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Abstract
Chemoprevention represents a highly promising approach for the control of cancer. That nonsteroidal anti-inflammatory drugs

(NSAIDs) prevent colon and other cancers has led to novel approaches to cancer prevention. The known inhibitory effect of NSAIDs on

the eicosanoid pathway prompted mechanistic and drug development work focusing on cyclooxygenase (COX), culminating in clinical

trials of cyclooxygenase 2 (COX-2) inhibitors for cancer prevention or treatment. However, two COX-2 inhibitors have been withdrawn

due to side effects. Here we review several pathways of the eicosanoid cascade that are relevant to cancer; summarize the evidence

regarding the role of COX-2 as a target for cancer prevention; and discuss several of the molecular targets that may mediate the

chemopreventive effect of NSAIDs. The clinically modest results obtained to date with COX-2 specific inhibitors used in cancer

prevention; the multiple COX-2-indpendent targets of both NSAIDs and COX-2 inhibitors; and the limitations of some COX-2 inhibitors

indicate that exploiting these (non-COX-2) molecular targets will likely yield effective new approaches for cancer chemoprevention.

# 2005 Elsevier Inc. All rights reserved.
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According to the old adage, ‘‘an ounce of prevention is

better than a pound of cure’’. This holds true for cancer as

well, and it is generally agreed that the best way to control

cancer is to find ways of preventing it. Undoubtedly, life

style and environmental factors contribute significantly to

the number of cancer cases seen each year. During the last

two decades cancer prevention has achieved significant

prominence amongst the clinical and research commu-

nities. This interest has been enhanced by several laudatory

results, including those in the prevention of lung cancer

(smoking cessation), colon cancer (e.g., screening colono-

scopy) and prostate cancer (e.g., prostate specific antigen).

The seminal epidemiological observation that nonsteroidal

anti-inflammatory drugs (NSAIDs) prevent colon and

other cancers has provided the impetus to develop novel

chemoprevention approaches against cancer [1]. The

recent withdrawal of rofecoxib and valdecoxib, two

cyclooxygenase 2 (COX-2) specific inhibitors, on account

of their significant cardiovascular toxicity has raised con-

cerns about this class of compounds [2]. In this commen-

tary, we examine cancer chemoprevention against the

background of this unfortunate development, assess the

concept that the expression of COX-2 is central to carci-

nogenesis, and propose that shifting our mechanistic focus

to targets other than, or in addition to, COX-2 will be a

productive approach for cancer prevention.
1. Cancer prevention as a contemporary challenge

Cancer prevention may be categorized as primary, sec-

ondary or tertiary [3]. Primary prevention modifies

genetic, environmental and biological factors etiological

in a given tumor to alter their effects on tumorigenesis. For

example, elimination of chemicals, radiation, and viruses

constitutes primary prevention. Unfortunately, culprit

agents, e.g. smoking, are rarely identified. Secondary

prevention deals with screening for premalignant and early
neoplastic lesions and their expeditious treatment. For

example, screening for colorectal cancer reduces mortality

by 15–33%. Tertiary prevention or chemoprevention uti-

lizes specific pharmacological agents or nutrients to pre-

vent, delay, or retard the development of cancer. Numerous

agents (214 at last count [4]) have been extensively eval-

uated in the last two decades for their chemopreventive

properties against colon cancer. Several clinical trials have

been conducted, most notable among them those concern-

ing calcium supplements and vitamin D [5],b-carotene [6],

and fiber [7].

Although chemoprevention results have at times been

modest, they have, nevertheless, helped the field mature

and generated sophisticated expertise and refined meth-

odologies for the evaluation of novel agents. In addition,

approaches aimed at shortening the duration of clinical

trails are emerging. Promising among them is the use of

magnifying endoscopy to detect aberrant crypt foci as an

end point in colon cancer prevention trials [8]. Most of the

current challenge in cancer chemoprevention is to develop

suitable agents and biomarkers both to monitor response to

the agents and to identify those subgroups of at risk

patients that will benefit the most from the agent.
2. NSAIDs prevent cancer: proof of principle

A new era in cancer prevention was ushered in by the

landmark study by Kune et al. [1] showing that subjects

using NSAIDs for various indications had a significantly

lower incidence of colon cancer. Over thirty epidemiolo-

gical studies, collectively describing results on >1 million

subjects, that followed the original work have established

NSAIDs as the prototypical chemopreventive agents

against colorectal cancer. The epidemiological findings

are in agreement with a considerable body of animal

and in vitro data [9]. Three well-designed randomized,

double-blind trials of aspirin as a chemopreventive agent



K. Kashfi, B. Rigas / Biochemical Pharmacology 70 (2005) 969–986 971
against colorectal adenomas established its chemopreven-

tive effect [10,11]. In the first study, evaluating 81 mg or

325 mg of aspirin daily in patients with a recent history of

adenomas, the relative risks of any adenoma (as compared

with the placebo group) were 0.81 in the 81 mg group and

0.96 in the 325 mg group. For advanced neoplasms (�1 cm

in diameter or with tubulovillous or villous features, severe

dysplasia, or invasive cancer), the respective relative risks

were 0.59 and 0.83. In the second study, patients with

previous colorectal cancer received either 325 mg of

aspirin per day or placebo. The adjusted relative risk of

any recurrent adenoma in the aspirin group, as compared

with the placebo group, was 0.65. Finally, daily aspirin 160

or 300 mg compared to placebo also reduced the risk of

recurrent adenomas at 1 year postcolonoscopy (RR 0.73,

0.52–1.04) [12].

While this work provided a much-needed proof of

principle, it also made it clear that aspirin may not be

optimal for cancer prevention. This conclusion is inescap-

able, when these studies are viewed against the funda-

mental distinction between chemotherapy and

chemoprevention. In chemotherapy substantial treat-

ment-related toxicity is accepted because of the imminent

risk that cancer poses on the patient’s life. In contrast,

chemoprevention agents are intended mostly for healthy

subjects at risk for a cancer that they may never develop. In

this case, criteria for safety and efficacy are stricter than for

chemotherapy. It is because of shortcomings in safety and

efficacy that aspirin is unlikely to be a practically useful

chemoprevention agent. The issue of their safety is clearly

illustrated by the report that in 1998 in the US NSAID-

induced gastrointestinal complications and AIDS led to

virtually equal numbers of deaths (�16,500) [13].

Cancer prevention by NSAIDs is, at least conceptually,

largely based on their effects on the eicosanoid pathways.

Thus, we review below salient features of these pathways

that are relevant to cancer chemoprevention.
3. Linoleic and arachidonic acid metabolism:
relevance to cancer

The development of COX-2 inhibitors is a direct out-

growth of extensive work on fatty acid metabolism and

what is now known as the eicosanoid field. It is perhaps

instructive to note that despite our vast knowledge in this

area, there are still details being unraveled (some discussed

here) that have direct and at times crucial pharmacological

implications.

Polyunsaturated fatty acids such as arachidonic and

linoleic acids, when metabolically oxidized by cytochrome

P450, COXs and lipoxygenases (LOXs) form an array of

biologically active compounds [14] (Fig. 1). Hydrolysis of

membrane phospholipids by stimulated lipases produces

free arachidonic acid, which serves as a substrate for

cytochrome P450, COX and LOX enzymes.
3.1. COX cascade

In the presence of molecular oxygen, the COX (PGH2

synthase) pathway, through the cyclooxygenase component

of PGH2 synthase, produces the unstable intermediate

PGG2, which is rapidly converted to PGH2 by the peroxidase

activity of PGH2 synthase. Specific isomerases convert

PGH2 to various PGs and TxA2. There are three isoforms

of COX: (a) The constitutive COX-1 is involved in the

maintenance of tissue homeostasis. It is expressed in most

tissues and is responsible for platelet aggregation, renal

blood flow and maintenance of the gastric mucosa. COX-

1 is inhibited by traditional NSAIDs either reversibly or

irreversibly, depending on the NSAID. (b) COX-2, identified

as an inducible isoform in inflamed and neoplastic tissues, is

expressed constitutively in human kidney and brain. Selec-

tive COX-2 inhibitors, designated as coxibs, inhibit its

enzymatic activity. All NSAIDs are COX-2 inhibitors;

however, coxibs are ‘‘COX-1 sparing drugs’’ [15]. (c) More

recently, a third isoform, COX-3, has been identified [16].

COX-3 is present mainly in the brain and spinal cord; its

product, PGD2, mediates pain and fever; and its activity is

inhibited by acetaminophen. Some consider COX-3 not a

distinct entity but a COX-1 variant [17].

The physiological effects of PGs, PGI2, and TxA2 are

mediated in part by G-protein-coupled prostanoid recep-

tors. There are nine such receptors, eight of which (EP1-4,

DP, FP, IP, and TP) are classified according to the pros-

tanoid ligand that each binds with greatest affinity

(reviewed in [18,19]). The ninth receptor, CRTH2 or

DP2, is expressed on Th2 cells and binds PGD2 [20].

The diverse effects of PGE2 may result from its actions

on four receptors, EP1, EP2, EP3 and EP4. The EP2 and

EP4 (relaxant) receptors are Gs-type leading to cAMP

stimulation; the EP1 (constrictor) receptor increases intra-

cellular calcium; and EP3 (inhibitory) receptor is of the Gi-

type. Activation of a given receptor may elicit varying

responses in different cell types [21] and some of them may

be quite important to cancer biology.

PGE2 stimulation of EP4 (but not of EP2) leads to PI3-

kinase-dependent phosphorylation of ERK1/2 [22]; PI 3-

kinase/EP4 may also be involved in the b-catenin signaling

pathway [23]; EP4 may modulate the PGE2-stimulated

proliferation of colon cancer cells [24]. PPARg ligands

inhibit human lung carcinoma cell growth by decreasing

the expression of EP2 receptors through ERK signaling

and PPARg-dependent and -independent pathways [25].

IP, DR and CRTH2 receptors are also coupled with the

activation of Gs and linked to increases in cAMP; FP and

TP signal by increasing intracellular calcium [26].

3.2. LOX cascades

Leukotrienes (LTs), potent inflammatory mediators, are

synthesized in many cells and act through specific receptors.

LTB4 acts by stimulating members of the G-protein-coupled
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Fig. 1. Overview of the eicosanoid pathway. Arachidonic acid, the substrate of three major biosynthetic pathways, is derived from diet or synthesized from

linoleic acid and is released from membrane phospholipids through a series of reactions requiring phospholipases. The COX pathway produces various

prostaglandins and thromboxane; the LOX pathways produce leukotrienes and hydroxyeicosatetraenoic acids; and the cytochrome P450 pathways produce EET

and dihydroxyacids. Abbreviations: phospholipases A2, C, and D, PLA2; PLC; PLD; prostaglandins (respective receptors), PGE2 (EP1-4); PGF2a (FP); PGD2

(DP, CRTH2); prostacyclin, PGI2 (IP); thromboxane A2, TxA2 (TP). Leukotrienes, LTA4, LTB4, LTC4, LTD4, LTE4; LTB4 receptors, BLT1-2; LTC4, LTD4,

LTE4 receptors, CysLT1–2. 13-S-Hyroxyoctadecadienoic acid, 13-S-HODE; hydroxyeicosatetraenoic acid, HETE; Epoxyeicosatrienoic acid, EET. T-shaped

arrows: inhibition. Broken arrow: putative pathway.
BLT receptors [reviewed in [27]. LTD4, LTE4 and LTC4

activate receptors belonging to the CysLT family [28]

(Fig. 1).

There are several LOXs; five are shown in Fig. 1.

Metabolic products of the 5-, 12-, or 15-LOX biosynthetic

pathways modulate the growth of several normal human

cells, including T lymphocytes [29], skin fibroblasts [30],

epidermal keratinocytes [31] and glomerular epithelial

cells [32]. LOX metabolite levels are elevated in various

cancers, including colon [33], breast [34,35], prostate [36],

lung [37], and skin [38–40]. Some LOX products are

procarcinogenic, while others are anticarcinogenic [40].

3.3. Procarcinogenic LOXs

Several LOXs form metabolites that enhance carcino-

genesis. These LOXs and metabolites include 5-LOX and

its products 5-S-HETE and LTB4; 8-LOX and 8-S-HETE;

and 12-S-LOX and 12-S-HETE.

3.3.1. 5-LOX and LTB4

5-LOX represents an instructive example of both the

enormous potential and the challenges that are encountered
in trying to exploit pharmacologically this complex system

[reviewed in detail in [40]]. As shown in Fig. 1, 5-LOX,

which is activated by another enzyme FLAP (five LOX

activating protein), converts arachidonic acid to 5-S-HETE,

which in turn is converted to LTA4 and then to LTB4. Several

lines of evidence indicate two relevant aspects of its tumor

biology: First, 5-LOX, being overexpressed in several can-

cers (prostate, pancreatic colon, testicular and esophageal),

may play a significant role in carcinogenesis, and second,

manipulating the metabolic pathway catalyzed by 5-LOX

impacts cancer cell kinetics, a finding suggesting a thera-

peutic or prevention opportunity.

In human prostate cancer, 5-LOX is clearly overexpressed

[41]. Furthermore, in prostate cancer cell lines 5-S-HETE

inhibits apoptosis [42] whereas MK886, a FLAP inhibitor,

causes apoptosis of human prostate cancer cells by releasing

mitochondrial cytochrome c [42]. In lung cancer cells, 5-

LOX promotes their growth and 5-LOX inhibitors inhibit

cell proliferation and induce apoptosis in many cancer cell

lines [43]. In colon cancer, 5-LOX is involved in adenoma

formation associated with cigarette smoke exposure [44].

Prompted by our findings of the effect of PGs on colon

cancer cell kinetics [45], a decade ago we explored the
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effects of LTB4, LTB4 methyl ester, LTB5, 12-R-HETE, 12-

S-HETE, and 15-S-HETE on the HT-29 and HCT-15 colon

cancer cell lines. Only LTB4 and 12-R-HETE stimulated

their proliferation; a competitive antagonist of LTB4,

blocked its effects [46]. There is evidence of 5-LOX over-

expression in pancreatic cancer: 5-LOX mRNA is expressed

in pancreatic cancer but not in normal pancreatic cells [47].

5-LOX expression was also high in human testicular cancer

but very low in normal testes and 5-LOX inhibitors inhibited

the growth of testicular cancer cells [48]. Finally, 5-LOX

was expressed in 79% of esophageal cancers but only in 13%

of normal esophageal mucosa [49]. 5-LOX was expressed in

eight esophageal cancer cell lines, in which 5-LOX inhibi-

tors induced apoptosis.

3.3.2. 8-LOX and 8-S-HETE

The enzymatic activity of 8-LOX increases in the early

stages ofmouseskin tumorigenesis [50]anditsup-regulation

promotes skin carcinogenesis [51]. The human 8-LOX gene

has not been cloned; however, 8-S-HETE is genotoxic [50].

3.3.3. 12-S-LOX and 12-S-HETE

Platelet-type 12-S-LOX was detected in prostate, mel-

anoma, and other cancer cell lines [52,53]. This LOX

isozyme was also found in humans [50] and its expression

in prostate cancer correlated with tumor grade and stage

[54]. 12-S-HETE upregulates adhesion molecules [53] and

promotes tumor spread by modulating protein kinase C

[55–57]. 12-S-HETE also interacts with nuclear receptors

such as PPARs and RXR [58]. Finally, 12-S-LOX promotes

angiogenesis [59].

3.4. Anticarcinogenic LOXs

15-LOX-1 and 15-LOX-2 have anticarcinogenic effects.

The preferred substrate for 15-LOX-1 is linoleic acid and

for 15-LOX-2 is arachidonic acid [60].

3.4.1. 15-LOX-1 and 13-S-HODE

15-LOX-1 is the main enzyme for metabolizing linoleic

acid into 13-S-HODE [61,62] and is the only 15-LOX

isozyme found in the human colon epithelium [188]. 13-S-

HODE is linked to cellular differentiation and apoptosis

and 15-LOX-1 expression levels are reduced in human

colorectal cancers [63]. 13-S-HODE induces apoptosis and

cell cycle arrest in colorectal cancer cells [63] and, there-

fore, it is likely to have anticarcinogenic effects. This

concept is supported by the observation that linoleic acid

inhibits carcinogenesis in a mouse model of skin tumor-

igenesis [64]. NSAIDs induce 15-LOX-1 expression in

colorectal cancer cells [65] and this induction of expression

and apoptosis are independent of COX-2 inhibition [66].

15-LOX-1 is also down-regulated in vitro and in vivo in

human esophageal cancers, and NSAIDs induce 15-LOX-1

expression to promote apoptosis in human esophageal

cancer cells [40].
3.4.2. 15-LOX-2 and 15-S-HETE

15-LOX-2 is expressed in some but not all normal

human tissues (e.g., cornea, prostate, lung, and skin)

[60]. 15-LOX-2 expression is reduced in human prostate

carcinomas [67]. Reports regarding the role of 15-S-HETE

in carcinogenesis are conflicting. Some studies suggest that

15-S-HETE might have antitumorigenic effects [68–70],

while others suggest that it may suppress [71,72] or have no

effect on apoptosis [46,73]. However, 15-S-HETE inhibits

proliferation in PC3 prostate carcinoma cells possibly by

activating PPARg [74]. As recently reported, there is an

inverse relationship between 15-LOX-2 and PPARg gene

expression in normal compared to cancer epithelial cells

[75].

15-LOX-2 mRNA and protein were expressed in 76% of

normal esophageal tissues and only in 46% of esophageal

cancers [76]. Study of normal, premalignant, and malig-

nant esophageal cell lines revealed that 15-LOX-2 was

essentially non-detectable in the cancer cell lines. Tran-

sient transfection of 15-LOX-2 expression constructs into

15-LOX-2-negative esophageal cancer cells significantly

inhibited their proliferation. Moreover, the COX-2 inhibi-

tor, NS398, induced 15-LOX-2 expression in esophageal

cancer cells [76].

3.5. Pharmacological agents

Modulation of the various LOX isozymes may be of

therapeutic value. Such approaches to chemoprevention

may include inhibition of 5-LOX, FLAP, and 12-S-LOX

activities or the use of LT receptor antagonists; several such

inhibitors have been developed [reviewed in [77]]. One

potentially serious problem with this approach may arise

from shuttling of substrate between pathways following

inhibition of one of them. For example, once 5-LOX has

been inhibited, there may be more substrate available for the

COX-2 or LOX pathways that are procarcinogenic. Con-

versely, inhibition of the COX pathway by NSAIDs could

increase LTs. This subtle but potentially critical interplay

between the various eicosanoid pathways could decide the

final result of interventions directed at single enzymes.

Hence, one new approach is to develop agents that inhibit

both 5-LOX and COX pathways. Licofelone, currently in

clinical development for osteoarthritis, is a substrate analo-

gue of arachidonic acid, which inhibits 5-LOX, COX-1, and

COX-2 [78]. Recent data suggest that this approach prevents

oral carcinogenesis at the post-initiation stage in a hamster

model [79]. At present, there are no clinically useful drugs

available to modulate the cytochrome P450 pathway.
4. The targets of NSAIDs: COX-2 dependence and
independence

Since our original observation that, even in the absence

of any COX enzyme, NSAIDs can modify cancer cell
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Fig. 2. The pleiotropic effect of NSAIDs on molecular targets. The various molecular targets affected by NSAIDs and their interactions are shown; all of them

are potentially relevant to carcinogenesis. Abbreviations: NOS2, nitric oxide synthase 2 (inducible isoform); COX, cyclooxygenase; LOX, lipoxygenase; ROS,

reactive oxygen species; AA, arachidonic acid; HETE, hydroxyeicosatetraenoic acid; PGs, prostaglandins; 13-S-HODE, 13-S-hyroxyoctadecadienoic acid;

PPARd peroxisome proliferator-activated receptor d; TCF, T cell factor. T-shaped arrows indicate inhibition; blue arrows indicate induction; all other arrows

indicate pathways.
kinetics in a way consistent with an anticancer effect [80],

there has been a growing appreciation of the validity of this

concept. The idea that NSAIDs actually have a variety of

molecular targets (Fig. 2), not only provides a much-needed

explanation of apparently disparate observations, it also

underscores the opportunity that these targets represent

for cancer prevention and perhaps treatment. Below, we

summarize the evolution of current thinking in this area.

4.1. COX-2 inhibition as a dominant mechanism in

cancer chemoprevention

That inhibition of COX was the best known biochemical

effect of NSAIDs provided a plausible explanation of the

epidemiological data on NSAIDs and cancer. Several early

observations supported the notion that COX plays a central

role in cancer. For example, human colon cancers have

elevated PGE2 levels compared to uninvolved mucosa

[81,82]; COX-2 is overexpressed in 45% of colon adeno-

mas and 85% of colon carcinomas [83], a change subse-

quently demonstrated for several human cancers [84]; and

PGE2 increases colon cancer cell proliferation [45] and

suppresses apoptosis [85].

These and other data led to the conclusion that NSAIDs

exert their effect by inhibiting COX and that inhibition of

COX-2, the isoform overexpressed in cancer, would arrest
carcinogenesis. The development of coxibs as selective

COX-2 inhibitors, combined with the notion of the cen-

trality of COX-2 in carcinogenesis provided the impetus

for their extensive evaluation as chemoprevention agents.

Extensive preclinical data supported this approach. Mul-

tiple cell culture studies [reviewed in [86]] indicated the

potential efficacy of coxibs against cancer. The many

relevant animal studies used either genetically modified

animals or COX-2 inhibitors. Oshima et al. showed that

deletion of COX-2 decreased significantly the number of

intestinal tumors in ApcD716 mice [87]; COX-1 deletion,

however, also attenuated tumor formation in the same mice

[88]. Overexpressing the human COX-2 gene in the mam-

mary glands of transgenic mice produced focal mammary

gland hyperplasia, dysplasia, and transformation into

metastatic tumors [89]. These data indicate that enhanced

COX-2 expression is sufficient to induce mammary gland

tumorigenesis. Studies addressing whether COX-2 is cri-

tical for skin carcinogenesis are equivocal [90,91]. Numer-

ous animal studies using specific COX-2 inhibitors

provided support for the concept that COX-2 inhibition

both prevents and regresses tumors arising from a variety

of tissues, including colon, lung, breast, pancreas and skin

[86]. This work and clinical trials [92] culminated in

celecoxib receiving FDA approval for its use in patients

with familial adenomatous polyposis (FAP).
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Table 1

Selected COX-independent targets of NSAIDs discussed in the text

Target References

Cell proliferation [187]

Induction of apoptosis [186]

Cell cycle block [146]

Cytochrome c [163,165,167]

NAG-1 [134]

PDE2/5 [113,116]

NF-kB [105–107]

PDK1 [121]

Akt [120]

ERK1/2 [123]

RSK2/MAPKs [122,124]

PPARg [130]

PPARd [132]

15-LOX-1 [40,65,66]

15-LOX-2 [76]

Wnt [136]

Carbonic anhydrase [172,174]

Cyclin D1 [113,148]

p21cip1 [145]
4.2. The evidence for COX-2 independence

The COX-independent effects of NSAIDs come from

several lines of evidence. For example, NSAIDs have

antiproliferative and/or proapoptotic effects in cell lines

that do not express either COX-1 or COX-2. Both sulindac

sulfide and piroxicam induced apoptosis in the COX-2

expressing HT-29 human colon cancer cells and the COX-2

deficient HCT 15 cells. Treatment of HCT 15 cells with

various PGs did not reverse the apoptotic effects in HCT 15

cells, further suggesting a COX-independent effect [80].

Similar results were also reported with a COX-2-selective

inhibitor, NS-398, in HT-29 (COX-2 positive) and S/KS

(COX-2-negative) human colon cancer cell lines [93].

Sulindac sulfide and sulindac sulfone also induced apop-

tosis in malignant melanoma cell lines independently of

COX-2 expression [94]. Sulindac sulfone, which is an

active metabolite of sulindac, lacks any COX-1 or COX-

2 inhibitory activity. However, this compound inhibits

chemical-induced colon carcinogenesis in rats without

affecting PG levels [189]. It also induces apoptosis and

inhibits the growth of human prostate cancers in a nude

mouse xenograft model [95]. The selective COX-2 inhi-

bitor, celecoxib, showed antiproliferative effects on both

hematopoietic (BALL-1, COX-2-negative B-leukemia

line) and epithelial (A549, COX-2-positive non-small cell

lung carcinoma line) cancer cell lines. In addition, the

COX-2-negative epithelial lines were found to have IC50s

for celecoxib that were very similar to their COX-2-posi-

tive counterparts [96]. It is also noteworthy that cells which

were manipulated so that they would not express either

COX-1 or COX-2 still were responsive to the antiproli-

ferative effects of NSAIDs. Using tetracycline-inducible

COX-2 antisense clones, the effect of COX-2 expression on

cell viability and sensitivity to apoptosis induced by COX-

2 inhibitors was evaluated [97]. COX-2 depletion did not

induce apoptosis, whereas COX-2 inhibitors did induce

apoptosis in the same cell line. Also, several celecoxib

derivatives lacking any COX-2 inhibitory activity caused

apoptosis in the androgen-independent prostate cancer cell

line PC-3 [97].

Another line of evidence supporting the notion of COX-

independent mechanisms comes from studies using both

the R- and the S-enantiomers of ibuprofen. Both enantio-

mers are equally potent in inhibiting PDGF-induced mito-

genesis of smooth-muscle cells; however, R-ibuprofen

does not have any COX inhibitory activity [98]. Also,

R-flurbiprofen, which does not inhibit COX, was shown

to inhibit colon cancer development in the Min/+ mouse

model [99] and it also inhibited prostate cancer progression

in the TRAMP mouse [100].

4.3. Targets of NSAIDs other than COX

Over 10 targets (Table 1), in addition to COX, have been

recognized as potentially mediating the effect of NSAIDs
[101]. Both the strength of the evidence and their relevance

to cancer prevention vary among them. Below, we review

the most important of them, providing also a brief mechan-

istic background.

4.3.1. NF-kB

NF-kB controls many genes and is apparently

involved in many diseases, including cancer [reviewed

in [102,103]]. When bound to IkB proteins, the NF-kB

heterodimer is trapped in the cytoplasm. Phosphoryla-

tion of IkB in response to inducers such as cytokines,

results in its degradation and activation of NF-kB. As a

result, NF-kB translocates to the nucleus and binds to the

NF-kB binding site in the regulatory region of target

genes, thereby promoting the transcription of several

genes including COX-2, c-myc and cyclin D1. Many

reports demonstrate that members of the NF-kB and

IkB families are involved in the development of cancer

[104].

NF-kB is upregulated through chromosomal changes or

constitutive activation in various hematological malignan-

cies and in solid tumors, including pancreatic, breast,

ovarian, colon and prostate cancer. NSAIDs modulate

the NF-kB pathway. For example, aspirin inhibits the

activation of NF-kB without interfering with gene tran-

scription [105]. Prolonged treatment of colorectal cancer

cells with aspirin decreases cytoplasmic IkB and thus

increases translocation of NF-kB to the nucleus; such

activation of the NF-kB pathway induced apoptosis in

these cells [106]. Sulindac also inhibits activation of

NF-kB [107,108].

4.3.2. Phosphodiesterases (PDs)

Phosphodiesterases regulate the levels of cAMP. Their

importance to cancer pharmacology stems from findings



K. Kashfi, B. Rigas / Biochemical Pharmacology 70 (2005) 969–986976
that high intracellular cAMP levels arrest the growth,

induce apoptosis and attenuate cancer cell migration

[109,110]. Agents like theophylline or cholera toxin, which

increase intracellular cAMP trigger apoptosis in human

cancer cells such as lung and ovarian cells alone or

synergizing with chemotherapeutic agents [111,112].

As already mentioned, sulindac sulfone induces apop-

tosis by a mechanism that does not involve COX inhibi-

tion. Sulindac sulfone inhibits PDE2 and PDE5,

increasing cellular concentrations of cGMP, leading to

activation of cGMP-dependent protein kinase which in

turn down regulates b-catenin, suggesting a mechanism

for its apoptotic actions [113]. It is interesting that

conventional selective PDE5 inhibitors such as sildenafil,

which do increase intracellular cGMP levels and lead to

inhibition of vascular smooth-muscle cell proliferation,

do not induce apoptosis in cancer cells [114]. However,

sildenafil induces apoptosis in chronic lymphocytic leu-

kemia cells through a caspase-dependent mechanism

[115]. More recently, it has been shown that suppression

of PDE5 gene expression by antisense pZeoSV2/ASP5

plasmid transfection results in an increase in [cGMP]i,

growth inhibition, and apoptosis in human colon tumor

HT-29 cells [116].

Sulindac sulfone also activates JNK1 (c-Jun N-terminal

kinase 1) [117], a kinase which can phosphorylate and

inactivate the anti-apoptotic proteins Bcl-2 and Bcl-XL

[118,119]. JNK1 can also increase the expression of proa-

poptotic proteins through activation of the transcription

factor AP-1.

4.3.3. 3-Phosphoinositide-dependent kinase-1

(PDK-1)/Akt

The serine/threonine kinase, PDK-1, is activated by

PI3K (phosphatidylinositol 3-kinase) which in turn acti-

vates Akt, a protein involved in cell proliferation. In

human prostate cancer cells (LNCaP, PC-3), celecoxib

induces apoptosis by blocking Akt activation indepen-

dently of Bcl-2 [120], and in the HT-29 human colon

cancer cell line, it induces apoptosis by inhibiting PDK-1

activity [121].

4.3.4. Ribosomal S6 kinase-2 (RSK-2)/MAPKs

This serine/threonine kinase which is activated by a

MAPK (mitogen-activated protein kinase), can phosphor-

ylate c-Fos and hence may be viewed as a regulator of

immediate early gene transcription. NSAIDs inhibit RSK-

2 activity by suppressing the phosphorylation of its sub-

strate cAMP response element binding (CREB) protein

[122]. The transcription factors c-Fos, c-Jun, Elk-1 and

ATF-2 are substrates of MAPKs which comprise three

signaling pathways: (a) ERKs, p42/p44 (extracellular); (b)

JNKs (c-Jun N-terminal kinases); (c) p38 MAPKs. Some

NSAIDs inhibit activation of ERKs [123], hence reducing

cell growth; they also induce p38 MAPK [124] and JNK

[125], which promote apoptosis.
4.3.5. Peroxisome proliferator-activated receptors

(PPAR)

PPARs (a, b, and d) function as heterodimers with the

retinoic acid receptor (RXR), their obligate partner, and

regulate transcription of genes involved in apoptosis,

differentiation, and inflammation [126]. Higher PPARg

expression is observed in human non-small-cell lung

cancer compared to normal tissue [127]. Troglitazone,

a PPARg ligand, increased PPARg transcriptional activ-

ity in lung adenocarcinoma cells (A549) and inhibited

their growth predominantly due to inhibition of cell

proliferation [127]. Ligands of PPARg also inhibit car-

cinogenesis in experimental animal models; for example,

treatment of A549 tumor-bearing SCID mice with tro-

glitazone inhibits primary tumor growth [128]. Cell

culture and transgenic mice data suggest that PPARg

signaling may serve as a tumor promoter in the mammary

gland [129].

Indomethacin binds and activates PPARg; other

NSAIDs, including ibuprofen, and flufenamic acid, are

also PPARg ligands [130]. In matched normal and tumor

samples from the colon, PPARd mRNA was up-regulated

in colorectal carcinomas and was shown to be activated by

PGI2 [131]. This elevation of PPARd in colorectal cancer

cells was repressed by APC, an effect mediated by b-

catenin/Tcf-4-responsive elements in the PPARd promotor

[132]. Sulindac disrupted the ability of PPARd to bind its

recognition sequences, suggesting that NSAIDs may in

part inhibit tumorigenesis through inhibition of PPARd

[132]. Also, 13-S-HODE, a product of 15-LOX-1, down-

regulates PPARd to induce apoptosis in colorectal cancer

cells [133].

4.3.6. Products of LOX pathways

They have been discussed earlier.

4.3.7. NSAID activated gene (NAG-1)

NSAID activated gene is a divergent member of the

TGF-b family of genes [134]. The TGF-b superfamily of

genes plays roles in adult and embryonic growth and

development, in inflammation, and in repair including

angiogenesis [135]. Multiple lines of evidence suggest

that the TGF-b signaling pathway is a potent tumor

suppressor of human colorectal carcinogenesis. NAG-1

is of interest because of its characteristics and relation

to COX activity: NAG-1 has antitumorigenic and proa-

poptotic properties [134].

Some NSAIDs (aspirin, indomethacin, sulindac sulfide,

and ibuprofen) regulate the expression of NAG-1. NAG-1

expression is up-regulated in human colorectal cancer cells

by several NSAIDs that are known to have anti-tumorigenic

and pro-apoptotic activities. The increase for NAG-1

mRNA induction was two-fold for ibuprofen and a max-

imum of 4.6-fold for sulindac sulfide. In addition, the ability

of NSAIDs to increase the expression of NAG-1 was not

restricted to colorectal carcinoma cells. The pro-apoptotic
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NSAIDs that stimulate the expression of NAG-1 are also

potent inhibitors of COX enzymes and it was observed that

proapoptotic effects reported for COX inhibitors in cell

culture were mediated, in part, by NAG-1 expression.

Interestingly, in studies using HCT116 cells which were

devoid of COX activity there was increased NAG-1 expres-

sion by NSAIDs. Furthermore, most COX-2 specific inhi-

bitors were not effective at increasing NAG-1 expression in

HCT-116 cells. This suggests a link between apoptosis and

NAG-1 expression in such cells and provides a suitable

explanation for COX-independent apoptotic effects of

NSAIDs in cultured cells.

4.3.8. Wnt pathway

The Wnt pathway, important for normal organ devel-

opment [reviewed in [136]], has been associated with

carcinogenesis, most notably that of colorectal cancer;

over 90% of such cancers have an activating mutation.

Wnt binds to membrane receptors encoded by the Frizzled

genes (FZD1–10). Its canonical pathway involves Wnt

binding to FZD receptors, which leads to phosphorylation

of the cytoplasmic protein Dishevelled (Dsh), which then

binds to axin and causes dissociation of the APC/axin/GSK

complex, accumulation of b-catenin and its subsequent

translocation to the nucleus. There, b-catenin inactivates

gene transcription, some of it (e.g., c-Myc, cyclin D1)

relevant to cancer. The properties of this pathway and

the fact that NSAIDs appear to inhibit the initial stages

of the adenoma-carcinoma sequence, prompted studies of

the effect of NSAIDs and COX-2 inhibitors on this path-

way.

McEntee et al. provided one of the earliest indications

that the regression of intestinal tumors in Min mice by

sulindac was accompanied by changes in b-catenin expres-

sion [137]. Ahnen’s group determined in human colon

cancer cell lines the mechanism of b-catenin protein down-

regulation by apoptotic concentrations of the COX-inhi-

bitory sulfide and the non-COX-inhibitory sulfone meta-

bolites of sulindac. They demonstrated that sulindac down-

regulates b-catenin expression by both proteasome- and

caspase-dependent mechanisms. Of note, such degradation

of b-catenin is COX-independent [138]. A study of nuclear

b-catenin expression in five patients with familial adeno-

matous polyposis treated with sulindac sulphide for 6

months revealed less nuclear b-catenin expression in ade-

nomas compared to pretreatment adenomas of the same

patients [139]. Furthermore, an in vitro study by the same

authors revealed downregulation of cyclin D1. They con-

sidered the inhibition of Wnt signaling by sulindac as an

explanation for the COX-2-independent mechanism of

chemoprevention by NSAIDs.

Although the interaction of NSAIDs with Wnt signaling

is well documented, its precise mechanism of action

appears unclear and it may not be common to all of them.

For example, aspirin and indomethacin down-regulate b-

catenin/TCF signaling in colorectal cancer cells [140]. In
this case, however, the reduced signaling activity of b-

catenin in response to NSAIDs is a result of its enhanced

phosphorylation. Indeed, inactivation of a phosphatase

rather than stimulation of a kinase or interference with

the ubiquitination machinery may be the cause of the

stabilized phosphorylation [141].

Interestingly, the specific COX-2 inhibitor rofecoxib

reduced intestinal and colonic polyps in ApcD716 mice,

as did sulindac. Polyps from either rofecoxib- or sulindac-

treated mice had more membrane-bound b-catenin, but

showed unchanged nuclear localization of this transcrip-

tion factor [142].

We have recently identified an unusual yet powerful

mechanism of inhibition of Wnt signaling by the nitric

oxide-donating aspirin (NO-ASA). Studying three posi-

tional isomers of NO-ASA, a chemopreventive agent

against colon cancer, we showed that their cell-growth

inhibitory effect was accompanied by significant inhibition

of b-catenin signaling. The IC50 values for b-catenin

signaling were <1% of the corresponding values for cell

growth inhibition, underscoring the potential importance

of this effect for cancer prevention. Inhibition of this

pathway occurs via steric hindrance of the formation of

the b-catenin–Tcf complex in the nucleus and to a much

lesser extent through cleavage of b-catenin by caspase 3

[143,144].

4.3.9. Cell cycle effects

Selective COX-1/2 and nonselective COX inhibitors

modulate the cell cycle machinery at several sites, which

may explain some of their antiproliferative/apoptotic

effects. Using three colon cancer cell lines, which differ

in their expression of COX-2 (HCT 15, COX-2-deficient;

HT-29 and Caco-2, both COX-1 and -2 expressing), it was

shown that celecoxib (selective COX-2 inhibitor) and

SC560 (selective COX-1 inhibitor) induced a G0/G1 phase

block and reduced cell survival independent of whether or

not the cells expressed COX-2 [145]. In vivo, both cel-

ecoxib and SC560 reduced the proliferation of HCT 15

colon cancer xenografts in nude mice, but both agents had

no significant effect on HT-29 tumors in this model [145].

Human colon carcinoma cells (Caco-2) transfected with

the human COX-2 cDNA, in both sense and antisense

orientation, to produce cells which either overexpressed

COX-2, or expressed no COX-2, or expressed only a very

small amount of COX-2, responded similarly to celecoxib,

which reduced cell growth, accompanied by G0/G1 phase

block and apoptosis [146]. The G0/G1 phase block corre-

lated with a decrease in expression levels of cyclin A and

cyclin B1 and increased expression of the cell cycle

inhibitory proteins p21Waf1 and p27Kip1 irrespective of

the type of cell used [146]. In human umbilical vein

endothelial cells (HUVEC) the antiproliferative effects

of celecoxib are due to inhibition of PDK-1/Akt signaling

and cyclin-dependent kinases. Celecoxib and its COX-2-

inactive analogue (4-[5-(2,5-dimethylphenyl)-3(trifluoro-
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methyl)-1H-pyrazol-1-yl]benzenesulfonamide, DMC),

mediated G1 arrest in these cells, which was associated

with reduced Rb phosphorylation through the inhibition of

multiple cyclin-dependent kinases [147].

Sulindac and its sulfide and sulfone derivatives inhibited

growth of the normal human mammary epithelial cell line

MCF-10F and the human breast cancer cell line MCF-7

[148]. Sulindac sulfide also caused apoptosis and accumu-

lation of cells in the G1 phase of the cell cycle, which was

associated with decreased cyclin D1 levels. Sulindac sul-

fide induced p21WAF1 in MCF-10F cells; however, in the

MCF-7 cell line the basal level of p21WAF1 was very high,

which did not change significantly after drug treatment.

Sulindac sulfide, sulindac sulfone and its highly potent

analog (CP248) inhibited growth of the human prostate

epithelial cell lines BPH-1, LNCaP, and PC3 with induc-

tion of apoptosis [149]. Derivatives of LNCaP cells that

stably overexpress bcl-2 remained sensitive to growth

inhibition and induction of apoptosis by these compounds.

Therefore, sulindac derivatives can cause growth inhibition

and induce apoptosis in human prostate cancer cells by a

COX-1 and -2 independent mechanisms, and this occurs

irrespective of androgen sensitivity or increased expression

of bcl-2.

Sulindac and sulindac sulfide reduced the proliferation

rate of HT-29 colon adenocarcinoma cells, caused them to

accumulate in the G0/G1 phase of the cell cycle, and

reduced the level and activity of several cyclin-dependent

kinases (cdks), which regulate cell cycle progression

[150,151]. Aspirin caused necrosis of SW620 and HT-29

human colon adenocarcinoma cells and cell cycle arrest in

the S and G2/M phases of the cell cycle independent of

prostaglandin production [152,153].

Using the specific COX-2 inhibitor NS-398 and a COX-

isoform-specific RNA interference (RNAi), Denkert et al.

have shown that in the human ovarian carcinoma cell lines

OVCAR-3 (expresses COX-1 constitutively and COX-2

inducibly) and SKOV-3 (COX null) NS398 reduced cell

proliferation by induction of G0/G1 cell cycle arrest inde-

pendently of COX-2 inhibition [154]. Using the human

prostate cancer cell lines PC3 and LNCaP (both expressing

COX-1 but not COX-2), celecoxib at clinically relevant

doses inhibited cell growth, which was accompanied by G1

cell cycle block, reduction in cyclin D1 levels, and reduced

DNA synthesis [155]. Interestingly, celecoxib inhibited

PC3 xenograft growth without reducing intratumoral

PGE2 levels.

4.3.10. Inhibition of angiogenesis

Angiogenesis, the formation of new capillary blood

vessels, is essential for the growth and metastasis of solid

tumors. This occurs when endothelial cells respond to the

angiogenic growth factors vascular endothelial growth

factor (VEGF) and basic fibroblast growth factor (bFGF)

[156]. Both COX-1 and COX-2 are important for the

regulation of angiogenesis and both COX-1 and COX-2
selective NSAIDs inhibit angiogenesis. The mechanism for

this regulation appears to be through direct effects on

endothelial cells involving inhibition of mitogen-activated

protein kinase (ERK2) activity, interference with ERK

nuclear translocation, is independent of protein kinase

C, and has prostaglandin-dependent and prostaglandin-

independent components [157,158].

4.3.11. Ca2+ mobilization

In the PC-3 human prostate cancer cell line, celecoxib

blocks endoplasmic reticulum Ca2+-ATPases causing inhi-

bition of Ca2+ reuptake. This results in Ca2+ mobilization

from endoplasmic reticulum stores followed by capacita-

tive calcium entry, leading to [Ca2+]i elevation. This Ca2+-

ATPase inhibitory activity is highly specific for celecoxib,

and is not noted with other COX inhibitors, including

aspirin, ibuprofen, naproxen, rofecoxib (Vioxx), DuP697

and NS398. This activity is also observed in other cell

lines, including A7r5 smooth muscle cells, NIH 3T3

fibroblast cells and Jurkat T cells [159].

4.3.12. Cytochrome c release

Apoptotic signals can cause the mitochondria to release

cytochrome c, procaspase 9, and apoptosis inducing factor

(AIF), all of which induce cell death [160]. The Bcl-2

family of proteins, Bax, Bak and Bid, can regulate forma-

tion of pores in the mitochondrial outer membrane releas-

ing apoptogenic factors [161,162]. Aspirin induces

apoptosis through mitochondrial cytochrome c release

which then interacts with Apaf-1 to activate caspase pro-

teases [163,164]. Ibuprofen also causes apoptosis through a

mechanism involving cytochrome c release [165]. Indo-

methacin also caused apoptosis in two non-small cell lung

cancer cell lines MOR-P (expresses COX-2) and H-460

(does not express either COX isoforms) by releasing

cytochrome c and apoptotic inducing factor and caspase

activation [166]. The COX-2-selective inhibitor, NS398,

induced apoptosis in a number of colon cancer cell lines,

including HT-29 (COX positive), HCT 15 (COX negative)

and SW480 (COX-2 negative) by releasing cytochrome c

from mitochondria, leading to the activation of caspase-9

and caspase-3 [167]. Celecoxib also caused apoptosis in

Jurkat and BJAB cells involving cytochrome c release and

activation of caspases-9, -8, and -3 [168].

4.3.13. Inhibition of carbonic anhydrase

Carbonic anhydrases are a group of zinc-containing

metalloenzymes that catalyze the hydration of CO2 to

bicarbonate at physiological pH. Virtually ubiquitous in

living systems, they facilitate many biosynthetic pro-

cesses including the synthesis of nucleotides [169]. Car-

bonic anhydrase expression has been studied most

extensively in colorectal tumors and to a lesser extent

in hepatobiliary, pancreatic, esophageal, gastric and other

tumors. It appears quite likely that some carbonic anhy-

drase isozymes play a role in carcinogenic processes such
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as uncontrolled cell proliferation and malignant cell

invasion [reviewed in [170]].

PGE1, PGE2 and PGI2 inhibit carbonic anhydrase (CA)

in vitro and in vivo where as PGF2a, TXA2, and leukotriens

LTB4 and LTC4 increase the activity of the enzyme

[171,172]. The NSAIDs, aspirin, indomethacin, naproxen,

piroxicam and probenecid activated CA I and CA II

isozymes in a dose-dependent manner [172].

5-LOX and 12-LOX are upregulated in human pancrea-

tic cancer cells and their inhibition reduces pancreatic

cancer cell growth. The general LOX inhibitor NDGA,

the 5-LOX inhibitor Rev5901, and the 12-LOX inhibitor

baicalein all induced apoptosis in human pancreatic cancer

cell lines (PANC-1, MiaPaca2, Capan2, and HPAF), which

was accompanied by increased intracellular carbonic anhy-

drase activity [47]. CA IX expression, which is considered

an endogenous marker for tumor hypoxia, was present in

72% of patients with early-stage non-small-cell lung can-

cer and was associated with tumor necrosis [173]. CA IX-

positive tumor areas showed greater cell proliferation as

measured by Ki-67 index. Also, the percentage of CA IX-

positive tumor cells was significantly related to postopera-

tive recurrence and poor disease-free survival.

Recent studies have also shown celecoxib and valde-

coxib to be inhibitors of CA I, II, IV, and IX whereas

rofecoxib is not [174]. This may be due to the fact that

celecoxib and valdecoxib have an unsubstituted arylsulfo-

namide moiety which is common to many CA inhibitors

and rofecoxib contains a methyl sulfone constituent.

4.4. The issue of drug concentrations and their

relevance to targets

A recurring issue in much of biology, including cancer

biology, is whether results obtained from cell culture

studies using pharmacological agents are directly transla-

table to humans. A corollary to this is the tendency to

‘‘accept’’ only those results that have been obtained with in

vitro concentrations that are within the range of blood or

serum concentrations obtained in experimental animals or

humans. Such reservations have been applied to the study

of the molecular targets of NSAIDs as they pertain to

cancer. In fact, some investigators have voiced concerns

that the non-COX targets affected by NSAIDs are only

seen when ‘‘industrial strength’’ concentrations of NSAIDs

are used [175].

This type of thinking is fraught with the same risks as the

uncritical extrapolation to humans of any cell culture

results. There are three important (and fundamental)

aspects that are often forgotten and thus worth reiterating.

First, under no circumstances cell culture or animal data

may be extrapolated to the human. We need only inspect

the lengthy lists of potential chemopreventive agents that

failed when tested in humans [4]. Second, in using cell

culture systems, it is often necessary to use high concen-

trations of an agent because these experiments, by their
very nature, are time sensitive. Most studies using cell

culture systems have to be terminated by 72–96 h. How-

ever, in vivo studies using lower doses can go on for much

longer periods of time. So, ‘‘low dose-long duration’’ or

‘‘high dose-short duration’’ is a balance that needs to be

appreciated more. Finally, serum concentrations, an all too

common yardstick, do not necessarily reflect actual tissue

levels. For example, sulindac sulfide concentrations appear

to be 20-fold higher in colonic epithelial cells of guinea

pigs compared to those in the serum [176]. Thus, the

argument about ‘‘industrial strength’’ concentrations

represents a misguided form of reasoning and should

not be used to accept or reject potentially important find-

ings. It is their ultimate validation in humans that counts—

and this is the only (and toughest) criterion we should

apply, if progress is to be made.
5. COX-2 specific inhibitors: the limitations of the
concept and the agents

The development of COX-2 inhibitors stems from the

discovery of COX isoforms. The inducible COX-2

accounts for the generation of PGs at sites of inflammation

where COX-2 is overexpressed. The hypothesis that selec-

tive inhibition of COX-2 might have therapeutic actions

similar to those of NSAIDs, but without their side effects,

was the rationale for the development of its selective

inhibitors. Selective COX-2 inhibitors include the sulpho-

namides celecoxib and valdecoxib, the methylsulphones

rofecoxib and etoricoxib, and the phenylacetic acid deri-

vative lumiracoxib [177].

Two key observations led to the study of COX-2 inhi-

bitors as chemopreventive agents against colon cancer.

First, PGE2 levels are elevated in colon cancer compared

to normal mucosa [82,178]. Second, COX-2 is overex-

pressed in 45% of colon adenomas and 85% of colon

carcinomas [83]; overexpression of COX-2 has been

demonstrated for several human cancers [86]. Since

NSAIDs protect against cancer and NSAIDs inhibit

COX, a convincing case was made to develop COX-2

inhibitors as chemopreventive agents. Abundant preclini-

cal data strongly supported this notion. Implicit in this

effort has been the assumption that the overexpression of

COX-2 in neoplastic tissues plays a dominant role in

carcinogenesis.

To date there are only limited results available on the

performance of COX-2 inhibitors either as chemopreventive

or as adjuvant chemotherapeutic agents in humans. The

most thorough are those on patients with FAP in whom

COX-2 inhibitors had a modest effect. When celecoxib

(400 mg orally twice a day) was used in FAP patients, the

number of colon polyps was reduced by only 28% [92]. A

similar effect was obtained on duodenal polyps in FAP

patients [179]. In contrast, sulindac (150 mg orally twice

a day) was more effective in FAP patients, reducing the
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number of polyps by 56% [180]. One of several possible

explanations of these findings is that COX-2 overexpression

is not a dominant event in colon carcinogenesis and hence its

inhibition by celecoxib has only a modest effect. Further-

more, the possibility that celecoxib inhibited targets other

than COX-2 may have contributed to this (modest) effect,

further detracts from the validity of the notion that COX-2 is

a sufficient target for cancer prevention. It is now clear that

COX-2 inhibitors act on cancer related pathways through

targets other than COX-2 (Table 1).

The combination of COX-2 inhibitors with chemother-

apeutic agents has been disappointing. For example, cel-

ecoxib plus trastuzumab failed to have an effect in patients

with HER2/neu-overexpressing, trastuzumab-refractory

metastatic breast cancer [181]. Preclinical studies had

linked HER-2/neu overexpression and COX-2 activity.

Similarly, rofecoxib combined with chemotherapy showed

increased toxicity and no efficacy in metastatic colon

cancer [182].

These results also challenge the notion that COX-2 is

central to carcinogenesis. It is indeed conceivable that

COX-2 expression is the result of and not a dominant

contributor to carcinogenesis. The strongest argument

against this interpretation is the demonstration that dis-

ruption of the COX-2 gene reduces the colon tumors in

mice [87]. A counterargument to this is the recently

reported study in which overexpression of human micro-

somal PGE synthase-1 in the alveolar type II cells, accom-

panied by highly elevated PGE2 production, was not

sufficient to induce lung tumors [183]. Of note, COX-1

disruption in mice has the same effect on colon tumors

formation as disruption of COX-2 [87].

Although there COX-2 specific inhibitors may be just

preferential COX-2 inhibitors or COX-1 sparing inhibitors,

the COX-2 effect may account for the cardiovascular

toxicity of rofecoxib. While assessing the efficacy of

rofecoxib in patients at risk for colon cancer, 3.5% of

rofecoxib-treated versus 1.9% of placebo-treated subjects

suffered myocardial infarctions or strokes, prompting its

withdrawal from the market. Valdecoxib has also been

withdrawn. Concerns for the safety of all COX-2 inhibitors

have been expressed [2], in view of evidence for increased

cardiovascular risk [184]. Since COX-2 is the principal

enzyme involved in the synthesis of PGI2, inhibition by

COX-2 inhibitors could tip the balance toward platelet

aggregation and vasoconstriction, thus increasing cardio-

vascular risk [reviewed in [14]].
6. Expanding the repertoire of chemoprevention
targets

It is now apparent that in thinking about cancer chemo-

prevention we should consider two firmly established facts:

(a) NSAIDs prevent various human cancers, and (b)

NSAIDs act on multiple molecular targets, of which
COX-2 is only one. In addition, the notion that COX-2

overexpression is a dominant event in carcinogenesis

remains to be proven [14]. Current data suggest that

COX-2 may be one of many players in the neoplastic

process and, moreover, one that does not participate in its

initial stages.

Whereas the efficacy of COX-2 inhibitors in cancer

prevention is not yet established, it seems likely that either

an alternative or a complementary approach may be

needed. This is underscored by the fact that available

results with COX-2 inhibitors show only a partial [some-

times marginal [185]] effect in cancer prevention and no

effect as adjuvant agents. An additional concern is their

safety, especially after their long-term administration,

which will be the case in cancer chemoprevention. If no

compelling results emerge from the ongoing studies with

COX-2 inhibitors, we should reorient our approach to a

mechanism-driven drug development that will be centered

on the many non-COX-2 molecular targets. Whether COX-

2 should be part of exploitable targets will depend on the

availability of safe COX-2 inhibitors; on the results of

ongoing cancer prevention trials of COX-2 inhibitors; and

on the emerging appreciation of the interactions between

the various eicosanoid pathways when one of them is

inhibited.

On a highly positive note, the work on COX-2 and its

relationship to cancer has had a significant impact on the

field of cancer prevention. The vigorous pursuit of this

mechanism-based approach by academic investigators, the

NIH and industry has shown the way to rapidly evaluate

chemoprevention agents. Also the wealth of basic science

data that have been generated in the process will be most

useful in proceeding to the next phase, which will likely

include combinations of agents. After all, cancer has been a

recalcitrant problem whose solution has eluded medical

science for centuries.
7. Future prospects

Despite current difficulties stemming form apparent

limitations of coxibs, there is sufficient reason to believe

that the future of cancer chemoprevention is indeed very

bright. That several cancers can be prevented by the

administration of pharmacological agents is essentially

certain. Developing the appropriate pharmacological

agents and identifying biomarkers that will aid in both

monitoring response and selecting the best candidates for

chemoprevention should be accomplished in the immedi-

ate future.

We believe that what may prove a critical strategic

choice in this effort is to expand the scientific inquiry into

the several molecular targets that have been identified as

potentially mediating the chemopreventive effect of

NSAIDs, an effect proven in humans. The methodology

to assess the chemopreventive relevance of targets is in
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place and innovative approaches should lead to their rapid

‘‘sorting out’’. The same applies to pharmacological or

natural agents and biomarkers.

The evident ‘‘biochemical promiscuity’’ of NSAIDs, if

proven relevant, may be of great value to cancer preven-

tion, as it may dictate the rational selection of agents or

their most productive combination. Such varied effects on

the neoplastic cell may be at the heart of a compound’s

ability to prevent or even treat cancer. The evolution of the

neoplastic cell represents the progressive accumulation of

mutations that alter its phenotype. Thus, it is likely that a

compound affecting many pathways has a better chance of

arresting the carcinogenic process than one that affects a

single pathway. It should not be forgotten that in real life

subjects achieve less-than-perfect compliance (epidemio-

logical studies likely reflect such imperfection). Therefore,

if the chemopreventive agent can block only a single

pathway, it would be easier for a resistant phenotype to

escape unscathed. Thus, given the low probability of

developing a ‘‘magic bullet’’, one is forced to predict that

a combination of agents will be the most likely winner in

the race to prevent cancer.
Acknowledgements

Grant support: NIH R01-CA92423; R01-CA34527; and

the Emmanuel Foundation.
References

[1] Kune G, Kune S, Watson L. Colorectal cancer risk, chronic illnesses,

operations, and medications: case-control results from the Melbourne

Colorectal Cancer Study. Cancer Res 1988;48:4399–404.

[2] Fitzgerald GA. Coxibs and cardiovascular disease. N Engl J Med

2004;351(17):1709–11.

[3] Gustin DM, Brenner DE. Chemoprevention of colon cancer: current

status and future prospects. Cancer Metastasis Rev 2002;21(3–4):

323–48.

[4] Corpet DE, Pierre F. Chemoprevention of Colorectal Cancer. Data-

base of effective agents and diets ranked by potency; 2004. http://

www.inra.fr/reseau-nacre/sci-memb/corpet/indexan.html.

[5] Wallace K, Baron JA, Cole BF, Sandler RS, Karagas MR, Beach MA,

et al. Effect of calcium supplementation on the risk of large bowel

polyps. J Natl Cancer Inst 2004;96(12):921–5.

[6] Baron JA, Cole BF, Mott L, Haile R, Grau M, Church TR, et al.

Neoplastic and antineoplastic effects of beta-carotene on colorectal

adenoma recurrence: results of a randomized trial. J Natl Cancer Inst

2003;95(10):717–22.

[7] Alberts DS, Martinez ME, Roe DJ, Guillen-Rodriguez JM, Marshall

JR, van Leeuwen JB, et al. Lack of effect of a high-fiber cereal

supplement on the recurrence of colorectal adenomas. Phoenix Colon

Cancer Prevention Physicians’ Network. N Engl J Med 2000;342

(16):1156–62.

[8] Niitsu Y, Takayama T, Miyanishi K, Nobuoka A, Hayashi T, Kukitsu

T, et al. Chemoprevention of colorectal cancer. Cancer Chemother

Pharmacol 2004.

[9] Rayyan Y, Williams J, Rigas B. The role of NSAIDs in the prevention

of colon cancer. Cancer Invest 2002;20(7–8):1002–11.
[10] Baron JA, Cole BF, Sandler RS, Haile RW, Ahnen D, Bresalier R, et

al. A randomized trial of aspirin to prevent colorectal adenomas. N

Engl J Med 2003;348(10):891–9.

[11] Sandler RS, Halabi S, Baron JA, Budinger S, Paskett E, Keresztes R,

et al. A randomized trial of aspirin to prevent colorectal adenomas in

patients with previous colorectal cancer. N Engl J Med 2003;348

(10):883–90.

[12] Benamouzig R, Deyra J, Martin A, Girard B, Jullian E, Piednoir B, et

al. Daily soluble aspirin and prevention of colorectal adenoma

recurrence: one-year results of the APACC trial. Gastroenterology

2003;125(2):328–36.

[13] Singh G, Triadafilopoulos G. Epidemiology of NSAID induced

gastrointestinal complications. J Rheumatol 1999;26(Suppl. 56):

18–24.

[14] Simmons DL, Botting RM, Hla T. Cyclooxygenase isozymes: the

biology of prostaglandin synthesis and inhibition. Pharmacol Rev

2004;56(3):387–437.

[15] Vane JR, Warner TD. Nomenclature for COX-2 inhibitors. Lancet

2000;356(9239):1373–4.

[16] Chandrasekharan NV, Dai H, Roos KL, Evanson NK, Tomsik J, Elton

TS, et al. COX-3, a cyclooxygenase-1 variant inhibited by acetami-

nophen and other analgesic/antipyretic drugs: cloning, structure, and

expression. Proc Natl Acad Sci USA 2002;99(21):13926–31.

[17] Berenbaum F. COX-3: Fact or fancy? Joint Bone Spine

2004;71(6):451–3.

[18] Breyer RM, Bagdassarian CK, Myers SA, Breyer MD. Prostanoid

receptors: subtypes and signaling. Annu Rev Pharmacol Toxicol

2001;41:661–90.

[19] Hata AN, Breyer RM. Pharmacology and signaling of prostaglandin

receptors: multiple roles in inflammation and immune modulation.

Pharmacol Ther 2004;103(2):147–66.

[20] Hirai H, Tanaka K, Yoshie O, Ogawa K, Kenmotsu K, Takamori Y, et

al. Prostaglandin D2 selectively induces chemotaxis in T helper type

2 cells, eosinophils, and basophils via seven-transmembrane receptor

CRTH2. J Exp Med 2001;193(2):255–61.

[21] Gardiner PJ. Characterization of prostanoid relaxant/inhibitory

receptors (psi) using a highly selective agonist, TR4979. Br J

Pharmacol 1986;87(1):45–56.

[22] Fujino H, Xu W, Regan JW. Prostaglandin E2 induced functional

expression of early growth response factor-1 by EP4, but not EP2,

prostanoid receptors via the phosphatidylinositol 3-kinase and extra-

cellular signal-regulated kinases. J Biol Chem 2003;278(14):12151–6.

[23] Fujino H, West KA, Regan JW. Phosphorylation of glycogen

synthase kinase-3 and stimulation of T-cell factor signaling following

activation of EP2 and EP4 prostanoid receptors by prostaglandin E2.

J Biol Chem 2002;277(4):2614–9.

[24] Pozzi A, Yan X, Macias-Perez I, Wei S, Hata AN, Breyer RM, et al.

Colon carcinoma cell growth is associated with prostaglandin E2/

EP4 receptor-evoked ERK activation. J Biol Chem 2004;279(28):

29797–804.

[25] Han S, Roman J. Suppression of prostaglandin E2 receptor subtype

EP2 by PPARgamma ligands inhibits human lung carcinoma cell

growth. Biochem Biophys Res Commun 2004;314(4):1093–9.

[26] Funk CD. Prostaglandins and leukotrienes: advances in eicosanoid

biology. Science 2001;294(5548):1871–5.

[27] Poff CD, Balazy M. Drugs that target lipoxygenases and leukotrienes

as emerging therapies for asthma and cancer. Curr Drug Targets

Inflamm Allergy 2004;3(1):19–33.

[28] Capra V. Molecular and functional aspects of human cysteinyl

leukotriene receptors. Pharmacol Res 2004;50(1):1–11.

[29] Atluru D, Goodwin JS. Leukotriene B4 causes proliferation of

interleukin 2-dependent T cells in the presence of suboptimal levels

of interleukin 2. Cell Immunol 1986;99(2):444–52.

[30] Baud L, Perez J, Denis M, Ardaillou R. Modulation of fibroblast

proliferation by sulfidopeptide leukotrienes: effect of indomethacin. J

Immunol 1987;138(4):1190–5.

http://www.inra.fr/reseau-nacre/sci-memb/corpet/indexan.html
http://www.inra.fr/reseau-nacre/sci-memb/corpet/indexan.html


K. Kashfi, B. Rigas / Biochemical Pharmacology 70 (2005) 969–986982
[31] Kragballe K, Desjarlais L, Voorhees JJ. Leukotrienes B4, C4 and D4

stimulate DNA synthesis in cultured human epidermal keratinocytes.

Br J Dermatol 1985;113(1):43–52.

[32] Baud L, Sraer J, Perez J, Nivez MP, Ardaillou R. Leukotriene C4

binds to human glomerular epithelial cells and promotes their pro-

liferation in vitro. J Clin Invest 1985;76(1):374–7.

[33] Craven PA, DeRubertis FR. Profiles of eicosanoid production by

superficial and proliferative colonic epithelial cells and sub-epithelial

colonic tissue. Prostaglandins 1986;32(3):387–99.

[34] Natarajan R, Esworthy R, Bai W, Gu JL, Wilczynski S, Nadler J.

Increased 12-lipoxygenase expression in breast cancer tissues and

cells. Regulation by epidermal growth factor. J Clin Endocrinol

Metab 1997;82(6):1790–8.

[35] Liu XH, Connolly JM, Rose DP. Eicosanoids as mediators of linoleic

acid-stimulated invasion and type IV collagenase production by a

metastatic human breast cancer cell line. Clin Exp Metastasis

1996;14(2):145–52.

[36] Ghosh J, Myers CE. Arachidonic acid stimulates prostate cancer cell

growth: critical role of 5-lipoxygenase. Biochem Biophys Res Com-

mun 1997;235(2):418–23.

[37] Rioux N, Castonguay A. Inhibitors of lipoxygenase: a new class

of cancer chemopreventive agents. Carcinogenesis 1998;19(8):

1393–400.

[38] Krieg P, Kinzig A, Ress-Loschke M, Vogel S, Vanlandingham B,

Stephan M, et al. 12-Lipoxygenase isoenzymes in mouse skin tumor

development. Mol Carcinog 1995;14(2):118–29.

[39] Liu YW, Asaoka Y, Suzuki H, Yoshimoto T, Yamamoto S, Chang

WC. Induction of 12-lipoxygenase expression by epidermal growth

factor is mediated by protein kinase C in A431 cells. J Pharmacol Exp

Ther 1994;271(1):567–73.

[40] Shureiqi I, Lippman SM. Lipoxygenase modulation to reverse car-

cinogenesis. Cancer Res 2001;61(17):6307–12.

[41] Gupta S, Srivastava M, Ahmad N, Sakamoto K, Bostwick DG,

Mukhtar H. Lipoxygenase-5 is overexpressed in prostate adenocar-

cinoma. Cancer 2001;91(4):737–43.

[42] Ghosh J, Myers CE. Inhibition of arachidonate 5-lipoxygenase

triggers massive apoptosis in human prostate cancer cells. Proc Natl

Acad Sci USA 1998;95(22):13182–7.

[43] Avis IM, Jett M, Boyle T, Vos MD, Moody T, Treston AM, et al.

Growth control of lung cancer by interruption of 5-lipoxygenase-

mediated growth factor signaling. J Clinic Invest 1996;97(3):

806–13.

[44] Liu Q, Chan ST, Mahendran R. Nitric oxide induces cyclooxygenase

expression and inhibits cell growth in colon cancer cell lines.

Carcinogenesis 2003;24(4):637–42.

[45] Qiao L, Kozoni V, Tsioulias GJ, Koutsos MI, Hanif R, Shiff SJ, et al.

Selected eicosanoids increase the proliferation rate of human colon

carcinoma cell lines and mouse colonocytes in vivo. Biochim Bio-

phys Acta 1995;1258(2):215–23.

[46] Bortuzzo C, Hanif R, Kashfi K, Staiano-Coico L, Shiff SJ, Rigas B.

The effect of leukotrienes B and selected HETEs on the proliferation

of colon cancer cells. Biochim Biophys Acta 1996;1300(3):240–6.

[47] Ding XZ, Iversen P, Cluck MW, Knezetic JA, Adrian TE. Lipox-

ygenase inhibitors abolish proliferation of human pancreatic cancer

cells. Biochem Biophys Res Commun 1999;261(1):218–23.

[48] Yoshimura R, Matsuyama M, Mitsuhashi M, Takemoto Y, Tsuchida

K, Kawahito Y, et al. Relationship between lipoxygenase and human

testicular cancer. Int J Mol Med 2004;13(3):389–93.

[49] Hoque A, Lippman SM, Wu TT, Xu Y, Liang ZD, Swisher S, et al.

Increased 5-lipoxygenase expression and induction of apoptosis by

its inhibitors in esophageal cancer: a potential target for prevention.

Carcinogenesis 2005;26(4):785–91.

[50] Burger F, Krieg P, Kinzig A, Schurich B, Marks F, Furstenberger G.

Constitutive expression of 8-lipoxygenase in papillomas and clasto-

genic effects of lipoxygenase-derived arachidonic acid metabolites in

keratinocytes. Mol Carcinog 1999;24(2):108–17.
[51] Muga SJ, Thuillier P, Pavone A, Rundhaug JE, Boeglin WE, Jisaka

M, et al. 8S-lipoxygenase products activate peroxisome proliferator-

activated receptor alpha and induce differentiation in murine kera-

tinocytes. Cell Growth Differ 2000;11(8):447–54.

[52] Gao X, Grignon DJ, Chbihi T, Zacharek A, Chen YQ, Sakr W, et al.

Elevated 12-lipoxygenase mRNA expression correlates with

advanced stage and poor differentiation of human prostate cancer.

Urology 1995;46(2):227–37.

[53] Chopra H, Timar J, Chen YQ, Rong XH, Grossi IM, Fitzgerald LA, et

al. The lipoxygenase metabolite 12(S)-HETE induces a cytoskeleton-

dependent increase in surface expression of integrin alpha IIb beta 3

on melanoma cells. Int J Cancer 1991;49(5):774–86.

[54] Gao CY, Bassnett S, Zelenka PS. Cyclin B, p34cdc2, and H1-kinase

activity in terminally differentiating lens fiber cells. Dev Biol

1995;169:185–94.

[55] Liu B, Farrington SM, Petersen GM, Hamilton SR, Parsons R,

Papadopoulos N, et al. Genetic instability occurs in the majority

of young patients with colorectal cancer. Nat Med 1995;1:348–52.

[56] Honn KV, Nelson KK, Renaud C, Bazaz R, Diglio CA, Timar J. Fatty

acid modulation of tumor cell adhesion to microvessel endothelium

and experimental metastasis. Prostaglandins 1992;44(5):413–29.

[57] Liu B, Renaud C, Nelson KK, Chen YQ, Bazaz R, Kowynia J, et al.

Protein-kinase-C inhibitor calphostin C reduces B16 amelanotic

melanoma cell adhesion to endothelium and lung colonization. Int

J Cancer 1992;52(1):147–52.

[58] Kurahashi Y, Herbertsson H, Soderstrom M, Rosenfeld MG, Ham-

marstrom S. A 12(S)-hydroxyeicosatetraenoic acid receptor interacts

with steroid receptor coactivator-1. Proc Natl Acad Sci USA

2000;97(11):5779–83.

[59] Nie D, Hillman GG, Geddes T, Tang K, Pierson C, Grignon DJ, et al.

Platelet-type 12-lipoxygenase in a human prostate carcinoma stimu-

lates angiogenesis and tumor growth. Cancer Res 1998;58(18):

4047–51.

[60] Brash AR, Boeglin WE, Chang MS. Discovery of a second 15S-

lipoxygenase in humans. Proc Natl Acad Sci USA 1997;94(12):

6148–52.

[61] Baer AN, Costello PB, Green FA. In vivo activation of an omega-6

oxygenase in human skin. Biochem Biophys Res Commun

1991;180(1):98–104.

[62] Kuhn H, Brash AR. Occurrence of lipoxygenase products in mem-

branes of rabbit reticulocytes. Evidence for a role of the reticulocyte

lipoxygenase in the maturation of red cells. J Biol Chem 1990;265(3):

1454–8.

[63] Shureiqi I, Wojno KJ, Poore JA, Reddy RG, Moussalli MJ, Spindler

SA, et al. Decreased 13-S-hydroxyoctadecadienoic acid levels and

15-lipoxygenase-1 expression in human colon cancers. Carcinogen-

esis 1999;20(10):1985–95.

[64] Leyton J, Lee ML, Locniskar M, Belury MA, Slaga TJ, Bechtel D, et

al. Effects of type of dietary fat on phorbol ester-elicited tumor

promotion and other events in mouse skin. Cancer Res 1991;51(3):

907–15.

[65] Shureiqi I, Chen D, Lee JJ, Yang P, Newman RA, Brenner DE, et al.

15-LOX-1: a novel molecular target of nonsteroidal anti-inflamma-

tory drug-induced apoptosis in colorectal cancer cells. J Natl Cancer

Inst 2000;92(14):1136–42.

[66] Shureiqi I, Chen D, Lotan R, Yang P, Newman RA, Fischer SM, et al.

15-Lipoxygenase-1 mediates nonsteroidal anti-inflammatory drug-

induced apoptosis independently of cyclooxygenase-2 in colon can-

cer cells. Cancer Res 2000;60(24):6846–50.

[67] Shappell SB, Boeglin WE, Olson SJ, Kasper S, Brash AR. 15-

lipoxygenase-2 (15-LOX-2) is expressed in benign prostatic epithe-

lium and reduced in prostate adenocarcinoma. Am J Pathol

1999;155(1):235–45.

[68] Vanderhoek JY, Bryant RW, Bailey JM. Inhibition of leukotriene

biosynthesis by the leukocyte product 15-hydroxy-5,8,11,13-eicosa-

tetraenoic acid. J Biol Chem 1980;255(21):10064–6.



K. Kashfi, B. Rigas / Biochemical Pharmacology 70 (2005) 969–986 983
[69] Vanderhoek JY, Karmin MT, Ekborg SL. Endogenous hydroxyeico-

satetraenoic acids stimulate the human polymorphonuclear leukocyte

15-lipoxygenase pathway. J Biol Chem 1985;260(29):15482–7.

[70] Vanderhoek JY, Bryant RW, Bailey JM. 15-hydroxy-5,8,11,13-eico-

satetraenoic acid: A potent and selective inhibitor of platelet lipox-

ygenase. J Biol Chem 1980;255(13):5996–8.

[71] Tang DG, Chen YQ, Honn KV. Arachidonate lipoxygenases as

essential regulators of cell survival and apoptosis. Proc Natl Acad

Sci USA 1996;93(11):5241–6.

[72] Herrmann JL, Menter DG, Beham A, von Eschenbach A, McDonnell

TJ. Regulation of lipid signaling pathways for cell survival and

apoptosis by bcl-2 in prostate carcinoma cells. Exp Cell Res

1997;234(2):442–51.

[73] Desplat V, Dulery C, Praloran V, Denizot Y. Incorporation and effect

of arachidonic acid on the growth of human myeloma cell lines.

Mediators Inflamm 1999;8(2):115–8.

[74] Shappell SB, Gupta RA, Manning S, Whitehead R, Boeglin WE,

Schneider C, et al. 15S-Hydroxyeicosatetraenoic acid activates per-

oxisome proliferator-activated receptor gamma and inhibits prolif-

eration in PC3 prostate carcinoma cells. Cancer Res 2001;61(2):

497–503.

[75] Subbarayan V, Xu XC, Kim J, Yang P, Hoque A, Sabichi AL, et al.

Inverse relationship between 15-lipoxygenase-2 and PPAR-gamma

gene expression in normal epithelia compared with tumor epithelia.

Neoplasia 2005;7(3):280–93.

[76] Xu XC, Shappell SB, Liang Z, Song S, Menter D, Subbarayan V, et

al. Reduced 15S-lipoxygenase-2 expression in esophageal cancer

specimens and cells and upregulation in vitro by the cyclooxygenase-

2 inhibitor, NS398. Neoplasia 2003;5(2):121–7.

[77] Julemont F, Dogne JM, Pirotte B, de Leval X. Recent development in

the field of dual COX/5-LOX inhibitors. Mini Rev Med Chem

2004;4(6):633–8.

[78] Alvaro-Gracia JM. Licofelone—clinical update on a novel LOX/

COX inhibitor for the treatment of osteoarthritis. Rheumatology

(Oxford) 2004;43(Suppl. 1):i21–5.

[79] Li N, Sood S, Wang S, Fang M, Wang P, Sun Z, et al. Overexpression

of 5-lipoxygenase and cyclooxygenase 2 in hamster and human oral

cancer and chemopreventive effects of zileuton and celecoxib. Clin

Cancer Res 2005;11(5):2089–96.

[80] Hanif R, Pittas A, Feng Y, Koutsos MI, Qiao L, Staiano-Coico L, et

al. Effects of nonsteroidal anti-inflammatory drugs on proliferation

and on induction of apoptosis in colon cancer cells by a prosta-

glandin-independent pathway. Biochem Pharmacol 1996;52(2):

237–45.

[81] Bennett A, Civier A, Hensby CN, Melhuish PB, Stamford IF.

Measurement of arachidonate and its metabolites extracted from

human normal and malignant gastrointestinal tissues. Gut 1987;28

(3):315–8.

[82] Rigas B, Goldman IS, Levine L. Altered eicosanoid levels in human

colon cancer. J Lab Clinic Med 1993;122:518–23.

[83] Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferrenbach S,

Dubois RN. Up-regulation of cyclooxygenase 2 gene expression in

human colorectal adenomas and carcinomas. Gastroenterology

1994;107:1183–8.

[84] Turini ME, DuBois RN. Cyclooxygenase-2: a therapeutic target.

Annu Rev Med 2002;53:35–57.

[85] Sheng HM, Shao JY, Morrow JD, Beauchamp RD, Dubois RN.

Modulation of apoptosis and bcl-2 expression by prostaglandin E-2 in

human colon cancer cells. Cancer Res 1998;58(2):362–6.

[86] Dannenberg AJ, Subbaramaiah K. Targeting cyclooxygenase-2 in

human neoplasia: rationale and promise. Cancer Cell 2003;4(6):

431–6.

[87] Oshima M, Dinchuk JE, Kargman SL, Oshima H, Hancock B,

Kwong E, et al. Suppression of intestinal polyposis in ApcD716

knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell

1996;87:803–9.
[88] Chulada PC, Thompson MB, Mahler JF, Doyle CM, Gaul BW, Lee C,

et al. Genetic disruption of Ptgs-1, as well as Ptgs-2, reduces

intestinal tumorigenesis in Min mice. Cancer Res 2000;60(17):

4705–8.

[89] Liu CH, Chang SH, Narko K, Trifan OC, Wu MT, Smith E, et al.

Overexpression of cyclooxygenase-2 is sufficient to induce tumor-

igenesis in transgenic mice. J Biol Chem 2001;276(21):18563–9.

[90] Muller-Decker K, Neufang G, Berger I, Neumann M, Marks F,

Furstenberger G. Transgenic cyclooxygenase-2 overexpression sen-

sitizes mouse skin for carcinogenesis. Proc Natl Acad Sci USA

2002;99(19):12483–8.

[91] Bol DK, Rowley RB, Ho CP, Pilz B, Dell J, Swerdel M, et al.

Cyclooxygenase-2 overexpression in the skin of transgenic mice

results in suppression of tumor development. Cancer Res 2002;62(9):

2516–21.

[92] Steinbach G, Lynch PM, Phillips RK, Wallace MH, Hawk E, Gordon

GB, et al. The effect of celecoxib, a cyclooxygenase-2 inhibitor, in

familial adenomatous polyposis. N Engl J Med 2000;342(26):

1946–52.

[93] Elder DJE. Halton DE, Hague A, Paraskeva C. Induction of apoptotic

cell death in human colorectal carcinoma cell lines by a cycloox-

ygenase-2 (COX-2)-selective nonsteroidal anti-inflammatory drug-

independence from COX-2 protein expression. Clinic Cancer Res

1997;3(10):1679–83.

[94] Vogt T, McClelland M, Jung B, Popova S, Bogenrieder T, Becker B,

et al. NSAID-induced apoptosis in malignant melanomas are inde-

pendent of cyclooxygenase II. Melanoma Res 2001;11(6):587–99.

[95] Goluboff ET, Shabsigh A, Saidi JA, Weinstein IB, Mitra N, Heitjan

D, et al. (sulindac sulfone) suppresses growth of human prostate

cancer in a nude mouse xenograft model by increasing apoptosis.

Urology 1999;53(2):440–5.

[96] Waskewich C, Blumenthal RD, Li H, Stein R, Goldenberg DM, Burton

J. Celecoxib exhibits the greatest potency amongst cyclooxygenase

(COX) inhibitors for growth inhibition of COX-2-negative hemato-

poietic and epithelial cell lines. Cancer Res 2002;62(7):2029–33.

[97] Song X, Lin HP, Johnson AJ, Tseng PH, Yang YT, Kulp SK, et al.

Cyclooxygenase-2, player or spectator in cyclooxygenase-2 inhibi-

tor-induced apoptosis in prostate cancer cells. J Natl Cancer Inst

2002;94(8):585–91.

[98] Weber A, Yildirim H, Schror K. Cyclooxygenase-independent inhi-

bition of smooth muscle cell mitogenesis by ibuprofen. Eur J

Pharmacol 2000;389(1):67–9.

[99] Wechter WJ, Kantoci D, Murray Jr ED, Quiggle DD, Leipold DD,

Gibson KM, et al. R-flurbiprofen chemoprevention and treatment of

intestinal adenomas in the APC(Min)/+ mouse model: implications

for prophylaxis and treatment of colon cancer. Cancer Res

1997;57(19):4316–24.

[100] Wechter WJ, Leipold DD, Murray Jr ED, Quiggle D, McCracken JD,

Barrios RS, et al. E-7869 (R-flurbiprofen) inhibits progression of

prostate cancer in the TRAMP mouse. Cancer Res 2000;60(8):

2203–8.

[101] Soh JW, Weinstein IB. Role of COX-independent targets of NSAIDs

and related compounds in cancer prevention and treatment. Prog Exp

Tumor Res 2003;37:261–85.

[102] Algul H, Adler G, Schmid RM. NF-kappaB/Rel transcriptional

pathway: implications in pancreatic cancer. Int J Gastrointest Cancer

31(13) 2002;31(13):71–8.

[103] Viatour P, Merville MP, Bours V, Chariot A. Phosphorylation of NF-

kappaB and IkappaB proteins: implications in cancer and inflamma-

tion. Trends Biochem Sci 2005;30(1):43–52.

[104] Gilmore TD. The Re1/NF-kappa B/I kappa B signal transduction

pathway and cancer. Cancer Treat Res 2003;115:241–65.

[105] Kopp E, Ghosh S. Inhibition of NF-KB by sodium salicylate and

aspirin. Science 1994;265:956–9.

[106] Stark LA, Din FV, Zwacka RM, Dunlop MG. Aspirin-induced

activation of the NF-kappaB signaling pathway: a novel mechanism



K. Kashfi, B. Rigas / Biochemical Pharmacology 70 (2005) 969–986984
for aspirin-mediated apoptosis in colon cancer cells. FASEB J

2001;15(7):1273–5.

[107] Yamamoto Y, Gaynor RB. Role of the NF-kappaB pathway in the

pathogenesis of human disease states. Curr Mol Med 2001;1(3):

287–96.

[108] Yamamoto Y, Yin MJ, Lin KM, Gaynor RB. Sulindac inhibits

activation of the NF-kappaB pathway. J Biol Chem 1999;274(38):

27307–14.

[109] Santibanez JF, Olivares D, Guerrero J, Martinez J. Cyclic AMP

inhibits TGFbeta1-induced cell-scattering and invasiveness in mur-

ine-transformed keratinocytes. Int J Cancer 2003;107(5):715–20.

[110] Yamanaka Y, Mammoto T, Kirita T, Mukai M, Mashimo T, Sugimura

M, et al. Epinephrine inhibits invasion of oral squamous carcinoma

cells by modulating intracellular cAMP. Cancer Lett 2002;176(2):

143–8.

[111] Allam M, Bertrand R, Zhang-Sun G, Pappas J, Viallet J. Cholera

toxin triggers apoptosis in human lung cancer cell lines. Cancer Res

1997;57(13):2615–8.

[112] Hirsh L, Dantes A, Suh BS, Yoshida Y, Hosokawa K, Tajima K, et al.

Phosphodiesterase inhibitors as anti-cancer drugs. Biochem Pharma-

col 2004;68(6):981–8.

[113] Thompson WJ, Piazza GA, Li H, Liu L, Fetter J, Zhu B, et al.

Exisulind induction of apoptosis involves guanosine 30,50-cyclic

monophosphate phosphodiesterase inhibition, protein kinase G acti-

vation, and attenuated beta-catenin. Cancer Res 2000;60(13):

3338–42.

[114] Park K, Moreland RB, Goldstein I, Atala A, Traish A. Sildenafil

inhibits phosphodiesterase type 5 in human clitoral corpus caverno-

sum smooth muscle. Biochem Biophys Res Commun 1998;249(3):

612–7.

[115] Sarfati M, Mateo V, Baudet S, Rubio M, Fernandez C, Davi F, et al.

Sildenafil and vardenafil, types 5 and 6 phosphodiesterase inhibitors,

induce caspase-dependent apoptosis of B-chronic lymphocytic leu-

kemia cells. Blood 2003;101(1):265–9.

[116] Zhu B, Vemavarapu L, Thompson WJ, Strada SJ. Suppression of

cyclic GMP-specific phosphodiesterase 5 promotes apoptosis and

inhibits growth in HT29 cells. J Cell Biochem 2005;94(2):336–50.

[117] Soh JW, Mao Y, Kim MG, Pamukcu R, Li H, Piazza GA, et al. Cyclic

GMP mediates apoptosis induced by sulindac derivatives via activa-

tion of c-Jun NH2-terminal kinase 1. Clin Cancer Res 2000;6(10):

4136–41.

[118] Maundrell K, Antonsson B, Magnenat E, Camps M, Muda M,

Chabert C, et al. Bcl-2 undergoes phosphorylation by c-Jun N-

terminal kinase/stress-activated protein kinases in the presence of

the constitutively active GTP-binding protein Rac1. J Biol Chem

1997;272(40):25238–42.

[119] Yamamoto K, Ichijo H, Korsmeyer SJ. BCL-2 is phosphorylated and

inactivated by an ASK1/Jun N-terminal protein kinase pathway

normally activated at G(2)/M. Mol Cell Biol 1999;19(12):8469–78.

[120] Hsu AL, Ching TT, Wang DS, Song X, Rangnekar VM, Chen CS.

The cyclooxygenase-2 inhibitor celecoxib induces apoptosis by

blocking Akt activation in human prostate cancer cells independently

of Bcl-2. J Biol Chem 2000;275(15):11397–403.

[121] Arico S, Pattingre S, Bauvy C, Gane P, Barbat A, Codogno P, et al.

Celecoxib induces apoptosis by inhibiting 3-phosphoinositide-

dependent protein kinase-1 activity in the human colon cancer

HT-29 cell line. J Biol Chem 2002;277(31):27613–21.

[122] Stevenson MA, Zhao MJ, Asea A, Coleman CN, Calderwood SK.

Salicylic acid and aspirin inhibit the activity of RSK2 kinase and

repress RSK2-dependent transcription of cyclic AMP response ele-

ment binding protein- and NF-kappa B-responsive genes. J Immunol

1999;163(10):5608–16.

[123] Pillinger MH, Capodici C, Rosenthal P, Kheterpal N, Hanft S, Philips

MR, et al. Modes of action of aspirin-like drugs: salicylates inhibit

erk activation and integrin-dependent neutrophil adhesion. Proc Natl

Acad Sci USA 1998;95(24):14540–5.
[124] Schwenger P, Bellosta P, Vietor I, Basilico C, Skolnik EY, Vilcek J.

Sodium salicylate induces apoptosis via p38 mitogen-activated pro-

tein kinase but inhibits tumor necrosis factor-induced c-Jun N-

terminal kinase/stress-activated protein kinase activation. Proc Natl

Acad Sci USA 1997;94(7):2869–73.

[125] Schwenger P, Alpert D, Skolnik EY, Vilcek J. Cell-type-specific

activation of c-Jun N-terminal kinase by salicylates. J Cell Physiol

1999;179(1):109–14.

[126] Robinson-Rechavi M, Escriva Garcia H, Laudet V. The nuclear

receptor superfamily. J Cell Sci 2003;116(Pt 4):585–6.

[127] Keshamouni VG, Reddy RC, Arenberg DA, Joel B, Thannickal VJ,

Kalemkerian GP, et al. Peroxisome proliferator-activated receptor-

gamma activation inhibits tumor progression in non-small-cell lung

cancer. Oncogene 2004;23(1):100–8.

[128] Keshamouni VG, Arenberg DA, Reddy RC, Newstead MJ, Anthwal

S, Standiford TJ. PPAR-gamma activation inhibits angiogenesis by

blocking ELR + CXC chemokine production in non-small cell lung

cancer. Neoplasia 2005;7(3):294–301.

[129] Saez E, Rosenfeld J, Livolsi A, Olson P, Lombardo E, Nelson M, et

al. PPAR gamma signaling exacerbates mammary gland tumor

development. Genes Dev 2004;18(5):528–40.

[130] Lehmann JM, Lenhard JM, Oliver BB, Ringold GM, Kliewer SA.

Peroxisome proliferator-activated receptors alpha and gamma are

activated by indomethacin and other non-steroidal anti-inflammatory

drugs. J Biol Chem 1997;272(6):3406–10.

[131] Gupta RA, Tan J, Krause WF, Geraci MW, Willson TM, Dey SK, et

al. Prostacyclin-mediated activation of peroxisome proliferator-acti-

vated receptor delta in colorectal cancer. Proc Natl Acad Sci USA

2000;97(24):13275–80.

[132] He TC, Chan TA, Vogelstein B, Kinzler KW. PPARdelta is an APC-

regulated target of nonsteroidal anti-inflammatory drugs. Cell

1999;99(3):335–45.

[133] Shureiqi I, Jiang W, Zuo X, Wu Y, Stimmel JB, Leesnitzer LM, et

al. The 15-lipoxygenase-1 product 13-S-hydroxyoctadecadie-

noic acid down-regulates PPAR-delta to induce apoptosis in color-

ectal cancer cells. Proc Natl Acad Sci USA 2003;100(17):9968–

73.

[134] Baek SJ, Kim KS, Nixon JB, Wilson LC, Eling TE. Cyclooxygenase

inhibitors regulate the expression of a TGF-beta superfamily member

that has proapoptotic and antitumorigenic activities. Mol Pharmacol

2001;59(4):901–8.

[135] Kingsley DM. The TGF-beta superfamily: new members, new

receptors, and new genetic tests of function in different organisms.

Genes Dev 1994;8(2):133–46.

[136] Doucas H, Garcea G, Neal CP, Manson MM, Berry DP. Changes in

the Wnt signalling pathway in gastrointestinal cancers and their

prognostic significance. Eur J Cancer 2005;41(3):365–79.

[137] McEntee MF, Chiu CH, Whelan J. Relationship of beta-catenin and

Bcl-2 expression to sulindac-induced regression of intestinal tumors

in Min mice. Carcinogenesis 1999;20(4):635–40.

[138] Rice PL, Kelloff J, Sullivan H, Driggers LJ, Beard KS, Kuwada S, et

al. Sulindac metabolites induce caspase- and proteasome-dependent

degradation of beta-catenin protein in human colon cancer cells. Mol

Cancer Ther 2003;2(9):885–92.

[139] Boon EM, Keller JJ, Wormhoudt TA, Giardiello FM, Offerhaus GJ,

van der Neut R, et al. Sulindac targets nuclear beta-catenin accu-

mulation and Wnt signalling in adenomas of patients with familial

adenomatous polyposis and in human colorectal cancer cell lines. Br

J Cancer 2004;90(1):224–9.

[140] Dihlmann S, Siermann A, von Knebel Doeberitz M. The nonsteroidal

anti-inflammatory drugs aspirin and indomethacin attenuate beta-

catenin/TCF-4 signaling. Oncogene 2001;20(5):645–53.

[141] Dihlmann S, Klein S, Doeberitz Mv MK. Reduction of beta-catenin/

T-cell transcription factor signaling by aspirin and indomethacin is

caused by an increased stabilization of phosphorylated beta-catenin.

Mol Cancer Ther 2003;2(6):509–16.



K. Kashfi, B. Rigas / Biochemical Pharmacology 70 (2005) 969–986 985
[142] Oshima M, Murai N, Kargman S, Arguello M, Luk P, Kwong E, et al.

Chemoprevention of intestinal polyposis in the Apcdelta716 mouse

by rofecoxib, a specific cyclooxygenase-2 inhibitor. Cancer Res

2001;61(4):1733–40.

[143] Nath N, Kashfi K, Chen J, Rigas B. Nitric oxide-donating aspirin

inhibits beta-catenin/T cell factor (TCF) signaling in SW480 colon

cancer cells by disrupting the nuclear beta-catenin-TCF association.

Proc Natl Acad Sci USA 2003;100(22):12584–9.

[144] Nath N, Labaze G, Rigas B, Kashfi K. NO-donating aspirin inhibits

the growth of leukemic Jurkat cells and modulates beta-catenin

expression. Biochem Biophys Res Commun 2005;326(1):93–9.

[145] Grosch S, Tegeder I, Niederberger E, Brautigam L, Geisslinger G.

COX-2 independent induction of cell cycle arrest and apoptosis in

colon cancer cells by the selective COX-2 inhibitor celecoxib.

FASEB J 2001;15(14):2742–4.

[146] Maier TJ, Schilling K, Schmidt R, Geisslinger G, Grosch S, Cycloox-

ygenase-2. (COX-2)-dependent and -independent anticarcinogenic

effects of celecoxib in human colon carcinoma cells. Biochem

Pharmacol 2004;67(8):1469–78.

[147] Lin HP, Kulp SK, Tseng PH, Yang YT, Yang CC, Chen CS, et al.

Growth inhibitory effects of celecoxib in human umbilical vein

endothelial cells are mediated through G1 arrest via multiple signal-

ing mechanisms. Mol Cancer Ther 2004;3(12):1671–80.

[148] Han EKH, Arber N, Yamamoto H, Lim JTE, Delohery T, Pamukcu R,

et al. Effects of sulindac and its metabolites on growth and apoptosis

in human mammary epithelial and breast carcinoma cell lines. Breast

Cancer Res Treat 1998;48(3):195–203.

[149] Lim JT, Piazza GA, Han EK, Delohery TM, Li H, Finn TS, et al.

Sulindac derivatives inhibit growth and induce apoptosis in human

prostate cancer cell lines. Biochem Pharmacol 1999;58(7):1097–107.

[150] Shiff SJ, Qiao L, Tsai LL, Rigas B. Sulindac sulfide, an aspirin-like

compound, inhibits proliferation, causes cell cycle quiescence, and

induces apoptosis in HT-29 colon adenocarcinoma cells. J Clin Invest

1995;96(1):491–503.

[151] Qiao L, Shiff SJ, Rigas B. Sulindac sulfide alters the expression of

cyclin proteins in HT-29 colon adenocarcinoma cells. Int J Cancer

1998;76(1):99–104.

[152] Qiao L, Hanif R, Sphicas E, Shiff SJ, Rigas B. Effect of aspirin on

induction of apoptosis in HT-29 human colon adenocarcinoma cells.

Biochem Pharmacol 1998;55:53–64.

[153] Subbegowda R, Frommel TO. Aspirin toxicity for human colonic

tumor cells results from necrosis and is accompanied by cell cycle

arrest. Cancer Res 1998;58(13):2772–6.

[154] Denkert C, Furstenberg A, Daniel PT, Koch I, Kobel M, Weichert W,

et al. Induction of G0/G1 cell cycle arrest in ovarian carcinoma cells

by the anti-inflammatory drug NS-398, but not by COX-2-specific

RNA interference. Oncogene 2003;22(54):8653–61.

[155] Patel MI, Subbaramaiah K, Du B, Chang M, Yang P, Newman RA, et

al. Celecoxib inhibits prostate cancer growth: evidence of a cycloox-

ygenase-2-independent mechanism. Clin Cancer Res 2005;11(5):

1999–2007.

[156] Folkman J, Shing Y. Angiogenesis. J Biol Chem 1992;267(16):

10931–4.

[157] Jones MK, Wang H, Peskar BM, Levin E, Itani RM, Sarfeh IJ, et al.

Inhibition of angiogenesis by nonsteroidal anti-inflammatory drugs:

insight into mechanisms and implications for cancer growth and ulcer

healing. Nat Med 1999;5(12):1418–23.

[158] Shiff SJ, Rigas B. Aspirin for cancer [news; comment]. Nat Med

1999;5(12):1348–9.

[159] Johnson AJ, Hsu AL, Lin HP, Song X, Chen CS. The cyclo-

oxygenase-2 inhibitor celecoxib perturbs intracellular calcium by

inhibiting endoplasmic reticulum Ca2+-ATPases: a plausible link

with its anti-tumour effect and cardiovascular risks. Biochem J

2002;366(Pt 3):831–7.

[160] Green DR, Reed JC. Mitochondria and apoptosis. Science

1998;281(5381):1309–12.
[161] Jurgensmeier JM, Xie Z, Deveraux Q, Ellerby L, Bredesen D,

Reed JC. Bax directly induces release of cytochrome c from

isolated mitochondria. Proc Natl Acad Sci USA 1998;95(9):

4997–5002.

[162] Shimizu S, Tsujimoto Y. Proapoptotic BH3-only Bcl-2 family mem-

bers induce cytochrome c release, but not mitochondrial membrane

potential loss, and do not directly modulate voltage-dependent anion

channel activity. Proc Natl Acad Sci USA 2000;97(2):577–82.

[163] Pique M, Barragan M, Dalmau M, Bellosillo B, Pons G, Gil J. Aspirin

induces apoptosis through mitochondrial cytochrome c release.

FEBS Lett 2000;480(2–3):193–6.

[164] Zimmermann KC, Waterhouse NJ, Goldstein JC, Schuler M, Green

DR. Aspirin induces apoptosis through release of cytochrome c from

mitochondria. Neoplasia 2000;2(6):505–13.

[165] Campos CB, Degasperi GR, Pacifico DS, Alberici LC, Carreira RS,

Guimaraes F, et al. Ibuprofen-induced Walker 256 tumor cell death:

cytochrome c release from functional mitochondria and enhancement

by calcineurin inhibition. Biochem Pharmacol 2004;68(11):

2197–206.

[166] Sanchez-Alcazar JA, Bradbury DA, Pang L, Knox AJ. Cyclooxy-

genase (COX) inhibitors induce apoptosis in non-small cell lung

cancer through cyclooxygenase independent pathways. Lung Cancer

2003;40(1):33–44.

[167] Li M, Wu X, Xu XC. Induction of apoptosis in colon cancer cells by

cyclooxygenase-2 inhibitor NS398 through a cytochrome c-depen-

dent pathway. Clin Cancer Res 2001;7(4):1010–6.

[168] Jendrossek V, Handrick R, Belka C. Celecoxib activates a novel

mitochondrial apoptosis signaling pathway. FASEB J 2003;17(11):

1547–9.

[169] Pastorekova S, Parkkila S, Pastorek J, Supuran CT. Carbonic anhy-

drases: current state of the art, therapeutic applications and future

prospects. J Enzyme Inhib Med Chem 2004;19(3):199–229.

[170] Kivela AJ, Kivela J, Saarnio J, Parkkila S. Carbonic anhydrases in

normal gastrointestinal tract and gastrointestinal tumours. World J

Gastroenterol 2005;11(2):155–63.

[171] Puscas I, Coltau M. Prostaglandins with vasodilating effects inhibit

carbonic anhydrase while vasoconstrictive prostaglandins and leuko-

triens B4 and C4 increase CA activity. Int J Clin Pharmacol Ther

1995;33(3):176–81.

[172] Puscas I, Coltau M, Pasca R. Nonsteroidal anti-inflammatory drugs

activate carbonic anhydrase by a direct mechanism of action. J

Pharmacol Exp Ther 1996;277(3):1464–6.

[173] Kim SJ, Rabbani ZN, Vollmer RT, Schreiber EG, Oosterwijk E,

Dewhirst MW, et al. Carbonic anhydrase IX in early-stage non-small

cell lung cancer. Clin Cancer Res 2004;10(23):7925–33.

[174] Weber A, Casini A, Heine A, Kuhn D, Supuran CT, Scozzafava A, et

al. Unexpected nanomolar inhibition of carbonic anhydrase by COX-

2-selective celecoxib: new pharmacological opportunities due to

related binding site recognition. J Med Chem 2004;47(3):550–7.

[175] Marx J. Cancer research. Anti-inflammatories inhibit cancer

growth—but how? Science 2001;291(5504):581–2.

[176] Duggan DE, Hooke KF, Hwang SS. Kinetics of the tissue distribu-

tions of sulindac and metabolites: relevance to sites and rates of

bioactivation. Drug Metabol Disposit 1980;8:241–6.

[177] Brune K, Hinz B. Selective cyclooxygenase-2 inhibitors: similarities

and differences. Scand J Rheumatol 2004;33(1):1–6.

[178] Bennett A, Tacca MD, Stamford IF, Zebro T. Prostaglandins from

tumours of human large bowel. Br J Cancer 1977;35(6):881–4.

[179] Phillips RK, Wallace MH, Lynch PM, Hawk E, Gordon GB, Saunders

BP, et al. A randomised, double blind, placebo controlled study of

celecoxib, a selective cyclooxygenase 2 inhibitor, on duodenal poly-

posis in familial adenomatous polyposis. Gut 2002;50(6):857–60.

[180] Giardiello FM, Hamilton SR, Krush AJ, Piantadosi S, Hylind LM,

Celano P, et al. Treatment of colonic and rectal adenomas with

sulindac in familial adenomatous polyposis. N Engl J Med

1993;328(18):1313–6.



K. Kashfi, B. Rigas / Biochemical Pharmacology 70 (2005) 969–986986
[181] Dang CT, Dannenberg AJ, Subbaramaiah K, Dickler MN, Moasser

MM, Seidman AD, et al. Phase II study of celecoxib and trastuzumab

in metastatic breast cancer patients who have progressed after prior

trastuzumab-based treatments. Clin Cancer Res 2004;10(12 Pt 1):

4062–7.

[182] Becerra CR, Frenkel EP, Ashfaq R, Gaynor RB. Increased toxicity

and lack of efficacy of Rofecoxib in combination with chemotherapy

for treatment of metastatic colorectal cancer: a phase II study. Int J

Cancer 2003;105(6):868–72.

[183] Blaine SA, Meyer AM, Hurteau G, Wick M, Hankin JA, Murphy RC,

et al. Targeted overexpression of mPGES-1 and elevated PGE2

production is not sufficient for lung tumorigenesis in mice. Carci-

nogenesis 2004.

[184] Silverstein FE, Faich G, Goldstein JL, Simon LS, Pincus T, Whelton

A, et al. Gastrointestinal toxicity with celecoxib vs. nonsteroidal

anti-inflammatory drugs for osteoarthritis and rheumatoid

arthritis: the CLASS study: a randomized controlled trial. Celecoxib

Long-term Arthritis Safety Study. J Am Med Assoc 2000;284(10):

1247–55.
[185] Higuchi T, Iwama T, Yoshinaga K, Toyooka M, Taketo MM,

Sugihara K. A randomized, double-blind, placebo-controlled trial

of the effects of rofecoxib, a selective cyclooxygenase-2 inhibitor, on

rectal polyps in familial adenomatous polyposis patients. Clin Cancer

Res 2003;9(13):4756–60.

[186] Ding H, Han C, Zhu J, Chen CS, D’Ambrosio SM. Celecoxib deriva-

tives induce apoptosis via the disruption of mitochondrial membrane

potential and activation of caspase 9. Int J Cancer 2005;113(5):803–10.

[187] Badawi AF, Eldeen MB, Liu Y, Ross EA, Badr MZ. Inhibition of rat

mammary gland carcinogenesis by simultaneous targeting of

cyclooxygenase-2 and peroxisome proliferator-activated receptor

gamma. Cancer Res 2004;64(3):1181–9.

[188] Ikawa H, Kamitani H, Calvo BF, Foley JF, Eling TE. Expression of

15-lipoxygenase-1 in human colorectal cancer. Cancer Res

1999;59(2):360–6.

[189] Piazza GA, Alberts DS, Hixson LJ, Paranka NS, Li H, Finn T, et al.

Sulindac sulfone inhibits azoxymethane-induced colon carcinogen-

esis in rats without reducing prostaglandin levels. Cancer Res

1997;57(14):2909–15.


	Non-COX-2 targets and cancer: Expanding the molecular �target repertoire of chemoprevention
	Cancer prevention as a contemporary challenge
	NSAIDs prevent cancer: proof of principle
	Linoleic and arachidonic acid metabolism: relevance to cancer
	COX cascade
	LOX cascades
	Procarcinogenic LOXs
	5-LOX and LTB4
	8-LOX and 8-S-HETE
	12-S-LOX and 12-S-HETE

	Anticarcinogenic LOXs
	15-LOX-1 and 13-S-HODE
	15-LOX-2 and 15-S-HETE

	Pharmacological agents

	The targets of NSAIDs: COX-2 dependence and independence
	COX-2 inhibition as a dominant mechanism in cancer chemoprevention
	The evidence for COX-2 independence
	Targets of NSAIDs other than COX
	NF-&kappa;B
	Phosphodiesterases (PDs)
	3-Phosphoinositide-dependent kinase-1 �(PDK-1)/Akt
	Ribosomal S6 kinase-2 (RSK-2)/MAPKs
	Peroxisome proliferator-activated receptors (PPAR)
	Products of LOX pathways
	NSAID activated gene (NAG-1)
	Wnt pathway
	Cell cycle effects
	Inhibition of angiogenesis
	Ca2+ mobilization
	Cytochrome c release
	Inhibition of carbonic anhydrase

	The issue of drug concentrations and their relevance to targets

	COX-2 specific inhibitors: the limitations of the concept and the agents
	Expanding the repertoire of chemoprevention targets
	Future prospects
	Acknowledgements
	References


