated
FDA approval of celecoxib for adjuvant therapy in
the treatment of familial adenomatous polyposis in
1999 (42). Studies have also indicated that celecoxib
may have activity against other cancers, such as
ovarian cancer, as well (43). However, the use of
celecoxib and other NSAIDs for cancer prevention
and therapy remains controversial, with many
clinical studies indicating that the compounds do not
have significant beneficial effects for patients.
Moreover, the side effects of the NSAIDs, ranging
from moderate GI toxicity to cardiotoxicity, limit
enthusiasm for their use, especially for cancer
prevention. As a result of their cardiotoxicity, most
of the COX-2 specific agents have been withdrawn
from the market.

Despite the withdrawal of rofecoxib (Vioxx®)
and valdecoxib (Bextra®) (as well as etoricoxib and
parecoxib), there is still a high level of interest in
celecoxib (Celebrex®) in both the clinic and in pre-
clinical studies. Celecoxib remains the only NSAID
with FDA-approval for patients with familial
adenomatous polyposis (FAP) (44) and is currently
being investigated in a number of Phase II and III
clinical trials both alone and in combination with
other standard chemotherapy regimens (45). Given
their toxicity and the controversy surrounding their
cancer preventive and therapeutic affects, it is
unlikely that COX-2 inhibitors will play a major role
in cancer prevention or as monotherapy for cancer,
however, they may represent effective treatments
when used as adjuvants with other therapeutic
approaches.

c. Corticosteroids

The corticosteroids, most commonly used to
prevent or decrease the side effects of chemotherapy
and radiation, have also shown anti-cancer activity
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when used alone or in combination with
chemotherapeutic agents. For example, dietary
administration of the glucocorticoid dexamethasone
to A/J mice exposed to tobacco smoke led to a more
than 60% decrease in lung tumor incidence (46). Our
studies have demonstrated that pre-treatment with
dexamethasone can enhance the effects of
conventional therapies against animal models of
glioma, as well as breast, lung and colon cancers (47,
48). In fact, co-administration of dexamethasone led
to a 2-4-fold increase in the efficacy of carboplatin
and/or gemcitabine (47). A recent study in cell lines
and a xenograft model demonstrated that
dexamethasone treatment results in significant
growth inhibition of renal cell carcinoma (49). It has
also been demonstrated that dexamethasone can
prevent the growth of estrogen-dependent breast
cancer by antagonizing estrogen sulfotransferase
(50). Other glucocorticoids, including hydrocortisone
and prednisone, have also been shown to decrease
the growth of cancer cells in culture and to decrease
the growth of xenograft tumors in vivo (51, 52).

Thus, anti-inflammatory agents seem to have
promise for the prevention or treatment of various
human cancers. These agents, particularly the
NSAIDs, have been documented to decrease
migration (26), increase apoptosis (27, 53), and
decrease angiogenesis (54, 55) of tumors. These
effects, and epidemiological evidence of decreased
cancer incidence and aggressiveness, prompted the
numerous investigations of the potential of anti-
inflammatory agents for cancer prevention and
therapy. = While the results so far have been
inconclusive, it cannot be denied that these
compounds may represent novel, less toxic, agents
for cancer therapy. However, like most of the agents
currently used in the clinic, the anti-inflammatory
compounds will likely need to be used as part of a
combination regimen in order to achieve successful
eradication of established tumors.

IV. Mechanisms of Anti-Cancer Action of Anti-
Inflammatory Agents

There is evidence that anti-inflammatory agents
are effective adjuvants for conventional therapies
(28, 56). Since monotherapy is typically insufficient
to completely eradicate cancer, combination therapy
is generally administered. A number of both clinical
and pre-clinical studies suggest that the combined
use of anti-inflammatory agents and conventional
therapies may improve patient prognosis. Although
the underlying mechanisms of action for the effects
of anti-inflammatory agents as adjuvants are not
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fully demonstrated, three primary modes of action
have been proposed: chemoprotection, alterations in
pharmacokinetics or metabolism, and
chemosensitization.

a. Chemoprotection by anti-inflammatory agents

There are a large number of adverse effects
associated with the various clinically used anti-
cancer agents. The majority of agents target rapidly
proliferating cells, resulting in toxicity to both the
tumor and various host tissues, primarily the
gastrointestinal tract and bone marrow. Other
toxicities arise as a result of accumulation of the
agent in a particular anatomic region (e.g. the
cardiovascular system or liver). These side effects
limit the dose of agent that can be given, and greatly
reduce patient quality of life. The ability to prevent
or ameliorate these side effects would both improve
the therapeutic response and improve patient
quality of life.

There have been several studies that have
demonstrated that administration of anti-
inflammatory agents can decrease the toxicity of
conventional chemotherapeutic agents. For example,
combining celecoxib with docetaxel decreased
hematologic toxicity in patients with refractory
metastatic prostate cancer, even though it only
slightly decreased the pain index for patients (57).
Similarly, the addition of celecoxib to a FOLFIRI
(folinic acid, fluorouracil and irinotecan) regimen
decreased the incidence of diarrhea for patients,
allowing for administration of higher doses of
irinotecan (200mg/m?) than can typically be
tolerated (58). A trial investigating the combination
of capecitabine and celecoxib for patients with
metastatic breast cancer indicated that the addition
of the COX-2 inhibitor decreased the incidence of
capecitabine-associated diarrhea and hand-foot
syndrome (59). The recently completed GECO
(Gemcitabine-Coxib) study was designed to evaluate
the addition of rofecoxib to first-line chemotherapy
regimens in patients with advanced non-small cell
lung carcinoma (NSCLC). Despite the withdrawal of
rofecoxib and the consequent cessation of the
treatment arm, patients receiving adjuvant
rofecoxib therapy exhibited higher response rates.
Additionally, patients who had undergone at least 3
months of rofecoxib treatment experienced improved
quality of life, measured by decreased fatigue,
weight loss, pain, and analgesic consumption (32).

Our own studies have focused on the anti-
inflammatory glucocorticoid, dexamethasone.
Dexamethasone has been used as an anti-emetic for
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cancer patients for many years, but has more
recently been examined for potential
chemoprotective and therapeutic effects. In our
studies, we observed that dexamethasone decreased
the hematotoxicity of gemcitabine and carboplatin in
both CD-1 mice and human NSCLC patients in a
dose- and schedule-dependent manner (60, 61). A
study in advanced colorectal cancer patients
demonstrated that administration of a different
glucocorticoid, budesonide, led to a trend toward
decreased incidence and duration of diarrhea in
patients receiving irinotecan, as well as a
diminished need for loperamide rescue (62).

Other NSAIDS, aspirin in particular, may also
prove to be beneficial as anti-thrombotic agents if
administered in combination with chemotherapeutic
modalities. Approximately 90% of cancer patients
display hypercoagulability, indicating that co-
administration of anti-thrombotic NSAIDs may aid
in preventing arterial thromboses, allowing cytotoxic
agents to more easily reach microscopic tumor foci
and improve the prognosis of cancer patients (30)

Anti-inflammatory agents may also protect
against neurotoxicity by decreasing or inhibiting the
disruption of the blood-brain barrier. The
cyclooxygenase (I and II) inhibitor indomethacin and
COX-1 inhibitor, VAS, prevented disruption of the
blood-brain barrier in rats following intracerebral
injection of TNF-a. These effects were attributed to
both COX inhibition and a decrease in the
expression and activity of matrix metalloproteinases
(MMPs) 3 and 9 (63). Glucocorticoids, including
dexamethasone, have also been shown to stabilize
the blood-brain barrier, and are frequently used to
treat cerebral edema. Dexamethasone may exert its
effect by decreasing VEGF and increasing
angiopoietin-1 (64).

These studies indicate that the use of anti-
inflammatory agents may prevent or inhibit many of
the dose-limiting toxicities of several of the most
commonly used anti-neoplastic agents. Anecdotal
evidence suggests that other agents may have
similar effects, implying that combination therapy
with conventional chemotherapeutic agents and
anti-inflammatory agents is an under-investigated
area that may yield significant improvements in
patient care.

b. Alterations in pharmacokinetics or metabolism
One of the mechanisms responsible for the
chemoprotection induced by anti-inflammatory
agents is that their administration can change the
pharmacokinetics and pharmacodynamics of other



therapeutic agents. For example, dexamethasone
was shown to protect mice from hematotoxicity in a
dose- and schedule-dependent manner. It was
demonstrated that the drug altered the
pharmacokinetics of carboplatin, gemcitabine and
doxorubicin in both CD-1 mice and in a variety of
mouse xenograft cancer models (47, 48, 60). While
there were no major differences in the plasma
pharmacokinetics of carboplatin or gemcitabine in
mice pre-treated with dexamethasone, there were
significant decreases in their uptake by the spleen
and bone marrow, accompanied by decreases in AUC
(area under the curve), Tiz (half-life) and Cmax
(maximum concentration), as well as an increase in
clearance of the drugs (47). More importantly, when
animals were pre-treated with dexamethasone, the
AUCs of the chemotherapeutic agents in the tumor
were increased, while the AUCs in the bone marrow
and spleen decreased (60). Similar effects were
observed when dexamethasone was combined with
adriamycin in a syngeneic model of mammary
cancer (48). Thus, administration of the
glucocorticoid can alter the pharmacokinetics of
chemotherapeutic agents to decrease their toxicity
and increase their activity in the tumor.

Even when the anti-inflammatory agents do not
affect the pharmacokinetics of the chemotherapeutic
agent, they may alter its metabolism, leading to
differences in the concentration, half-life, and
clearance of the active metabolite, thus altering the
toxicity and efficacy of the agent(s). For example,
several agents, including rofecoxib and mefenamic
acid, are potent inhibitors of CYP1A2 (65).
Dexamethasone is an inducer of CYP2D6, while
celecoxib inhibits the activity of the enzyme (66). It
is possible that by affecting CYP2D6 activity,
dexamethasone or celecoxib may alter the efficacy of
tamoxifen (which is metabolized by CYP2D6)
treatment for preventing breast cancer recurrence.
Other mechanisms by which the anti-inflammatory
agents can alter metabolism of chemotherapeutic
agents are also possible. Another NSAID, diclofenac,
inhibited  the  metabolism of the novel
chemotherapeutic agent DMXAA in mice by
preventing its glucuronidation, leading to increased
plasma AUC and decreased clearance (67).

Another factor influencing the amount of drug
reaching the tumor is the tumor interstitial fluid
pressure (IFP). Most tumors have high IFP, most
likely resulting from abnormal vasculature or lymph
vessels, or fibrosis of the surrounding stroma (68).
This high pressure acts as a barrier to drug delivery
to the tumor from the circulation, preventing
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therapeutic agents (most of which have relatively
high molecular weights) from entering tumor cells
(68). Various studies have demonstrated that high
IFP correlates with a worse prognosis and decreased
response to therapy (69). Several approaches have
been shown to lower IFP, including VEGF and
PDGF antagonists and dexamethasone (68). In our
studies, we observed an increased uptake of
chemotherapeutic agents by =xenograft tumors
following pre-treatment with dexamethasone (47).
This effect may have been due to the change in
tumor IFP (70). Another study indicated that there
was a trend toward reduced tumor IFP in patients
treated with celecoxib (71).

Thus, changes in the distribution or metabolism
of chemotherapeutic agents can be induced by prior
or co-administration of anti-inflammatory agents.
While these changes can be deleterious under many
conditions, it is also possible (as in the case of
dexamethasone) to use these changes to protect
normal tissues from toxicity or to increase the
efficacy of a particular chemotherapeutic agent.
Special care must be taken for studies that target
differences in metabolism to ensure that all patients
have metabolic enzymes that function at normal
levels. Polymorphisms in the cytochrome p450
enzymes are common, and may lead to unexpected
changes in toxicity or efficacy of both
chemotherapeutic and anti-inflammatory agents.

c. Chemosensitization by anti-inflammatory agents
Beyond their ability to prevent or decrease
patient toxicity, anti-inflammatory agents may also

have therapeutic effects when combined with
conventional  agents, acting additively or
synergistically, or sensitizing cancer cells to

treatment with conventional cancer therapies. A
large number of pre-clinical studies have examined
the effects of celecoxib and other agents to further
examine their ant-cancer efficacy and to determine
potential mechanism(s) of action. For example, a
recent study by Ponthan et al demonstrated that
celecoxib induced additive or synergistic cytotoxic
effects in vitro when combined with doxorubicin,
etoposide, irinotecan or vincristine. When celecoxib
was administered with irinotecan or doxorubicin to
rats bearing neuroblastomas, there was a dose-
dependent decrease in tumor growth (72). Similarly,
celecoxib significantly increased the cytotoxicity of
docetaxel and another anti-cancer drug, COL-3, in
prostate cancer cells, and acted synergistically with
docetaxel in a xenograft model of prostate cancer
(73). In a different study, celecoxib and another
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COX-2 inhibitor, SC-236, led to an enhanced
response of syngeneic sarcomas and a xenograft
model of glioma to radiation (30Gy, single dose) (74).
The addition of celecoxib also increased the response
of the tumors to docetaxel alone as well as to
chemoradiation (docetaxel + 10 Gy radiation) in a
xenograft model (74).

In our studies, we observed that administration
of dexamethasone increased the anti-tumor effects of
carboplatin and gemcitabine in xenograft models of

glioma as well as colon, lung, and breast cancers (47).

Treatment with dexamethasone also increased the
effects of doxorubicin in a syngeneic model of
mammary cancer (48). While the changes in
pharmacokinetics induced by dexamethasone may
be largely responsible for their protection of normal
host tissues, the compound also exerts its effect via
another mechanism in the bone marrow and spleen.
As part of its function as an anti-inflammatory and
immunosuppressive agent, dexamethasone inhibits
the production of various cytokines, decreasing the
production and proliferation of lymphocytes. Since
most chemotherapeutic agents (and radiotherapy)
target rapidly proliferating cells, this preserves the
cells in the bone marrow and spleen from the
damage they would normally receive. For the same
reason (inhibition of proliferation), dexamethasone
can also be used to treat hematological cancers.

Beyond their obvious effects on cyclooxygenases,
NSAIDs may act directly on solid tumors, decreasing
their proliferation or increasing their apoptosis by a
number of different pathways. An excellent review
on these topics was recently published by N.R. Jana
(27). Many studies have suggested that the anti-
cancer activity of a number of NSAIDs, including
aspirin, sulindac and indomethacin, may be
dependent upon apoptosis brought about by their
effects on NF-kB (RelA) signaling (75, 76). This
decrease is not only due indirectly to the inhibition
of cyclooxygenases, but also to a variety of other
mechanisms. By sequestering the transcription
factor in the nucleolus, the compounds can
effectively decrease the expression of various NF-kB
targets, including cell adhesion molecules, growth
factors, and anti-apoptotic proteins (76). Another
study suggested that the increase in the efficacy of
doxorubicin by celecoxib was due to its suppression
of NF-kB activity (which is generally upregulated by
doxorubicin) (77). Although it acts by increasing the
expression of IkB, rather than sequestering NF-kB
in the nucleolus, dexamethasone also inhibits NF-kB
activity, and this has also been suggested to play a
role in its anti-cancer activity (78).
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Other studies have shown that anti-
inflammatory agents increase apoptosis in cancer
cells either by up-regulating pro-apoptotic molecules
or down-regulating anti-apoptotic ones, or by
activating the apoptotic pathway wvia other
mechanisms. Dandekar et al demonstrated that
celecoxib may additively or synergistically increase
the cytotoxicity of  docetaxel and the
chemotherapeutic agent COL-3 by stimulating
caspase activation, PARP cleavage, increasing the
expression of Bad, and decreasing the expression of
XIAP (73). Aspirin also apparently exerts its effects
on apoptosis at least partially through activation of
caspases and pro-apoptotic proteins (79).

Various other anti-apoptotic and anti-
proliferative effects have been observed for the
different anti-inflammatory agents. Numerous
targets have been cited, including p27, p21, p53,
E2F, ATM, ERK/MAPK, B-catenin, and a variety of
others (27, 80-82). Inhibition of the proteasome,
which also leads to down-regulation of NF-kB
activity, may also be a mechanism underlying the
pro-apoptotic activity of some of the compounds,
particularly aspirin (83).

A study by Dittmann et al suggests that
celecoxib enhances the radiosensitivity of cancer
cells by inhibiting EGFR-mediated radioresistance,
which is independent of the inhibition of COX-2 (84).
In fact, many of the effects of the different
compounds may occur independently of their effects
on cyclooxygenase activity. Various investigators are
now developing novel drugs based on the NSAIDs
that lack their conventional COX-1/2 inhibitory
effects, but still retain anti-cancer activity (25, 85).

Similar to the changes in tumor uptake brought
about by the decrease in IFP, NSAIDs have been
shown to increase uptake and enhance retention of
therapeutic agents by tumors by inhibiting the
expression or activity of drug resistance proteins.
For example, sulindac inhibits the removal of
chemotherapeutic agents from tumor cells by the
multi-drug resistance protein 1 (MRP-1), and COX-2
inhibitors (indomethacin, nimesulide and naproxen)
decrease the expression and activity of P-
glycoprotein (P-gp) (86, 87). However, a recent study
by Gradilone et al demonstrated that celecoxib
induces the overexpression of multidrug resistance
proteins MRP4 and MRP5, leading to decreased in
vitro efficacy of chemotherapeutic agents (88). Thus,
the exact effects of the different agents and their use
in combination with particular therapies require
further examination.



These examples illustrate the potential of anti-
inflammatory agents as adjuvant therapies. Pre-
treatment or co-administration of these agents can
lead to chemoprotection, improving patient quality
of life, increasing the MTD (maxiumum tolerated
dose) of conventional chemotherapeutic agents, and
protecting normal host tissues from damage by
chemotherapeutic agents. Combining an anti-
inflammatory agent with conventional therapy can
also lead to enhanced efficacy, due to alterations in
distribution or metabolism, or due to additive or
synergistic effects with these therapies.

As illustrated by their numerous mechanisms of
action in protecting normal cells, altering the
distribution or metabolism of therapeutic agents, or
acting together with therapeutic agents (depicted in
Figure 1), the effects of anti-inflammatory agents on
normal and malignant tissues are diverse and
complex. It may be necessary to either fine-tune the
agents so that the most effective mechanism is
targeted, or to design “multi-purpose” agents that
capitalize on the complexity and apparent
promiscuity of the compounds in order to prevent
the escape of tumor cells from therapy. New clinical
and pre-clinical trials are investigating a variety of
novel anti-inflammatory drugs in the search for a
more effective agent for use as monotherapy or as a
chemoprotectant or chemosensitizer to other
therapies. In addition, new combinations, new
regimens (with respect to timing and dosing), and
new points of intervention are also being tested.

V. Future Directions

Much emphasis is being placed on investigating
new combinations and new regimens for using the
anti-inflammatory agents. There are currently at
least 98 active clinical trials investigating the use of
celecoxib for cancer, most of which are focused on its
use in combination with different chemotherapeutic
agents and/or radiation therapy (45). These trials
have the potential to rapidly affect patient care,
since both the anti-inflammatory and anti-cancer
agents/approaches have already been approved for
use by the FDA. As such, there are several
directions that researchers need to take in order to
take advantage of the approval status of these
agents.

a. Pre-clinical screening

Although there have been numerous pre-clinical
studies (prior to the current clinical studies) of
celecoxib in combination with various other
approaches, the vast majority of NSAIDs and other
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anti-inflammatory agents have not been examined
for possible chemoprotective or chemosensitizing
effects when given in combination with other agents.
There are numerous case studies and anecdotes in
the literature that suggest potentially beneficial
combinations of agents that can be tested in pre-
clinical studies. While evaluations of changes in
pharmacokinetics and metabolism require whole
animals (or isolated organs), in vitro assays can be
set up to determine whether the various compounds
might act additively or synergistically with
chemotherapeutic agents. Conventional studies of
cell wviability, proliferation, cell cycle progression,
and  apoptosis  using = MTT/MTS, BrdUrd
incorporation, cell staining/flow cytometry and
Annexin V/PI staining/flow cytometry, can be used
(respectively) to assess whether an anti-
inflammatory agent can increase the effects of a
conventional anti-cancer therapy. Migration assays
or microvessel formation studies may also be of
interest to determine whether the combination
might have an effect on metastasis or angiogenesis.
Special precautions should be taken to evaluate
different sequences of exposure to the agents (pre-
treatment/post-treatment or simultaneous exposure),
and the testing should be restricted to
physiologically-relevant concentrations.

While studies involving animals must have a
strong rationale given their expense and importance,
they can be used to confirm any potential additive or
synergistic effects observed in vitro. Mice bearing
xenograft or syngeneic implants, or transgenic
rodents, can be used to monitor tumor growth,
metastasis and angiogenesis. Normal or tumor-
bearing animals can also be used to assess changes
in the pharmacokinetics, pharmacodynamics, and
tumor IFP, as well as the toxicity of the agents
following different sequences of administration.
Studies in other animals (e.g. dogs, primates) will be
necessary prior to human clinical trials, but mice
and rats can be used to demonstrate the proof-of-
principle for novel combinations.

b. Clinical studies

When successful pre-clinical studies are
translated to the clinic, there are also a number of
improvements that can be made. First, it may be
necessary to tailor treatments to a specific type of
cancer, for example, hematopoeitic cancers versus
solid tumors, or hormone sensitive versus resistant
cancers. Leukemia and lymphoma may represent
favorable cancers to study because the direct effects
on cancer cells themselves can be measured in a
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less-invasive manner (in contrast to more invasive
biopsies), and issues with tumor IFP and delivery to
the tumor are minimized. Additionally, for other
cancer types, tumor-specific serum biomarkers
should be used to monitor the effects on the tumor
whenever possible. Additional emphasis should be
placed on determining surrogate markers for
response that can be easily obtained through the
blood. Some of these are already used in the clinic
(e.g. PSA for prostate cancer), but other markers,
such as ECPKA (extracellular calcium-dependent
protein kinase), can be used for other cancers (89,
90).

As with the pre-clinical studies, it may be
necessary to compare different dosing regimens.
While the pre-clinical studies should establish the
sequence of administration, the timing in human
patients to obtain an optimal response will need to
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be determined, as will optimal doses and dosing
frequencies and the duration of treatment/number of
cycles of both the anti-inflammatory and other
agents.

The transition from pre-clinical investigation to
human clinical use can be very rapid. In our own
experience, it took less than three years to transition
from  our pre-clinical studies to  using
dexamethasone to try to improve patient outcome (in
terms of hematotoxicity) in the clinic (47, 61).
However, dexamethasone has actually been used in
the clinic for more than 50 years, and has been used
in cancer patients for more than 40 years, which
greatly facilitated the transition of the agent for a
novel clinical use. Since there are a large number of
anti-inflammatory and anti-cancer agents already
approved for human use, and large quantities of
data already exist about their toxicity,



pharmacokinetics and side effects as single agents,
their use in pre-clinical and clinical trials can
advance rapidly. With concerted efforts from basic
scientists and clinicians, there could be a dramatic
change in the standard of treatment for cancer
patients within 5-10 years. Nevertheless, there are a
few detractors from using many of the currently
available anti-inflammatory agents, including some
undesirable toxicities (e.g. the cardiotoxicity of the
COX-2 inhibitors) that have prompted the design
and synthesis of a number of new classes of anti-
inflammatory agents that may eventually represent
anti-cancer anti-inflammatory agents. Given the
moderate toxicities of some of the existing FDA-
approved agents, and a lack of enthusiasm for using
anti-inflammatory agents for cancer based upon
previous cancer prevention trials, some of these
alternative agents in the pipeline may also
eventually be used in the cancer field.

c. In the pipeline

The agents currently in pre-clinical and clinical
development to prevent or decrease inflammation
are diverse. They have mechanisms of action that
differ from most of the currently used agents. While
there are other agents under development, some of
the most important classes are described briefly
below.

i. Anti-cancer agents modeled after COX-2 inhibitors

A number of studies have suggested that the
anti-tumor activity of COX-2 inhibitors is at least
partly unrelated to their inhibition of the
cyclooxygenase (96, 97). Thus, it may be possible to
eliminate the toxicity of coxibs, making it possible
for new, related agents to exert anti-tumor activity
while avoiding COX-2 related side effects (GI
toxicity and cardiotoxicity). In fact, several novel
agents modeled after COX-2 “specific” drugs have
been designed that do not inhibit COX-2. These have
been shown to exert anti-cancer activity through
various mechanism(s) of action, including induction
of anoikis, inhibition of carbonic anhydrases,
inhibition of the PDK1/Akt pathway, inhibition of
MAPK or Stat3 signaling, or by causing cell cycle
arrest (25, 44, 98). While still in pre-clinical
development, preliminary studies in cell lines and
animal models of cancer suggest that these non-
COX-2 drugs based on celecoxib (e.g. 2,5-dimethyl-
celecoxib and OSU03012) have potent effects against
cancer, and may represent the next generation of
cancer preventive and/or therapeutic agents (97, 98).
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ii. NO-donating NSAIDs

Another class of agents related to conventional
anti-inflammatory compounds is the NO-donating
NSAIDs. Originally developed to prevent or
counteract the GI toxicity of NSAIDs, the
nitroxybutyl-ester or nitrosothiol NSAID derivatives
have been synthesized so that the active component
is still released to exert its anti-inflammatory
actions, while the release of NO stimulates mucous
secretion by the GI tract, protecting it from damage
by the active agent (99). NO-donating versions of
various NSAIDs have been synthesized, including
diclofenac, naproxen, aspirin, sulindac, ibuprofen
and indomethacin (100-102). Given the anti-cancer
activities of the parent compounds, it is no surprise
that many of these NO-donating NSAIDs have been
shown to exert anti-cancer activities. In pre-clinical
studies, various NO-donating NSAIDs have been
demonstrated to induce apoptosis, inhibit the
proliferation of, and induce cell cycle arrest in
various human cancer cell lines (102). Animal
studies have indicated that NO-NSAIDs can be used
to prevent carcinogenesis in the min mouse and a
model of pancreatic cancer, and can decrease the
growth of xenograft tumors (103). In fact, these
studies suggest that the NO-releasing compounds
are more effective than their parent drugs (103).
This may be due to possible anti-cancer effects of NO
itself, or generation of different active metabolites
following the removal of the leaving group (103).
While results have not been released yet, a phase I
study of NCX4016 (NO-acetylsalicylic acid) for
preventing colorectal cancer was recently completed
(clinicaltrials.gov). Rigas et al reported that this
study was terminated prematurely following
concerns about genotoxicity of the compound.
Further examination of the compounds in animal
models will demonstrate whether the NO-releasing
agents are safe, but particular care will need to be
taken to ensure that the benefits of prevention or
therapy with NO-releasing agents outweigh the
risks of future/secondary cancers.

iii. Natural products

While various plants and plant extracts have
been used for millennia in Ayurvedic and Chinese
medicine, their use is now being investigated as a
complementary or alternative approach to
conventional therapies in westernized countries. A
large number of foods and natural compounds have
been found to have anti-inflammatory properties,
including chili peppers (capsaicin), grapes/red wine
(resveratrol), garlic (various compounds), curry
powder (curcumin), ginseng (ginsenosides), as well
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as numerous other fruits, vegetables and herbs (104-
107).

Natural products have been shown to prevent or
decrease inflammation through a variety of
mechanisms, including inhibition of NF-kB, COX-1
and -2, and MAPK, JNK and ERK1/2 signaling, as
well as decreasing VEGF and iNOS (104-107).
Many of these agents also exert anti-proliferative,
pro-apoptotic or cell cycle inhibitory activities (104).
Pre-clinical studies suggest that many compounds
derived from natural products have potent activity
against cancer cells, xenograft tumors, and that they
can prevent carcinogenesis or metastasis of existing
tumors (108). It is therefore not surprising that
natural products are now being used for cancer
prevention and/or therapy, and as adjuvants for
conventional therapies. Although the results of
most of the recent clinical studies have been
disappointing, accumulating evidence suggests that
combining  these natural anti-inflammatory
compounds with conventional therapies can lead to
improved effects for patients.

For example, studies have shown that combining
curcumin with vinorelbine or 5-fluorouracil leads to
synergistic effects against cancer cells, while pre-
treatment of rats with curcumin prevents
doxorubicin-associated cardiotoxicity (108). Ginseng
saponins (ginsenosides) can also sensitize cancer
cells to treatment with chemotherapeutic agents and
protect against radiation-induced hematotoxicity
(109). Similar protective and sensitization effects
have been observed for several garlic compounds.
One of the many anti-cancer garlic compounds,
ajoene, enhanced the anti-proliferative and pro-
apoptotic effects of the chemotherapeutic agents
cytarabine and fludarbine against myeloid leukemia
cells (110). Another garlic compound, S-
allylmercaptocysteine, sensitized prostate cancer
cells and xenograft tumors to treatment with
docetaxel without any increase in toxicity to the
mice (111).

It may also be possible to combine natural
products with conventional anti-inflammatory
agents in order to decrease their toxicity and
enhance their activity. When carcinogen-dosed rats
were fed a diet containing both curcumin and
celecoxib, they developed fewer aberrant crypt foci
compared to rats treated with either agent alone,
and dramatically fewer foci compared to rats fed a
control diet (112). Similarly, S-allylmercaptocysteine
increased the anti-proliferative and pro-apoptotic
effects of sulindac in human colon cancer cells (113).
Thus, natural products can exert activities similar to
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conventional anti-inflammatory agents, and may
have applications in preventing or treating human
cancers by sensitizing cancer cells to conventional
cancer therapies or protecting host cells from such
treatment.

iv. Other therapeutic agents targeting inflammation

Another class of agents receiving a lot of
attention for their anti-cancer and anti-
inflammatory effects is the statins. This class of
agents was designed to act as inhibitors of HMG-
CoA reductase, thereby reducing cholesterol
synthesis. However, the statins have proven to be
active (based on epidemiological evidence and pre-
clinical studies) against a variety of ailments,
including hypertension, dementia, inflammation,
and cancer (114). The compounds can be used to
prevent or treat cancer as monotherapy, or can be
used in combination with other anti-inflammatory
agents or chemotherapeutic agents (5-fluorouracil,
cisplatin, and doxorubicin) to yield more potent anti-
cancer effects (115-117).

In addition, there are numerous other anti-
cancer approaches that seek to modify the host
immune response, decreasing anergy toward the
tumor or decreasing the inflammatory
microenvironment of the tumor. These strategies
make wuse of Toll-like receptor agonists or
antagonists (e.g. CpG oligonucleotides), antibodies
or other agents that can decrease the expression or
activity of pro-inflammatory molecules or their
receptors (e.g. rituximab, zerumbone and CXCR4),
or by treatment with specific cytokines or
chemokines (e.g. IL-2 treatment for renal small cell
carcinoma). Interested readers are directed to recent
reviews about these topics (118, 121).

In brief, these illustrate just a few of the agents
currently under investigation as the possible next
generation of anti-inflammatory anti-cancer agents.
While these compounds may eventually prove their
utility, more emphasis should be placed on the
agents currently approved for clinical use in order to
bring about a benefit for patients in a shorter period
of time.

VI. Conclusion

Inflammation has been demonstrated to play a
major role in the initiation, progression, and
prognosis of cancer. The use of anti-inflammatory
agents decreases the incidence and recurrence of
various cancers, and can improve the prognosis for
patients. Additionally, the use of anti-inflammatory
agents in combination with conventional anti-cancer



therapies is gaining ground, and is likely to yield
many new therapeutic approaches to treating cancer
within the next decade. However, a large body of
research is still necessary to fully elucidate which
lesions or cell types are amenable to cancer
prevention or treatment with anti-inflammatory
agents. Moreover, earlier diagnosis and treatment
of inflammatory conditions (e.g. prostatitis, hepatitis,
and pancreatitis) may be useful for preventing the
initiation of cancer by inflammatory processes.
While the currently used, FDA-approved, anti-
inflammatory agents undeniably have potent
activities, their off-target effects and toxicities make
them somewhat less attractive options for cancer
therapy if used at their current doses and dosing
frequencies. Thus, new combinations of agents,
modifications to dosing or frequency, or the use of
completely new anti-inflammatory compounds, may
represent the next generation of care for both
inflammatory diseases and cancers. Further
research into the area is warranted.
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