1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nutr Cancer. Author manuscript; available in PMC 2019 April 01.

-, HHS Public Access
«

Published in final edited form as:
Nutr Cancer. 2018 April ; 70(3): 350-375. d0i:10.1080/01635581.2018.1446091.

Mechanisms of phytonutrient modulation of Cyclooxygenase-2
(COX-2) and inflammation related to cancer

Shreena J. Desai, Ben Prickril, and Avraham Rasooly
Office of Cancer Complementary and Alternative Medicine, National Cancer Institute, Rockville,
MD 20850

Abstract

The link between chronic inflammation and cancer involves cytokines and mediators of
inflammatory pathways. Cyclooxygenase-2 (COX-2), a key enzyme in fatty acid metabolism, is
upregulated during both inflammation and cancer. COX-2 s induced by proinflammatory
cytokines at the site of inflammation and enhanced COX-2-induced synthesis of prostaglandins
stimulates cancer cell proliferation, promotes angiogenesis, inhibits apoptosis and increases
metastatic potential. As a result COX-2 inhibitors are a subject of intense research interest toward
potential clinical applications.

Epidemiological studies highlight the potential benefits of diets rich in phytonutrients for cancer
prevention. Plants contain numerous phytonutrient secondary metabolites shown to modulate
COX-2. Studies have shown that these metabolites, some of which are used in traditional
medicine, can reduce inflammation and carcinogenesis.

This review describes the molecular mechanisms by which phytonutrients modulate inflammation,
including studies of carotenoids, phenolic compounds and fatty acids targeting various
inflammation-related molecules and pathways associated with cancer. Examples of pathways
include those of COX-2, MEKK, MAPK, pro-inflammatory cytokines, and transcription factors
like NF-xB. Such phytonutrient modulation of COX-2 and inflammation continue to be explored
for applications in the prevention and treatment of cancer.
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INTRODUCTION

Phytonutrients are plant nutrients with specific biological activities with potential benefits to
human health, including disease prevention. Among these activities, modulation of
inflammation is an essential element of cancer. Cancer patients are among the most frequent
users of complementary and alternative medicine (CAM) therapies, including
phytonutrients, with about 40% of individuals undergoing cancer treatment using some form
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of CAM (1). Out of these 40% the most common reasons for using CAM include helping
patients feel better or reducing symptoms or side effects, and support of conventional
biomedicine (2). Other uses include treating or reducing the risk of disease recurrence,
mitigating adverse effects of chemotherapy and radiation, and improving overall health,
quality of life, and well-being (3). Among the many uses of CAM for cancer, anti-
inflammatory applications are perhaps the most important. Inflammation is closely linked to
cancer, and reducing or eliminating inflammation may lead to better strategies for cancer
prevention and therapy (4).

Individuals with a previous or current diagnosis of cancer are more likely to use CAM than
the general population It is also important to note that CAM as understood in industrialized
countries in the West is somewhat distinct from developing countries or regions where these
practices are often considered neither complementary nor alternative, but a common and
widespread medical practice.

The use of CAM therapies has been studied in many different cancer populations. One of the
most popular of these therapies is the use of natural dietary supplements and herbs. A cross-
sectional study of adult patients diagnosed with thoracic malignancies conducted by the
researchers at Roswell Park Cancer Institute and the State University of New York at Buffalo
concluded that the prevalence of CAM use among patients in this study was similar to that
of the general U.S. population. The most commonly reported types of CAM included
vitamins and minerals (38%), dietary supplements such as omega fatty acids (24.1%), and
herbs (13.9%) (5) (6).

Regarding the effectiveness of phytonutrients in cancer prevention, several meta-analyses
suggest a statistically significant association between high flavonoid intake and reduced risk
of developing lung cancer (7). Similarly, meta-analysis of prospective studies of breast
cancer suggests that soy isoflavone intake is associated with a reduction in breast cancer
incidence within Asian but not Western populations, and in postmenopausal but not in
premenopausal women (8). Another meta-analysis examined soy food consumption in Asia,
the United States and Canada, and suggested a protective effect of dietary genistein and
daidzein against prostate cancer (9). Protective effects were also reported for green tea
against breast (10, 11), ovarian (12, 13), prostate (14, 15), gastric (16), lung (17) and liver
cancers (6). However, there are many mixed reports regarding green tea (18-20). In general,
the literature is inconclusive concerning intake of natural products and risk of tumor
development, with some studies showing a benefit while others report questionable or even
harmful associations depending on cancer type and the type of natural product (8). For
example, no association between tea consumption and risk of gastric (21, 22), ovarian (23—
25) or colon (26) cancer was reported. In addition it should be noted that several natural
compounds (such as Curcumin or phenolic compounds) may have multiple functions and are
considered Panassay Interference Compounds (PAINS) that have been observed to show
activity in multiple types of assays by interfering with the assay readout rather than through
specific compound/target interactions (27-29). However, despite inconsistencies regarding
PAINS issues and potential effectiveness in population studies, on the molecular level as
described in this manuscript, many phytonutrients have been shown to modulate COX-2 and
the immune response, mainly /n vitro.
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COX-2 PROMOTES CARCINOGENESIS

COX exists in two isoforms: COX-1 and COX-2 (Figure 1). COX-1 is present normally in
tissues and has housekeeping functions, while COX-2 is expressed at low levels in normal
cells in response to physical, biological, chemical, or UV light stimuli (30). COX-2
catalyzes the conversion of free arachidonic acid to prostaglandins, and COX-1-derived
products drive the initial phase of acute inflammation with COX-2 upregulation occurring
within several hours (31). COX-2 is an enzyme that is released at the site of tissue injury to
produce a hormone-like substance called prostaglandin E2 (PGE2) that stimulates pain and
inflammation. COX-2 derived prostaglandin can promote tumor growth by binding its
receptors and activating signaling pathways which control cell proliferation (32) promote
angiogenesis (33, 34), inhibit apoptosis and increase metastatic potential (35). In breast
cancer cells COX-2 expression alters extracellular matrix structure and function and
numbers of cancer associated fibroblasts (36). The role of the COX-2 pathway in creating an
immunosuppressive microenvironment, and in initiation and progression of Wilms’ tumor,
was discussed recently (37). Cox-2 is also associated with the transformation of normal
stroma into a ‘reactive’ stromal phenotype. PPARy, COX-2 and p-l1kB-a have important
roles in this stromal remodeling (38). Elevated COX-2 expression is exhibited in various
cancers including gastric, hepatic, esophageal, pancreatic, head and neck, lung, breast,
bladder, cervical, endometrial, skin, and colorectal cancers when compared with
nonmalignant tissue (39).

COX-2 is induced by inflammatory stimuli such as bacterial endotoxin and cytokines, and is
the molecular target for analgesic and anti-inflammatory drugs. Mechanistically, increased
COX-2 decreases the intracellular levels of free arachidonic acid, thereby preventing
apoptosis and facilitating the growth of cancer cells (40). COX-2 inhibitors are designed to
block COX-2 enzyme activity and relieve pain. Phospholipids transform to arachidonic acid
in response to tissue injury and are then further transformed to PGE2 through COX
enzymes. Cyclooxygenase donates two oxygen molecules to arachidonic acid to form PGG2
by peroxidation, which is then reduced to PGH2 in a committed step. Ultimately PGE2s and
other prostaglandins are formed through activation of PGE synthase (41). COX-2 is
inducible (Figure 1) and is elevated when there is tissue damage. Notably, COX-2
overexpression is correlated with high levels of intracellular telomerase - a vital reverse
transcriptase enzyme associated with increased cell proliferation and lessened apoptosis
(42). The continuous overexpression of COX-2 could initiate and promote carcinogenesis
by: (1) increasing production of reactive oxygen species that are carcinogenic (mutagenesis);
(2) increasing production of PGE2 and other factors that strongly promote cell proliferation
(mitogenesis); (3) stimulation of VEGF and PDGF by PGE2 resulting in the formation of
blood vessels (angiogenesis); (4) increasing production of metalloproteinases, thus
enhancing invasive potential (metastasis); (5) decreasing bioavailable arachidonic acid pools,
thereby reducing cell differentiation and apoptosis (anti-apoptosis); and (6) inhibiting
proliferation of B and T lymphocytes, particularly natural Killer T cells, thus limiting anti-
neoplastic activity (immunosuppression) reviewed in (43).
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ROLE OF INFLAMMATION IN CANCER

Cancer and inflammation are related by epidemiology, histopathology, inflammatory
profiles, and the efficacy of anti-inflammatory drugs in prophylaxis (44). Inflammation is a
pathophysiological manifestation of numerous diseases. The development of unregulated
cellular processes is a result of the onset of chronic inflammatory diseases and may lead to
cancer. During non-pathological inflammation, platelets release several immunological
mediators that regulate vascular permeability and help in clot formation. These factors
induce the release of chemotactic molecules such as growth factors and interleukin 1p
(IL1B), while neutrophils and monocytes are concurrently recruited to the site of
inflammation. These cells are the sources for reactive oxygen species (ROS) and PGEs as
well as cytokines. All serve as inflammatory markers for the immunological response. PGE»
is a vasodilator and has been demonstrated to induce angiogenesis and growth of epithelial
and endothelial cells. COXs are key enzymes for production of prostanoids implicated in
inflammation, and can stimulate tumor cell proliferation, promote angiogenesis, and
suppress apoptosis. The mechanisms by which prostaglandins promote cancer formation
include suppression of the immune system, stimulation of cell growth and inhibition of
apoptosis. COX-2 is induced by inflammatory stimuli such as bacterial endotoxin and
cytokines, and is the molecular target for analgesic and anti-inflammatory drugs and natural
products (Figure 2). Phytonutrients such as fatty acids, phenolic compounds, carotenoids
and flavonoids are reported to have an effect on COX-2. The pro-inflammatory transcription
factor nuclear factor kappa B (NF-xB) and COX-2 pathways studies showed fast activation
of NF-xB, most likely triggered by DNA damage in the irradiated cells, followed by
upregulation of p38 MAPK and COX-2 in the irradiated and surrounding, non-irradiated,
areas of the 3D cultures (45) It was shown that prostate cancer downregulated SIRP-a
modulates apoptosis and proliferation through p38-MAPK/NF-xB/COX-2 signaling. (46)

There are many uses of anti-inflammatory agents. For example, synthetic drugs and natural
herbs have been used to target and suppress dysregulated pathways that could lead to chronic
inflammation and carcinogenesis. Anti-inflammatory phytochemicals or synthetic
compounds for chemoprevention of almost any cancer including colon cancer(47), breast
cancer (48), lung cancer (49), prostate cancer (50) were described. Many molecules of
natural origin, semi-synthesis and synthesis with anti-inflammatory and anticancer utilities
were reviewed recently (51, 52).

The active constituents of natural compounds are being studied more extensively due to their
potential in the treatment and prevention of cancer (41) and compared to many drugs they
have fewer side effects.

3. COX-2 REGULATORY PATHWAYS

Acute inflammation initiates a cascade of cytokines and chemokines that attract immune and
non-immune cells to infiltrate disrupted and damaged tissue. The model of COX-2
regulation and induction by proinflammatory cytokines, stimulation of cell proliferation,
increase of metastatic potential, and effect on apoptosis and inflammation is shown in Figure
2.
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Pro-inflammatory signals include cytokines TNF-a and IL-1, UV radiation, carcinogens,
tumor promoter (TPA), lipid mediators and other factors. These signals (Figure 2) stimulate
COX-2 transcription via activation of mitogen-activated protein kinase kinase kinase
(MEKK), mitogen-activated protein kinase kinase (MAPKK), mitogen-activated protein
kinase (MAPK), nuclear factor-xB (NF-xB), activator protein 1 (AP-1), p300 and 1xB
kinase (IKK)-xB/NF-xB-mediated signaling pathways regulating COX-2 transcription. Here
we address two main arachidonic acid regulatory pathways, the NF-xB regulation of COX-2
transcription and the MAPK pathway.

3.1 NF-xB regulation of COX-2 transcription:

The NF-xB family of transcription factors is a key regulator of immune development,
immune responses, inflammation, and cancer. The promoter regions of COX-2 contain
consensus sequences for NF-xB (53) and the NF-xB signaling system, including those
governing interactions between NF-xB dimers and 1«B regulators. These play key roles in
COX-2 transcription and inflammation activated by external stimuli including LPS,
infectious agents, free radicals, and cytokine stimuli such as trauma, viruses, UV radiation,
free radicals, TNF-a and IL-1p. These signals, along with peroxisome proliferator-activated
receptor-y (PPARG), turn on specific genes that lead to the production of inflammatory
cytokines (54). The NF-xB binds to the inhibitory kappa B (IxB) kinase forming the NF-
xB-1xB complex. Pro-inflammatory stimuli activate the complex containing the NF-xB
essential modulator (NEMO) and kB kinase (IKK)1/2. IKK1/2 phosphorylates 1xBs by
IKK signalosome complex. After 1B has been phosphorylated it is ubiquitinated and
degraded by 26S proteosome (55-57) and the resulting free NF-xB translocates to the
nucleus where it binds to the promoter xB sites of pro-inflammatory genes. These include
iNOS, COX-2, IL-1B, IL-6, and TNF-a (58-60), and activate gene expression (61, 62) to
induce expression (63). A negative feedback prevents overproduction of cyclopentenone
prostaglandins (cyPG) which can directly inhibit NF-xB activity by preventing
phosphorylation and degradation of the NF-xB inhibitor IxBa (64). Alternatively, the cyPG
metabolite PGA; inhibits TNF-a—~induced phosphorylation of IxBa-NF-xB DNA binding
and prevents NF-xB transactivation and continued nuclear accumulation of NF-xB (65)

3.2 MAPK pathway regulation of COX-2:

MAPK signaling pathways include extracellular signal-regulated kinase 1/2 (ERK1/2), p38,
BMKZ1, and c-Jun N-terminal kinase (JNK) (66). These pathways are involved in LPS-
induced iINOS and COX-2 expression in activated macrophages (Figure 2). Furthermore,
MAPKSs play essential roles in the activation of NF-xB (67). IL-1p up-regulated the COX-2
expression through the activation of the p38 MAPK pathway (68, 69). IL-6 induces ERK1/2
activation (70). TNF-a and Ras are also involved in MAPK pathway activation. There are
two main MAPKKS that are known to specifically activate p38 (a, B, -y, §): MKK3 and
MKK®6. Activation occurs via dual phosphorylation of their Thr—Gly—Tyr motif which
causes conformational changes that alter the alignment of the two kinase halves (N-terminal
and C-terminal domains) of the folded protein and enhance access to substrate to increase
enzymatic activity. MKK4 and MKK?7 are involved with JNK activation (71). The diverse
range of MEKKSs (MAP3K) also participate in p38 activation. Overexpression of these
MEKKSs leads to activation of both p38 and JNK pathways - one reason why these two
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pathways are often co-activated. In addition to the pro-inflammatory cytokines activated by
p38, expression of intracellular enzymes such as iNOS (a regulator of oxidation) and
VCAM-1 (an adherent protein) produce other downstream effects in COX-2 induction. P38a
is thought to be the main isoform involved in mediating cytokine production associated with
COX-2 activation (72). P38 and JNK both activate phosphorylation of ATF-2, which allows
its heterodimerization or homodimerization with AP-1 transcription factor and consequently
association with COX-2 induction (73, 74).

4. CONVENTIONAL COX-2 INHIBITORS

COX-2 inhibitors work by directly inhibiting the synthesis of prostaglandins, which are fatty
acid derivatives located all over the body having inflammation and immune response effects.

Synthetic COX-2 inhibitors (Figure 1) have been around for decades and have been effective
in blocking the COX-2 pathway in inflammation either selectively or non-selectively. The
first-generation of nonsteroidal anti-inflammatory drugs (NSAIDs) were nonselective COX
inhibitors such as aspirin which demonstrate a similar affinity for COX-1 and COX-2 and
irreversibly block the target enzyme by acetylation at Ser530 (COX-1 nomenclature). Other
nonselective NSAIDs act as competitive COX inhibitors that displace AA from the active
site of the enzyme (75). These include diclofenac, indomethacin, ketoprofen, naproxen,
ibuprofen, phenylbutazone, and meclofenamate. However, prolonged use of these inhibitors
produces negative gastrointestinal side-effects such as ulcers, membrane mucus degradation,
and pore formation in the gastric lining (76). This led researchers to investigate selective
COX-2 inhibitors to limit these side-effects, and in 1998 the first selective COX-2 inhibitor,
celecoxib (Celebrex), was approved by the FDA (77). Several months later, rofecoxib
(Vioxx) and valdecoxib (Bextra) were also approved (78). These NSAIDS were designed to
block the COX-2 enzyme that produces inflammatory prostacyclin, PGl,, while still
allowing production of gastrointestinal protective prostaglandins and platelet-derived
thromboxane, TXA,. The use of non-selective inhibitors decreased as these new selective
drugs grew in popularity. However, in 2004 there was a global withdrawal of Vioxx (79)
because studies determined that there was a doubling of the risk of serious thromboembolic
events, including myocardial infarction, that could occur 18 months after use This drug
selectively allowed COX-1 to continue to produce platelet synthesis of thromboxane, but at
the same time it selectively inhibited COX-2 production of prostacyclin, which has effects
that oppose those of thromboxane.

Recently a new class of peptide derivatives was recognized as the highest selective COX-2
inhibitor with a COX-2 selectivity index of >500 (80). Ultimately, these drugs had a high
risk of producing thrombotic cardiovascular events, and showed little improvement in
preventing gastrointestinal ulcers (81). Three large randomized control trials designed to test
the efficacy of different COX-2 inhibitors for a variety of indications confirmed the
cardiovascular toxicity (82-84). Understanding the implications of these drugs spurred
researchers to study the use of natural herbs and dietary supplements to mitigate side effects
and find treatments that do not increase the risk of other complications already present in
cancer patients.
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5. PHYTONUTRIENTS MODULATION OF COX-2 EXPRESSION

Phytonutrients are secondary metabolites found in plants, and are known for their
antibacterial, antioxidant and radical scavenging properties (85). More than 5000 individual
phytochemicals have been identified in fruits, vegetables, and grains, and the additive and
synergistic effects of phytochemicals in fruits and vegetables are responsible for these potent
antioxidant and anticancer activities. The benefits of a diet rich in fruits and vegetables can
be attributed to the complex mixture of phytochemicals present in whole foods (86).
Inhibition of COX-2 is one of the many proposed mechanisms by which dietary
phytochemicals may prevent cancer (86). The main phytonutrients shown to modulate
COX-2 commonly present in human diet and their main plant sources are listed in Table 1.

5.1 Carotenoid modulation of COX-2

Carotenoids are pigments found in chloroplasts and chromoplasts of plants and some other
photosynthetic organisms. There are over 600 known carotenoids divided into two classes:
xanthophylls (contain oxygen) and carotenes (contain no oxygen), all produced from 8
isoprene molecules and containing 40 carbon atoms. In general, carotenoids absorb
wavelengths in the range of 400-550 nanometers. Their main roles in plants and algae are to
absorb light for photosynthesis, to protect chlorophyll from photodegradation and to act as
antioxidants. Chlorophyll and the carotenoid pigments bixin, lycopene, and p-carotene were
tested for inhibition of COX-1 and COX-2 and showed a dose-dependent growth inhibition
of cancer cell lines (breast, colon, stomach, central nervous system, and lung tumor cells)
(87). Astaxanthin (AST) and lutein are other carotenoids that have been found to inhibit
COX-2 (40)

5.1.1. B-carotene: B-carotene is a red-orange pigment and is a member of the family of
carotenoids found in fruit, vegetables, and whole grains. p-carotene provides about 50% of
the vitamin A requirement in humans. Evidence from epidemiological studies indicates that
a high dietary intake of foods rich in p-carotene is associated with a low risk for colon
neoplasias, and in combination with selenium and vitamin E, it has a significant protective
effect on gastrointestinal cancer (88).

COX-2 inhibition: The suppression of COX-2 by B-carotene may represent a molecular
mechanism by which this compound acts as an antitumor agent in colon carcinogenesis (89).
Structural modeling and simulation studies of human COX-1 have shown that p-carotene is
the most selective inhibitor of COX-1 (90). The evidence for protective effects of p-carotene
against colon cancer was demonstrated in animal models as well as in cultured cells.

COX-2 inhibitory mechanism: - LS-174 is a human colon adenocarcinoma cancer cell
line that expresses ErbB3 and ErbB4 transmembrane receptor tyrosine kinases. When the
ligand heregulin binds these receptors in /n vitro experiments, cells are activated COX-2 and
produce PGE2 (91). Consequently, cell proliferation, invasion, and differentiation of
malignant cells can occur (92). p-carotene decreased the expression of COX-2 but not
COX-1in the LS-174 cells, indicating a specific effect. B-carotene also had an inhibitory
effect on ERK1 and ERK2, which are members of the mitogen-activated protein kinase
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super family that mediate cell proliferation and apoptosis signaling pathways. Generally
ERK phosphorylates and activates transcription factors like NF-xB, IL-6, and IL-1p, which
can in turn further induce COX-2 expression. The p-carotene COX-2 inhibition activity was
accompanied by ERK inhibition. Another finding in this study was the dose-dependent
decrease in ROS production, which is directly related to COX-2 decrease because ROS
production depends on the peroxidase function of COX. These two findings provide valuable
information regarding the chemo-preventive and anti-proliferative effects of B-carotene in
down regulating the COX-2 pathway (88).

5.1.2 Zeaxanthin: Anti-inflammatory activity of carotenoid meso-zeaxanthin (MZ) was
demonstrated in Balb/c mice. In macrophages, LPS-stimulated mRNA expression of various
inflammatory mediator genes like COX-2, TNF-a, and iNOS were down-regulated by MZ
administration (93). Pigments (bixin, lycopene, B-carotene, and chlorophyll) inhibited
COX-1 and COX-2 and showed a dose-dependent growth inhibition of cancer cell lines
(breast, colon, stomach, central nervous system, and lung tumor cells) (87)

5.1.3. Astaxanthin (AST): Astaxanthin is a carotenoid pigment that contains two
xanthophylls, yellow and brown pigments. These pigments have potent anti-oxidant
potential by regulating ROS production and decreasing oxidative stress. Both these
xanthophylls are also able to decrease NF-xB expression, and inhibit COX-2 activity to
stimulate apoptosis in colon and pancreas adenocarcinomas (94). AST is abundant in
crustaceans, trout, salmon, and the microalgae species, Haematococcus pluvialis and
Chlorella vulgaris. It has been found to protect against oxidation of essential polyunsaturated
fatty acids (PUFAS) and against UV light radiation (94). In animal studies, Astaxanthin anti-
dermatitic effects were associated with inhibition of the expression of COX-2 and NF-xB
activity, as well as release of TNF-a, IL-1pB, IL-6, and IgE.(95). Colon cancers induced in
rats with dimethyl hydrazine (DMH), a powerful colon carcinogen, showed an increase in
COX-2 expression. AST decreased expression of COX-2 in rats compared to DMH. A
combination of AST and DMH decreased expression of COX-2 compared to DMH alone.
Thus AST significantly inhibits the expression of COX-2. AST had the same effects of
inhibition on NF-xB as well (40). AST inhibited the expression or formation of nitric oxide
(NO), iNOS, and COX-2 in lipopolysaccharide (LPS)-stimulated BV-2 microglial cells. AST
also suppressed the protein levels of iINOS and COX-2 in LPS-stimulated BV2 microglial
cells. The marine AST possesses powerful biological antioxidant, anti-inflammatory, and
anti-cancer properties; inhibits colitis and colitis-associated colon carcinogenesis in mice via
modulation of COX-2, NF-xB, and the inflammatory cytokines IL-1, IL-6 (96). Similarly,
in induced rat colon carcinogenesis, AST inhibits tumor invasion by decreasing extracellular
matrix production and induces apoptosis in experimental rat colon carcinogenesis by
modulating the expressions of ERK-2, NF-xB and COX-2 (97)

5.1.4 Lutein: Lutein is the second most abundant carotenoid in human serum and is
obtained through food sources such as dark, leafy green vegetables, and in microalgae,
Chlorella pyrenoidosa and Haematococcus pluvialis. Like AST, lutein is able to quench
single oxygen molecules by acting as a free radical scavenger and exerts cytoprotective
effects due to the properties of its xanthophyll moieties. A study done with deoxynivalenol
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(DON), which affects cells of the esophagus and Gl tract and is prevalent in esophageal and
colon cancers, demonstrated decreased COX-2 and NF-xB expression when treated with
lutein. Although COX-2 expression was not completely inhibited, pre-treatment of HT-29
colon cancer cells with DON substantially decreased COX-2 activity. This result may be
attributed to the down-regulatory effect lutein also has on NF-xB activation (98).

Lutein significantly reduced several skin inflammatory responses: the increased expression
of IL-6 from LPS-treated macrophages, upregulation of COX-2 from IFN- -y and TNF-a
treated HaCaT cells, and the enhanced MMP-9 levels in UV-irradiated keratinocytes (99).
Lutein inhibited the activation of redox-sensitive AP-1 pathway by suppressing the
activation of p38 and c-Jun-N-terminal kinase (JNK). Evaluation of the radical and ROS
scavenging activities further revealed that lutein was able to act as a strong anti-oxidant (99).

5.1.5 Lycopene: Lycopene is the most abundant carotenoid in tomatoes and has been
demonstrated to inhibit /» vivoand in vitro pro-inflammatory gene expression by scavenging
reactive oxygen species ROS. Other dietary sources of lycopene include rosehips,
watermelon, papaya, guava, and grapefruit. Populations that consume diets rich in lycopene
exhibit a lower risk for lung cancer (100). Lycopene is very reactive towards free radical
species and oxygen because it has a high number of conjugated double bonds that are able to
quench oxygen singlets. The cancer preventive effect of lycopene is achieved by its ability to
induce apoptosis, modulate cytokine expression, and interfere with cell signaling critical to
carcinogenesis (100). Lycopene has been shown to significantly inhibit COX-2 expression
(53). It induces apoptosis in immortalized fibroblasts exposed to tobacco. This effect was
associated with inhibition of smoke condensate -induced expression of COX-2 and hsp90
(102). Lycopene rich extract from red guava (Psidium guajava L.) display anti-inflammatory
and antioxidant profiles by reducing COX-2 and NF-xB, the suggestive hallmarks of acute
inflammatory response in mice (102). Anti-neuroinflammatory effects of lycopene through
the MP-activated protein kinase (AMPK) pathway was observed in LPS-induced COX-2
expression in mouse and rat cultured microglia (103). Consumption of lycopene inhibits the
growth and progression of colon cancer in a mouse xenograft model and the
chemopreventive effects of lycopene were associated with suppression of COX-2, PGE2,
and phosphorylated ERK1/2 proteins (104).

Lycopene decrease of PGE2 was correlated with the reduction in COX-2 mRNA (103) and
protein expression. COX-2 inhibition occurred at the transcriptional level from the inhibition
of NF-xB activation (53). Lycopene and fish oil synergistically inhibited tumor growth and
progression in a mouse xenograft model of colon cancer through suppression of COX-2,
MMP-7, MMP-9, and PGE2 (105) However, intervention with lycopene or fish oil did not
significantly change IGF-1 and COX-2 gene expression in the normal prostate
microenvironment in men with low-burden prostate cancer (106).

Phenolic compounds modulation of COX-2

Natural phenolic compounds including phenolic acids, flavonoids, tannins, stilbenes,
curcuminoids, coumarins, lignans, and quinones are produced by plants for protection
against stress, for structural integrity and scaffolding support, and for repelling
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microorganisms. The potential chemopreventive properties of phenolic compounds include
their antioxidant, anticarcinogenic, antimutagenic, and anti-inflammatory effects. They
induce apoptosis by arresting the cell cycle, regulating carcinogen metabolism and
oncogenetic expression, inhibiting DNA binding and cell proliferation, and differenting and
blocking signaling pathways (107).

The numerous plant polyphenols may have synergetic effects. For example, in
postmenopausal women obesity is a risk factor for the development of estrogen-driven
hormone receptor-positive breast cancer. This obesity-induced inflammation of CLS (crown-
like structures formed from necrotic adipocytes) associated with NF-xB activation, elevated
levels of proinflammatory mediators: TNF-a, IL-1p, and COX-2, and increased aromatase
expression. Aromatase (CYP19A1) is the key enzyme of the cytochrome P450 superfamily
that catalyzes the last step of estrogen biosynthesis from androgens. In a mouse model,
several polyphenols: resveratrol, curcumin, and epigallocatechin gallate (EGCG), blocked
induced CLS (108). Similarly, antioxidant polyphenols from virgin olive oil (oleuropein and
hydroxytyrosol) and red wine (resveratrol and quercetin) reduce inflammatory angiogenesis
in cultured endothelial cells associated with the inhibition of the specific activator of Protein
Kinase C (PKC) Phorbol Myristate Acetate (PMA) which induced COX-2 and the activation
of NF-xB (109) (110). Tumor metastasis is correlated with matrix metalloproteinases
(MMPs) and proteolytic degradation of the extracellular matrix. Expression of these proteins
is regulated by cytokines and PMA.. Resveratrol inhibits PMA induced MMP-9 mRNA
expression. Curcumin and resveratrol synergistically stimulate p21 and regulate COX-2 by
maintaining adequate zinc levels during lung carcinogenesis (111).

Typical phenolic acid compounds and flavonoids that possess antioxidant activity were
studied extensively for their antioxidant, anti-inflammatory, and anti-carcinogenic
properties. However, it was suggested that the multiple functions of phenolic compounds are
non-specific, and may be considered as Panassay Interference Compounds (PAINS) (27 a
factor which should be considered in studying these phenolic compounds.

5.2.1. Curcumin: Curcumin, the yellow pigment in turmeric, is the active ingredient
derived from the rhizomes of the perennial herb, Curcuma longa (112), and has been used
for centuries in traditional medicines and cooking of India.

Curcumin pharmacoactivity: The active ingredient, curcuminoid, is used medicinally to
treat a variety of conditions involving inflammation. Curcumin has been shown to have anti-
carcinogenic, anti-inflammatory, apoptotic, and preventative effects in gastrointestinal
diseases such as colitis (113). Increased levels of COX-2 mRNA and proteins have been
found in studies of Irritable Bowel Disease, IBD (114). Colonic mucosal epithelium
inflammatory cell concentrations of TNF-a are higher in patients with IBD due to an
impaired intestinal barrier, resulting in a pre-disposition to colorectal cancer (115).
Curcumin is known to exhibit potent anti-proliferative and apoptosis-inducing activities in
colon cancer HT-29 cell lines. The apoptotic effects occur through activation of AMPK, and
the consequent inhibition of Akt, and COX-2 proteins, while other mechanisms utilize p21,
p27, cdk, and p53 to regulate the cell cycle and induce apoptosis (113). Curcumin caused the
condensation of chromatin in HT-29 cells, which is a marker of its pro-apoptic effects (113).
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Co-treatment of curcumin with the COX-2 inhibitor Celecoxib synergistically inhibited
growth of colon cancer cells (116). The anti-oxidant role of curcumin is due to donation of
its hydrogen atom to a lipid peroxyl radical, thereby forming a lipid hydroperoxide,
interrupting the radical chain reaction. However, the efficacy of curcumin as a cancer
chemopreventive agent is limited by its chemical and metabolic instability (117). Non-
enzymatic degradation has been described to yield vanillin, ferulic acid, and
feruloylmethane. However, oxidation to a reactive quinone methide is the mechanistic basis
of many phenolic anti-cancer drugs. Therefore, it is possible that the oxidative
transformation of curcumin, a prominent but previously unrecognized reaction, contributes
to its cancer chemopreventive activity (117).

Curcumin inhibition of NF-xB: The effects of curcumin the arachidonic acid (AA) pathway
was reviewed recently (118). Curcumin inhibited arachidonic acid metabolism by down-
regulating COX-2 expression (119) through the inhibition of NF-xB. Curcumin
downregulates the constitutive activity of NF-xB and induces apoptosis in mouse melanoma
cells (120). It was seen that nuclear NF-xB expression was inhibited by curcumin and
treatment with curcumin inhibited the expression of COX-2 (121). In human bronchial and
non-small cell lung carcinoma cell lines, curcumin was reported to down-regulate cigarette
smoke—induced NF-xB activation through inhibition of IxBa in human lung epithelial cells.
The inhibition of NF-xB activation correlated with suppression of cigarette smoke-induced
NF-xB dependent COX-2 and MMP-9 expression (122). Novel synthetic curcumin analogs
were used as potent anti-angiogenic agents in colorectal cancer, inhibiting tumor growth in
mice by inhibition of NF-xB. This led to decreased transcription and expression of HIF-1a,
and COX-2 (121). Curcumin may prevent alcohol and tobacco-induced carcinogenesis by
regulating pathways involving NF-xB, COX-2 and AKT/MTOR (34). Combination of
curcumin and melatonin leads to an enhanced inhibition of cell proliferation in bladder
cancer cells. It was shown that a combinational treatment enhanced the repression of nuclear
translocation of NF-xB and its binding on COX-2 promoter via inhibition of IKK-beta
activity, resulting in inhibition of COX-2 expression (123). Curcumin because of its broad
activities has been classified as both a PAINS (panassay interference compounds) and an
IMPS (invalid metabolic panaceas) candidate (27, 28) however this designation was
questioned(124).

Curcumin inhibition of cytokines: Although curcumin decreases COX-2 expression it also
increases PGE> levels, and through negative feedback decreases levels of TNF-a, IFN-g,
and iNOS. These molecules are highly expressed in IBD and colon cancer inflammation, so
inhibition is considered chemo-preventive (115). Curcumin also inhibits TNF-a induced
COX-2 expression by suppressing 1xB kinase (IKK) signaling complex that phosphorylates
IxB (125). The inhibition of TNF-a induced expression of the calcium-dependent
phospholipase A2 (PLA2). Cytosolic phospholipase A2 (cPLA2) catalyzes the release of
arachidonic acid involved in inflammation from membrane phospholipids by targeting
MAPK/NF-xB/p300-mediated pathway (126). Curcumin inhibits IFN-a-induced activations
of NF-xB and COX-2 in lung cancer cells (127), inhibits down-regulated expression of LPS-
induced COX-2 by inhibiting MAPK/NF-xB/AP-1 pathway (128-130), and inhibits tobacco
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and other carcinogen-induced cPLA2 expression (131) (127). The PAINS factor described
above should be considered in studying curcumin.

5.2.2 Resveratrol (RSVL): RSVL is a Stilbenoid, a polyphenolic phytoalexin
phytoestrogen synthesized by plants in response to pathogens. It is found in grape skin, red
wine, cranberries, mulberries, and peanuts. The trans form of the molecule is a biologically
active compound and a potent anti-oxidant having anti-inflammatory and anti-cancer effects.
RSVL inhibits proliferation and induces apoptosis in human colon cancer cells, which
showed significantly lower COX-2 and prostaglandin receptor expression [117]. Wine
polyphenols (tannic acid, gallic acid, quercetin, and resveratrol) exert anti-neoplastic effects
on androgen resistant PC-3 cell line through the inhibition of the transcriptional activity of
COX-2 promoter mediated by NF-xB (132). Resveratrol inhibits glioma cell growth via
targeting oncogenic microRNAs and multiple signaling pathways (133). Resveratrol inhibits
the proliferation of breast cancer cell lines by tristetraprolin (TTP) upregulation, which is
associated with downregulation of COX-2 and VEGF and upregulation of iNOS (134). In a
mouse model, (135) resveratrol suppresses the NF-xB activation and expression of cyclin
D1, COX-2, ICAM-1, MMP-9. RSVL significantly inhibits the expression of COX-2 and
NF-xB either in vitro or in vivo. The suppressive effect of RSVL on COX-2 is also
suggested as one of the molecular mechanisms responsible for its anti-glioma activity (133).
The anti-gliomal effect of RSVL included decrease the expression of EGFR, MMP-9 NF-
xB, PCNA, COX-2, and VEGF. In a study with colon epithelial cells, RSVL used in a
concentration 20 times lower than 5-aminosalicylic acid, was able to significantly reduce
NO and PGE2 production, iNOS and COX-2 expression, and ROS formation induced by the
cytokine challenge (136). To improve the potency of RSVL, a study compared different
analogues of resveratrol and it was found that RSVL and RSVL-2 (hot RSVL-3) inhibit
COX-2 mediated production of PGE2 /n vitroand /n vivoin a dose-dependent manner (137).
The synergistic combination of doxorubicin and RSVL significantly decreased the wound
healing and clonogenic potential of breast cancer cells. Chronic inflammation is associated
with high expression of NF-xB and COX-2, the combination treatment was also found to
combinatorial treatment caused down regulation of COX-2 and NF-xB transcripts by ~42
and ~23 folds inhibiting the inflammatory response (138).

M echanism of resveratrol inhibition of COX-2: Resveratrol suppresses the expression of
TNF-a, IL-6, IL-8 and COX-2 through a decrease in the intracellular levels of Ca2+ and
ERK 1/2, as well as activation of NF-xB (139). Decreasing NF-xB activity then inhibits
COX-2 and prostaglandin synthesis in colon cancer. In addition, it was shown that RSVL
directly binds to COX-2 and that this binding is absolutely required for resveratrol’s
inhibition of HT-29 colon cancer cell colony growth (137). Curcumin and resveratrol
synergistically stimulate p21 and regulate COX-2 by maintaining adequate zinc levels during
lung carcinogenesis(111). It was showed that RSVL inhibits the activation of NF-xB in
breast cancer cells and dietary administration in rats bearing mammary tumors inhibits
tumor growth and decreases the expression of NF-xB, COX-2 and MMP-9 in tumor tissues
(140). In human ovarian cells, RSVL and ceramide, a lipid component of sphingomyelin in
cell membranes, converge on an endocytosis-requiring, ERK1/2-dependent signal
transduction pathway and induce COX expression as an essential molecular antecedent for
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subsequent p53-dependent apoptosis (141). In human intestinal cells, Caco-2 cells treated
with lipopolysaccharide (LPS), RSVL modulated NF-xB activation, which resulted in
downregulation of PGE2 production and COX-2 expression [127].

Resveratrol induction of programmed cell death (apoptosis): In addition to RSVL
activation of p53-dependent apoptosis (142), resveratrol induces apoptosis by several
mechanisms related to COX-2 based on activation of important signal transducing proteins:

i In ovarian cancer cells the extracellular signal-regulated kinases (ERKS) 1 and 2
in cancer cells, causes nuclear accumulation of the enzyme COX-2 and of the
oncogene suppressor protein, p53 (143). The inducible COX-2 forms a nuclear
complex with pERK1/2, pSer-15 p53 and SUMO-1 in RSVL-treated ovarian
cancer cells. ERK1/2 activation is essential for RSVL-induced nuclear
complexing of nucleoproteins in RSVL-treated cells. The inducible COX-2
associated with SUMO-1 transports into the nucleus and forms a complex with
phosphorylated p53, phosphorylated ERK1/2 and p300. These processes are
activated ERK1/2 and COX-2 dependent. The inducible nuclear-accumulated
COX-2 potentiates RSVL-induced p53-dependent apoptosis.

ii. Resveratrol suppresses induced transformation of human breast epithelial cells
by blocking kB kinase p-NF-xB signaling. RSVL suppressed the natural
estrogen metabolite 4-OHE, induced activation of 1xB kinasep (IKKp) and the
phosphorylation of 1xBa.. Consequently, NF-xB DNA binding activity and
COX-2 expression was also suppressed (144).

iii.  Pro-apoptotic action of RSVL in cancer cells includes causing inducible COX-2
to accumulate in the nucleus where it complexes with pERK1/2 and induces p53
apoptosis(145)

5.2.3 Ferulic acid (FA): The antioxidant Ferulic acid, is a phenolic acid compound
(mono-phenolic phenylpropanoid) ubiquitous in plants, abundant in fruits and vegetables,
and can be derived from rice bran. It possesses potent antioxidant and chemo-preventive
properties seen in skin tumor studies.

Ferulic acid modulation of COX-2: IxBa is a suppressive factor protein of NF-xB (146),
and treatment of RAW264.7 murine macrophage cell line with FA was shown to lead to
IxBa breakdown. Thus, this had an inhibitory effect on NF-xB activation. The disruption of
NF-xB nuclear migration through IxBa degradation is the main mechanism through which
FA exerts its downstream effects on the COX-2 pathway (146). Ferulic acid isomers possess
an even greater direct effect on COX-2 inhibition due to their retained phenolic, anti-
inflammatory functions as opposed to pure FA (147). Ferulic acid is the major phenolic acid
in Adlay bran ethanolic extract (ABE-Ea), which was used in colon carcinogenesis rat
animal model study (148). ABE-Ea suppresses DMH-induced pre-neoplastic lesions of the
colon and COX-2 expression was significantly suppressed in all colon tissue receiving the
ABE-Ea. This indicates that ABE-Ea delayed carcinogenesis by suppressing chronic
inflammation, which may be attributed to FA (148). In the tumor cell proliferation assay,
antioxidant ferulic and caffeic acids showed excellent growth inhibition of various cancer
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cells. In gastric cancer cell COX enzyme inhibitory assays, ferulic and caffeic acid esters
significantly inhibited both COX-1 and COX-2 enzymes (149).

Anti-inflammatory role of Ferulic acid: Protection against radiation-induced oxidative
stress was studied in murine model. FA significantly ameliorated the radiation induced
inflammatory response of phosphorylation of IKKa/p and IxBa, and consequent nuclear
translocation of NF-xB. FA also prevented the increase of COX-2 protein, iNOS-2 gene
expression, lipid peroxidation in liver, and the increase of serum TNF-a and IL-6 (150).

Ferulic acid protective functions: UV radiation generates oxidative stress on the skin
creating photo damage through the generation of free radical oxygens that oxidize
macromolecules. This cascade can result in skin cancer and photo-aging cellular
transformation. Vitamin C is the predominant antioxidant in the skin and protects the fluids
of the body (151). Since the human body cannot produce its own vitamin C because of
human gene mutation, humans must obtain this vitamin from diet and/or supplements (152).
Vitamin E protects the lipid phase of the skin including the stratum corneum and cell
membranes (153). Both these vitamins protect each other and increase overall effectiveness
by acting synergistically (154). The incorporation of FA moieties provided more than 90%
increased stability for L-ascorbic acid and 100% for a-tocopherol (155). Ferulic acid
provides protection against vitamin C degradation (156) and prevents UV-induced thymine
dimer formation that is characteristic of the oxidative DNA modifications that are
responsible for carcinogenesis (156).

5.3 Plant Flavonoid modulation of COX-2

Flavonoids are plant polyphenolic compounds made up of flavonols, flavonones, flavanols,
flavan-3-ols, and isoflavones (157). Epidemiological studies suggest dietary intake of
flavonoids may reduce the risk of tumors of the breast, colon, lung, prostate, and pancreas
(158).

5.3.1. Epigallocatechin gallate (EGCG): Teaisamajor dietary sour ce of
flavonoids of which the flavan-3-ols catechins are the most common in dry tea leaves with
green tea having a higher concentration than black tea. EGCG is the major biologically
active polyphenolic flavan-3-ols flavonoid constituent in green tea. Green tea extract
attenuates lipid peroxidation and PGE2 accumulation by decreasing COX-2 activity (159)
and it has been studied for its chemo-preventive potency because it possesses anti-
inflammatory and anti-oxidant properties. EGCG decreases the protein and mMRNA
expression levels of COX-2 and the mRNA expression of inflammatory cytokines: TNF-a.,
IFN-7, IL-6, IL-12, and IL-18, in the colonic mucosa (160).

EGCG regulatory modulation activities: EGCG activity has been studied in vivoand in
vitro:

i EGFR Modulation: EGFR modulation was studied in murine models in colitis
and colon cancer. Colorectal carcinoma is marked by overexpression of
epidermal growth factor receptor (EGFR) which exists on the cell surface.
Generally, the binding of a ligand to this protein induces the tyrosine kinase auto-
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phosphorylation cascade and leads to cell proliferation, angiogenesis, inhibition
of apoptosis, and migration and adhesion of cells. Mutations involving EGFR
lead to its constant activation and uncontrolled cell division, making it a target
for cancer treatment. /n vitro studies have demonstrated that EGCG inhibits
human colorectal carcinoma cell growth and induces apoptosis via COX-2
inhibition (94).

ROS induced HT-29 cells pre-treated with EGCG, significantly reduce cancer
cell growth compared to those cells not treated with EGCG. Therefore, EGCG
possesses growth-inhibitory effects on proliferation of these ROS induced HT-29
cells (161)

EGCG inhibited COX-2 and other cell survival proteins in prostrate tumor tissue.
EGCG inhibited cell migration or invasion in melanoma cells, which was
associated with a reduction in the levels of COX-2, PGE; and PGE; receptors
(EP2 and EP4) (162).

VEGF modulation: EGCG reversed the upregulation of HIF-1a,, VEGF, COX-2,
p-Akt, p-ERK, and vimentin protein levels and reversed the downregulation of
p53 and B-catenin protein in non-small cell lung cancer (163).

EGCG improved efficacy of cisplatin treatment in HeLa cells by regulating NF-
kB, p65, COX-2, p-Akt, and p-mTOR pathways (164).

Combinations of curcumin, EGCG, and lovastatin were able to suppress
esophageal cancer cell growth /n vitroand in nude mouse xenografts. These
drugs also inhibited phosphorylated ERK1/2, ¢c-Jun, and COX-2 expression
(165).

EGCG, a major green tea catechin, has the ability to inhibit melanoma cell
invasion/migration, an essential step of metastasis, by targeting the endogenous
expression of COX-2, PGE-2 receptors, and epithelial-to-mesenchymal transition
(162).

EGCG treatment of colon cancer cells resulted in a strong activation of AMPK
and an inhibition of COX-2 expression (166).

M echanism of EGCG activities: Several studies focus on the mechanism of EGCG

activity:

The mechanism by which EGCG downregulates EGFR is through COX-2
inhibition. EGCG stimulates AMPK, which reduces NF-xB activity and
consequently inhibits COX-2 expression. As a result, there is a decrease in PGE2
synthesis, which induces apoptosis of the HT-29 adenocarcinoma colon cells. In
human melanoma cell line, EGCG inhibits COX-2 by inactivation of PGE,/EP,
receptor/cAMP mediated activation of PI3K/AKT pathway (167).

In ROS induced HT-29 cells, free radical expression via hydrogen peroxide
treatment of HT-29 cells, increased COX-2 expression. Treatment with EGCG on
the other hand, reduces COX-2 expression and decreases levels of PGE2s. To
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determine the role AMPK plays in suppressing COX-2 and PGE2 expression,
HT-29 cells were treated with an AMPK activator, AICAR. It was found that
AICAR significantly reduces COX-2 and PGE2 expression (161).

iii.  Low dose H202 is known to activate cell signaling to induce cell proliferation.
In the presence of EGCG, these proliferative effects are attenuated and
accompanied by AMPK activation, decreased COX-2 and PGE2 expression, and
p53 induction. (161).

iv. EGCG significantly inhibits constitutive COX-2 mRNA, and the effect of EGCG
on COX-2 expression results in decreased COX-2 promoter activity via
inhibition of NF-xB activation (168).

V. EGCG-induced COX-2 expression through protein kinase C activation and p38
MAPK in immortalized astroglial line and normal astrocyte cells (169).

However, there are many mixed reports regarding green tea including insufficient evidence
to support green tea as a treatment or preventative agent for lung cancer. Green tea (18-20)

5.3.2 Quercetin: The flavonol quercetin, is a polyphenolic antioxidant constituent found
abundant in many fruits and vegetables. Modulation of COX-2 is a mechanism by which this
flavonoid is thought to interfere with carcinogenesis. Quercetin could partially inhibit
COX-2 enzyme by binding to subunit A which has peroxidase activity and serves as a source
of Reactive Oxygen Species (170). It reduced PGE2 levels in studies done with HCA-7 cells
and HCEC cells. The actual dose-dependency and efficacy of treatment with the different
flavonoids varies with cell line type and duration of incubation (171).

M echanisms of anti-inflammatory role of Quercetin: Quercetin suppresses early colon
carcinogenesis in rats through downregulation of COX-1 and COX-2 expression. It
attenuates TNF-a induced NF-xB activation, which is accompanied by reduced COX-2
levels (172). Quercetin also reduces the production of other inflammatory factors associated
with TNF-a, COX-2, and IL-6, which play crucial roles in cancer cell metastasis (173).

Quercetin protects mouse liver against inflammation due to its anti-oxidant activity and its
ability to modulate the TLR2/TLR4 and MAPK/NF-xB signaling pathway. Quercetin
significantly decreases cytochrome P450 2E1 (CYP2E1) expression and production of
iNOS, IL-1pB, COX-2, and NO in livers of CCl4-treated mouse suggesting that quercetin
protects mouse liver from damage by inhibition of TLR2/4 and MAP, which in turn
inactivates NF-xB (174).

In rat abberant crypt foci formation, quercetin lowers the proliferative index of pre-
neoplastic lesions and increases the proportion of apoptotic colonocytes. It also tends to
suppress transcript levels of COX-1 and COX-2 [160].

Quercetin is a component of ethyl acetate fraction (Tn-EE-BF) prepared from the seed of T.
nucifera. It displays anti-inflammatory activity through suppression of the production of NO
and PGE2 and mRNA expression of iINOS, TNF-a,, and COX-2. Analysis of transcription
factors and upstream signaling mechanisms reveal that Tn-EE-BF diminishes the activation
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of NF-xB and AP-1 via blockade of Src, Syk, and IRAK. Arctigenin, amentoflavone, and
quercetin may be the active components with these anti-inflammatory activities (175).
Quercetin metabolites display potent COX enzyme inhibition, and their inhibitory potency is
significantly higher than that of the parent molecule in human colorectal cancer cell line
(176).

Quercetin suppression of tumorigenesis. Quercetin suppression of tumorigenesis
includes: inhibition of migration and invasion, and suppression of cell proliferation and
angiogenesis.

Quercetin inhibits migration and invasion of human oral cancer cells through inhibition of
NF-xB and down-regulation of PKC, iNOS and COX-2, by blocking the MAPK signaling,
which results in suppression of MMP-2/9 pathways (177). Similarly, quercetin inhibits
invasion, migration, and signaling molecules involved in cell survival and proliferation of
prostate cancer cell line by downregulating urokinase-type plasminogen activator (uPA), a
serine protease that is involved in cancer progression, and EGF, EGFR mRNA expressions.
Quercetin inhibits cell survival factor B-catenin, NF-xB, and proliferative signaling
molecule expression such as p-EGF-R, N-Ras, Raf-1, c.Fos c.Jun and p-c.Jun (178).
Quercetin suppresses the migratory and invasive capacity of Caco-2 cells and expression of
metastasis-related proteins of the mitochondrial membrane.

It suppresses cell proliferation and increases the fraction of floating apoptotic cells of human
oesophageal adenocarcinoma cell line. COX-2 mMRNA expression was suppressed by
quercetin and the synthetic COX-2 (179).

Quercetin suppresses COX-2 mRNA and protein expression and angiogenesis through
inactivation of p300, a co-activator of COX-2 promoter (180). Mechanistically, quercetin
considerably inhibits the binding of the trans-activators CREB2, C-Jun, C/EBP, and NF-
xB and blocks the recruitment of p300 to COX-2 promoter. Moreover, quercetin effectively
inhibits p300 histone acetyltransferase (HAT) activity, thereby attenuating the p300-
mediated acetylation of NF-xB (180). Anticarcinogenic action of quercetin is associated
with the downregulation of the expression of PI3K, PKC, COX-2, and ROS. Additionally,
quercetin enhances the expression of p53 apoptotic factor and associated BAX gene
expression in HepG2 cells suggesting that it elicits anticarcinogenic action by upregulation
of p53- mediated apoptosis in HepG2 cells via downregulation of ROS, PKC, PI3K and
COX-2 (181).

Protective role of Quercetin: The protective effect of quercetin against arsenite-induced
COX-2 expression includes targeting PI13K in rat liver epithelial cells (182). Quercetin
directly binds with PI3K to inhibit PI3K activity.

Protection against UV radiation; quercetin-loaded nanoparticles can significantly block
UVB irradiation induced COX-2 expression and NF-xB activation in Hacat cell line.
Treatment of mice with quercetin-loaded NPs also attenuates UVB irradiation-associated
macroscopic and histopathological changes in mice skin (183).
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Anti-cancer effect of quercetin; quercetin activates AMPK in breast cancer cell lines and
colon cancer cells, and this activation of AMPK seems to be closely related to decrease in
COX-2 expression (184) suggesting that AMPK is crucial to the anti-cancer effect of
quercetin and that the AMPK/COX-2 signaling pathway is important in quercetin-mediated
cancer control.

5.3.3 Genistein: Epidemiological studies suggest that Asian women have a lower
incidence of breast cancer compared with Western women, and soya consumption has been
suggested as a contributory factor (185). Genistein is a natural isoflavone found in soybeans,
which has been studied for its chemo-preventive and chemotherapeutic nutritional potential.

Genistein suppression of tumorigenesis. Genistein has been shown to decrease
proliferation /in vitro of prostrate, breast, lung, colon, and ovarian cancer and it shows
promise for human gastric cancer cell line BGC-823 (186). It was suggested that genistein
inhibits TPA-induced COX-2 expression in breast epithelial cells by blocking ERK-mediated
phosphorylation of p65 (187) Genistein inhibits cell proliferation and induces apoptosis in a
dose and time-dependent manner in the BGC-823 gastric cancer cells (188). Genistein
inhibits hepatocellular carcinoma cell migration by reversing the epithelial-mesenchymal
transition and suppressing COX-2 expression (189).

Genistein modulation of COX-2: Genistein suppresses the production of COX-2 protein
levels and NF-xB DNA binding activity is reduced in a dose-dependent manner (188). Like
other isoflavones, genistein has been identified as an angiogenesis inhibitor. In order to
determine the actual mechanism by which COX-2 is down regulated, the effect of genistein
on prostaglandin-endoperoxide synthase-2, PTGS2, which catalyzes the first rate-limiting
step in the conversion of arachidonic acid to prostaglandins, was studied. NF-xB is
responsible for the regulation of PTGS2 gene expression and promoter activity (190);
therefore genistein’s ability to interfere with NF-xB activation provides good evidence that
it affects COX-2 downstream (188). Genistein inhibits TPA-induced COX-2 expression and
transcriptional activity of NF-xB in MCF10A human breast epithelial cells by blocking
ERK-mediated phosphorylation of p65/RelA in human mammary epithelial cells (187).
Genistein inhibits COX-2 expression in MCF-7 breast cancer cells, which could be the
mechanism underlying the reduction of breast carcinogenesis in Asian women. It was
suggested that such COX-2 inhibition might have important implications in the
chemopreventive application of soya isoflavones and that he mechanism of COX-2
expression inhibition in breast cells may be comparable to that in colon cells (185). It was
demonstrated that combination of 5-fluorouracil and genistein exert a novel
chemotherapeutic effect in colon cancers through inhibition of AMPK/COX-2 expression
(191).

5.3.4. Tricin: Tricin, a major flavonoid constituent of rice bran, oats, barley, and wheat, is
a potential chemo-preventive agent consumed by more than half of the world’s population.
Other health benefits include its antioxidant effects, inhibition of lipid peroxidation, anti-
viral, immunomodulatory, anti-tubercular, anti-ulcerogenic, anti-mutagenic, and anti-
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inflammatory effects (192). Such tumor suppressive properties of brown rice, in particular its
tricin phyonutrient, have been studied in human derived colon and breast cancer cells (193).

Tricin modulation of COX 2: Tricin was found to inhibit COX-2 enzymes /n vivoin
ApcMin mouse and 7 vitro in intact colon cells (194). Tricin given to mice through diet,
significantly decreased COX-2 expression and PGE2 production in human colon epithelial
cells. Another study investigated the same effects of tricin in HCA-7 cells and induced
HCEC cells, and found it to significantly down-regulate COX-2 protein expression and
decrease PGE2 levels moderately (171). These results suggest the adenoma suppressing
activity of tricin exerted in part through COX-2 inhibition.

Tricin modulation of inflammatory responses: Tricin suppresses the expression of the
inflammatory mediators IL-6 and NO (195) and it reduces inflammatory responses through
down-regulation of NF-xB and STAT3 pathways. It modulates the p38 MAPK and PI3K/Akt
pathways to prevent inflammation (196). Tricin significantly inhibits the release of TNF-a
(195) and its actions are comparable to other specific pathway blockers like ERK inhibitor,
JNK inhibitor, and p38 inhibitor (196). Combination treatment of tricin and PI3K/Akt
inhibitor showed increased activation of COX-2 and TNF-a (197). Tricin alone or in
combination treatment with other inhibitors shows significantly greater inhibition of COX-2
activation and TNF-a levels (196). It was suggested that PI3K activation is essential for the
anti-inflammatory effect of tricin. Studies conducted on human cells reveal the protective
effect of tricin against endothelial dysfunction associated with LPS induced inflammation. It
blocks the TLR4 signaling-mediated activation of cytosolic phospholipase A2 (cCPLA2),
which is confirmed by specific inhibition of COX-2 (198), and inhibits the activation of pro-
inflammatory mediators like TNF-a., IFN-y, and MCP-1 by modulating NF-xB and MAPK
signaling pathways (196).

Incubation of polyphenols with the cancer cell line HCA-7 and lipopolysaccharide (LPS)
stimulated primary monocytes, supporting the hypothesis that polyphenols including
genistein can effect COX-2 expression and activity /n vitro In comparison with
pharmaceutical COX inhibitors, polyphenols are about 100 to 1000-fold less potent in the
monocyte assay. Food polyphenols including genistein fail to cause a biologically relevant
reduction of COX-2 activity in mice (199) and did not decrease plasma or tissue
prostaglandin levels, suggesting that despite their moderate potency /n vitro, an effect of
polyphenols on COX-2 during acute inflammation is unlikely even if a high ingested
doses(199)

5.4. Fatty acids modulation of COX-2

Fatty acids are carboxylic acids with long aliphatic saturated) or unsaturated chains with
4-28 carbons. Fatty acids can influence inflammation through cell surface and intracellular
receptors that control inflammatory cell signaling and gene expression. Modifications of
inflammatory cell membrane fatty acids can modify cell signaling leading to altered gene
expression. The exposure of inflammatory cells to different types of fatty acids can influence
their function and has the potential to modify inflammatory processes (200, 201).
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Several long chain fatty acids [stearic acid, oleic acid, linoleic acid, a-linolenic acid (ALA),
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and derivatives of the flavonoid
Quercetin-3- O-glucoside (Q3G) are considered mediators and regulators of inflammation
(200, 201). It was shown that saturated fatty acids (SFASs), but not unsaturated fatty acids
(UFAs), induce NF-xB activation and expression of COX-2 and other inflammatory markers
(202), while polyunsaturated fatty acids (PUFAS), have been associated with inhibition of
COX-2, decreased inflammation, and the prevention of tumorigenesis. Omega-3 (w-3)-
PUFAs include the essential fatty acid a-linolenic acid (ALA) and its metabolites
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). w-3 PUFAs display multiple
anti-tumor actions and alpha-linoleic acid (ALA 18:3 w-3); The omega-3 polyunsaturated
fatty acids prevented colitis-associated carcinogenesis through blocking dissociation of beta-
catenin complex, inhibiting COX-2 through repressing NF-xB, and inducing 15-
prostaglandin dehydrogenase (203).

Eicosapentaenoic acid (EPA 20:5, w-3) and docosahexaenoic acid (DHA 22:6, w-3) may
exert inhibitory cancer action (204).

5.4.1 Polyunsaturated fatty acids (PUFAS): PUFAS (e.g. from tree nuts and legume
seeds) have long shown promise for treatment of many pathologies. They exert their
beneficial functions through the modulation of peroxisome proliferator-activated receptor
gamma (PPARG), which has anti-inflammatory effects. PUFAS bind to PPARG with a
higher affinity than saturated or monounsaturated fatty acids. Ultimately, this regulation
lends itself to the inhibition of COX-2 and eventually apoptosis of cancer cells.

M echanismsfor COX-2 Modulation: The down-regulation of the COX-2 and PGE2
pathway gives PUFAS their anti-angiogenic properties (94). Both in vitroand in vivo studies
have confirmed the inhibition of COX-2 expression by (n-3) PUFAS including EPA and
DHA. Another mechanism by which COX-2 is suppressed is through inhibition of INOS
expression (205, 206). PUFAS obtained from a fish oil diet combined with quercetin
(flavonoid) treatment demonstrates significant reduction in the colonic pro-inflammatory
cytokine, TNF-a.. When this effect was compared separately with both treatments, a
difference was not observed suggesting that both PUFAS and quercetin treatment has a
synergistic inhibitory effect (205, 206). PUFAs down-regulate the expression of COX-2 in
human colon cancer cells (207). The consumption of w-3-PUFAs is associated with a
reduced risk of CRC (208). In mice, EPA-FFA diets dramatically suppress the number of
colonic polyps and in both the small intestine and colon, the mucosal arachidonic acid is
replaced leading to a significant reduction in COX-2 expression and beta-catenin nuclear
translocation. Moreover, with EPA-FFA treatment, there is significant decrease in cell
proliferation throughout the intestine with an increase in apoptosis (208). In a case-control
study of 466 men diagnosed with aggressive prostate cancer, dietary long-chain w-3-PUFAS
appear protective for aggressive prostate cancer. This effect is modified by the COX-2 SNP
rs4648310 (209).

5.4.2 Alpha-linoleic acid (ALA): Seed oils are the richest sources of ALA, which is an
essential fatty acid that must be provided through dietary intake. It is reported to have
beneficial cardiovascular-protective, anti-cancer, anti-inflammatory, and antioxidant effects.
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It is the precursor to long chain w-3 fatty acids and is found in vegetable and seed oils such
as flax and walnuts, as well as in beans, legumes, grains, and leafy vegetables. In animal
studies, it was shown that increased dietary levels of alpha-linoleic acid inhibit mammary
tumor growth and metastasis (210).

Mechanisms of ALA COX 2 modulation: ALA is known to suppress cytokines IL-6, IL-8,
and TNF-a, which are involved in the inflammatory process (30). Dietary intake of ALA
decreases COX-2 expression, increases apoptosis in hepatoma cells, and decreases MCF-7
breast tumor growth (211). w -3 and w -6 PUFAS suppress expression of fatty acid
synthetase, which is generally overexpressed in tumor and liver tissue and induces apoptosis.
A diet enriched in ALA induces significant changes in the fatty acid composition of whole
hepatoma lipids and is correlated with a decrease in arachidonate content in carcinogenic
liver cells. These observations were made in rats fed a linseed (LS) diet enriched with
linoleic and a-linolenic acids. Transcriptional modulation of the COX-2 encoding gene is
cell specific. In the liver, COX-2 expression is regulated by the family of CCAAT enhancer
binding protein (C/EBP) transcription factors. C/EBP-a, induces growth arrest and
differentiation and negatively modulates COX-2 expression while C/EBP-b positively
modulates COX-2 expression. The mRNA level of isoform C/EBP-b, was measured in rats
fed different diets. The rats that consumed a diet specifically enriched with linoleic and a-
linolenic acid (LS) had lower C/EBP-b mRNA levels compared to those on the control diet
(211), which means that COX-2 expression was suppressed. Tumor-bearing rats fed
supplemental oils rich in ALA, resulted in a 2.3-fold decrease in tumor mass, a 3.0-fold
decrease in cell proliferation, and a 20% reduction in COX-2 expression (212).

6. DISCUSSION AND FUTURE DIRECTIONS:

The potential utility of the research on phytonutrient modulation of COX-2 and
inflammation related to cancer is to identify new natural COX-2 inhibitors for cancer
treatment needed to overcome the limitations of current COX-2 inhibitors. In general, there
has been a steady increase in the basic studies of natural products as adjuvant therapeutic
options to traditional cancer treatments. The application of such studies to cancer prevention
is demonstrated by the use of clinical chemotherapeutic drugs such as paclitaxel, vincristine,
and podophyllotoxin. Plant sourced derivatives such as etoposide are also used as anti-
cancer agents. The goal of these studies is to isolate these bioactive compounds to determine
and better understand the pharmacological properties of these phytonutrients.
Polypharmacological targeting of complex pathways of inflammation and cancer may be
superior to single targeted approaches. These compounds can act synergistically or provide
an effective therapeutic index or reduced toxicity to traditionally used anti-inflammatory
agents (213), this raise an important question; what is the impact of having several
compounds administered in the diet in combinations? The impact of having several
compounds administered in the diet in varying combinations must account for the shift in
drug development from the use of mono-agents to multi-targeted agents. Most if not all
diseases involve a complex, multi-faceted network of signaling pathways and defective
genes or molecules. In discussing the effect of a single protein, it is important to keep a
perspective of the interplay of numerous proteins in the pathogenesis of cancer. There may
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be one major signaling pathway of a given disease, but many collateral proteins feed into
this defined pathway leading to multifaceted presentation of the disease. Genomic
sequencing results revealed that a lung tumor carried more than 23,000 mutations and that a
smoker develops one mutation for every 15 cigarettes smoked. Out of the 25,431 human
genes, about 3,000 genes have been linked with over 150 cell signaling pathways. However,
only 350 genes are directly linked to a specific cancer; for example, the Philadelphia
chromosome is directly linked to CML. Thus targeting a single gene or single protein does
not seem to provide the most benefit, especially when viewing inflammation as a systemic
and multi-factorial dysregulation of cell-signaling. (213)

Perhaps the ideal drug or treatment is one whose efficacy is not based on a single target, but
instead focuses on rebalancing several proteins that contribute to pathogenesis of
inflammation and cancer. In a short-term treatment, single-targeted chemo agents may prove
beneficial. However, in the long-term, inflammation may persist, along with the degree of
involvement of multiple signaling pathways and tissues. Thus advancement in targeting
cancer from multiple signaling pathways can provide more efficacious treatment and better
understanding of the mechanisms of pathogenesis of disease. (214)

In laboratory studies the carotenoid, phenolic compound and fatty acid phytochemicals
highlighted in this review have been shown to have notable effects on COX-2, which is
upregulated during both inflammation and cancer via cancer related pathways, while it is
impossible to confirm directly that these phytochemicals have similar in vivo
pharmacological effects in humans in the absence of complex clinical testing, active
constituents of herbs have long been used in medicines around the world, and the importance
of phytonutrients for human health is supported by epidemiological studies (215). Studies
also suggest that a high intake of fruits and vegetables contributes to good health (216) and
appears to be protective for many health conditions, including cancer (217-222). A meta-
analysis of nutritional studies included prospective studies as well as four case-control
studies involving 5,073 lung cancer cases and 237,981 controls. The study results suggest
health benefits, including a statistically significant association between high flavonoid intake
and reduced risk of developing lung cancer. An increase in flavonoid intake of 20 mg/day
was associated with a 10% decreased risk of developing lung cancer (7). Another group
carried out a meta-analysis of 14 prospective studies of breast cancer incidence and 4
prospective studies of disease recurrence and concluded that soy isoflavone intake was
associated with a reduction in breast cancer incidence in Asian but not in Western
populations, and in postmenopausal but not in premenopausal women. A 16% reduction in
breast cancer recurrence was reported for the highest intake of isoflavones in
postmenopausal women (8). Similarly, a meta-analysis of eight case-control and five cohort
studies examined soy food consumption in Japan, China, Taiwan, United States, and Canada,
finding a protective effect of dietary genistein and daidzein against prostate cancer (9).
Moreover, many phytonutrients used in traditional medicine, including those described here,
have been shown in /n vitro and in animal studies to reduce inflammation.

While evidence of anti-inflammatory effects and decreased risk of certain cancers may
suggest therapeutic potential, there are many gaps in what is known about phytonutrient
COX-2 modulation across all cancers. A review of data from epidemiological and preclinical
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studies of the potential benefits of a flavonoid-based diet for cancer prevention alludes to
this disconnect and posits that more research needs to be done. For example, studies of tea, a
major dietary source of flavonoids, have produced evidence for a protective effect of tea
consumption on certain, but not all cancers. Protective effects of green tea were reported
against breast (10, 11), ovarian (12, 13), prostate (14, 15), gastric (16), lung (17) and liver
(6) cancer, while no association between tea consumption and risk of gastric (21, 22),
ovarian (23-25) and colon (26) cancer was reported.

In some cases, there is a disconnect between the large body of molecular and mechanistic
research on phytonutrients modulation of inflammation and cancer carried out in cell culture
or animal models versus those carried out in humans. For example, epidemiologic studies
show a correlation between the dietary intake of food polyphenols and beneficial health
effects, but /in vitro studies support the anti-inflammatory potential of polyphenols for COX
modulation, as demonstrated by stimulation of primary monocytes by incubation of
polyphenols with cultured cancer cells. This supports the hypothesis that polyphenols can
affect COX-2 expression and activity /n vitro. However, other studies suggest that food
polyphenols do not cause biologically relevant reduction of COX-2 activity (199). From this
one can conclude that an effect of polyphenols on COX-2 during acute inflammation is
unlikely despite moderate potency /n vitro, even when high doses of polyphenols are
ingested. Similarly, there are several mixed reports regarding green tea including insufficient
evidence to support green tea as a treatment or preventative agent for lung cancer. Green tea
(18-20). Such conflicting reports regarding the anticancer effectiveness of natural products
may point to a potential inherent limitation to data interpretation regarding anti-cancer
activity arise from several factors, including methodological variation and the difficulty of
assessing activities to specific components of complex mixtures of phytonutrients. Other
confounding factors include plant diversity, genetic variability, phenotypic variability
between plants (growth conditions, time of harvest, presence of growth factors, etc.), mode
of propagation or even how the natural product is prepared and consumed. For example, it
was shown that interaction between EGCG and flavonols of green tea might form complexes
during thermal treatment (19) and that the temperature of green tea when consumed, affects
the risk of gastric cancer (20). Most studies that are limited to a relatively small range of
phytonutrients such as carotenoids or polyphenols may not allow researchers to identify
associations between these phytonutrients and cancer due to the complexity, breadth,
diversity and synergies of natural products present in food. In addition, the effects seen in
epidemiological studies are difficult to translate from in vitro studies due to effects of
duration and dose of phytonutrient intake (treatment), as well as effects of variation between
acute and chronic inflammation it may not be sufficient to utilize the pure “active
ingredient” of a natural product in order to obtain the full effect reported in epidemiological
studies due to synergies within the complex of components of natural products contributing
to therapeutic function. The concept of synergy is based on the idea that using a whole plant
containing a group of chemicals working together is more beneficial than using a single
compound to achieve a specific effect (223). The challenge is that while the in vitro studies
we describe can identify mechanisms of phytonutrient modulation of COX-2 and
inflammation related to cancer (which may be supported by epidemiology and “holistic”
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population data), in the absence of clinical testing and clinical therapeutic determination our
observations remain subject to the issues of material complexity discussed above.

An additional challenge is that some natural compounds (such as curcumin or phenolic
compounds) may function non-specifically as PAINS (27-29), for example as reactive
chemicals rather than discriminating drugs. PAINS non-specific activity may include
interference with other proteins in addition to the intended target, giving false readouts in a
variety of ways. These may include functioning as chelators and trapping toxic or reactive
metals which then give rise to signals, or coating a protein. Other possibilities include
sequestration of metal ions essential to a protein’s function, catalyzing non-specific
reactions, or where phytonutrients themselves are fluorescent or strongly colored resulting in
false optical signals. Such factors should be considered in studying phytonutrient
compounds having multiple functions.

Another factor contributing to inconsistency is plant variability, complexity and research
uniformity. To overcome this challenge, better genetic identification analysis of the plant
material may be needed using “standard” plant material from plant genebank collections for
research, standardization of plant growth to reduce phenotypic variability between plants
and amore in vitro studies on plant compound synergies. To overcome the challenge of
multiple non-specific PAINS activities, there is a need to consider these activities when
analyzing the data, and to develop /n7 vitro and in vivo assays to identify and characterize
PAINS activities of the compounds tested.

On the molecular level, phytonutrients were shown to play an important role in
inflammation, modulation of COX-2, and cancer prevention. A central challenge for the use
of phytonutrients in the fields of cancer nutrition and CAM will be resolving the tension
between the reductionist focus of molecular studies on individual phytonutrients and the
more holistic approaches focusing on food habits and the relationship between diet and
health.
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Figure 1:
A model for COX biosynthesis and function. COX-1: cyclooxygenase-1; COX-2:

cyclooxygenase 2; TXA2: thromboxane A2; PGE2: prostaglandin E2; PGI2: prostaglandin
12 (prostacyclin); Gl: gastrointestinal.
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Figure 2: Model of COX-2: induction by proinflammatory cytokines, stimulation of cell
proliferation, increase of metastatic potential, and effect on apoptosis and inflammation.

Akt: protein kinase B; AP-1: activator protein-1; COX-2: cyclooxygenase-2; ERK 1/2:
extracellular signal-regulated kinases 1/2; IxB: inhibitor of xB (kinase); IL: interleukin;
LPS: lipopolysaccharideMEK 1/2: mitogen activated protein Kinase kinase 1/2; MKK3 (6):
mitogen-activated protein kinase kinase 3 (6); NF-kB: nuclear factor-xB (kinase); P38
MAPK: P38 mitogen-activated protein kinases; p53: p53 oncogene; PGE2: prostaglandin
E2; PPARG: Peroxisome proliferator-activated receptor-y; ; Ras/Raf: mitogen-activated
protein kinase (MAPK) cascade; TNF-a: tumor necrosis factor-a;

I = key signaling protein as it pertains to target protein

@D = target protein

@ = key transcription regulatory proteins of signaling protein

@ = prostaglandins

@ = cytokines and inflammatory proteins

[ = physiological effect
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TABLE 1:

Phytonutrients shown to modulate COX-2 Commonly Present in Human Diet

Phytonutrients

Main Compoundsused in CAM

Major plant food sources

Carotenoid

p-carotene

Spices (Paprika, Cayenne, Chili), Sweet Potato (Baked), Dark Green Leafy
Vegetables (Spinach, Cooked), Kale (Frozen, Cooked), Carrots (Cooked), Cos
or Romaine Lettuce

Astaxanthin

Red-pigmented vegetables and fruits such as Carrots, Red peppers, Radishes,
Mangoes Blueberries Cranberry and in Green Algae

Lutein Leafy greens like spinach, kale, Lettuce, Basil, Squash, Broccoli, Brussels
Sprouts, Leek, Asparagus, Green peas
Lycopene Guavas, Watermelon, Tomatoes (cooked), Papaya, Grapefruit, Sweet Red
Peppers (Cooked)
Phenolic compound | Curcumin Turmeric (ingredient in curry powders)
Resveratrol Red Grapes, Berries, Peanuts
Ferulic acid Coffee, spinach, asparagus, carrots tomato, whole Grains apples, pears,

pineapples, citric fruits, dry dates, cabbage, olive, peanuts.

Flavonoid Epigallocatechin gallate (EGCG) White, Green and Black Teas, Carob Flour, Apple skin, Onion, Pecans Filberts
or Hazelnuts, raw cranberries and pistachios
Quercetin Capers, Lovage leaves, Red onion, Berries, Leafy green veggies, including
spinach, kale,Apples, Red grapes, Peppers. Dark cherries and berries
(blueberries, bilberries, blackberries and others), Tomatoes, Cruciferous
veggies, including broccoli, cabbage and sprouts Citrus fruits
Genistein Lupin, fava beans, soybeans, kudzu, and psoralea and in in the medicinal plants,
Flemingia vestita and F. macrophylla, and coffee
Tricin Cereal grains, such as wheat, rice, barley, oat and maize and also a bamboo,
Fatty acids Polyunsaturated fatty acids (PUFAS) | Walnuts, Sunflower seeds, Flax seeds. Flax oil, Corn oil Soybean oil, Safflower

oil

Alpha-linoleic acid (ALA)

Flaxseeds, flaxseed oil, Canola (rapeseed) oil, Soybeans and soybean oil,
Pumpkin seeds and pumpkin seed oil, Perilla seed oil, Tofu, Walnuts and
walnut oil
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