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Abstract. Regular use of aspirin and other nonster-
oidal anti-inflammatory drugs (NSAIDs) has been
associated with decreased incidence of cancer of the
colon and other gastrointestinal organs. The chemo-
preventive properties of NSAIDs are due to their

ability to induce apoptosis. Both COX-2-dependent
and COX-2-independent mechanisms are involved in
NSAIDs-induced neoplastic growth. This article re-
views the recent literature that has revealed various
important mechanisms of NSAIDs-induced apoptosis.
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Aspirin (acetyl salicylic acid) is a nonsteroidal anti-
inflammatory drug (NSAID) that has long been used
as an anti-pyretic and analgesic. It is also known to
induce gastro-intestinal side effects primarily as
gastric lesions, ulcerations and erosions [1]. All
NSAIDs in general are used to treat pain, inflamma-
tion and fever. NSAIDs inhibit inflammation, mainly
through their ability to inhibit cyclooxygenase (COX)
activity [2]. COXis a key regulatory enzyme involved
in prostaglandin (PG) biosynthesis, which is strongly
implicated in the induction of inflammation [3]. This
property makes NSAIDs valuable in treating various
diseases associated with inflammation. Aspirin is also
prescribed as a prophylactic treatment against coro-
nary artery disease and stroke, most likely because of
its inhibitory effect on the synthesis of thromboxane
A2 in platelets [3]. Several epidemiological and
experimental studies also revealed that the prolonged
use of aspirin or other NSAIDs reduces the risk of
cancer. The diverse effects of NSAIDs cannot be fully
explained on the basis of their COX inhibition.
Although the chemopreventive effects of aspirin and
other NSAIDs remain unclear, both COX-dependent
and -independent mechanisms might play an impor-
tant role in the biological activity of NSAIDs. In this

review, we particularly focus on recent understanding
of the mechanisms of NSAIDs-induced apoptosis.

Apoptosis is a highly regulated form of cell death
distinguished by the activation of a family of cysteine-
aspertate proteases (caspases) that cleave various
proteins, resulting in biochemical and morphological
changes characteristic of this form of cell death.
Extrinsic pathways involving the cell surface death
receptor and intrinsic pathways involving mitochon-
dria can induce apoptosis in tumor cells [4-6].
Specific drugs including NSAIDs and conditions can
trigger apoptosis via the above-mentioned pathways

[6].

Clinical, epidemiological and experimental evidence

Several clinical observations and epidemiological and
experimental studies have found aspirin and other
NSAIDs to be promising anti-cancer agents [7-20].
Prolonged use of NSAIDs has been reported to
reduce the risk of cancer of the colon and other
gastrointestinal organs as well as of cancer of the
breast, prostate, lung and skin [7-20]. A recent
systematic review and meta-analysis of nine observa-
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tional studies assessing the association between
NSAIDs use and the risk of gastric cancer suggested
that long-term use of aspirin is associated with a
significant, dose-dependent reduction in the risk of
gastric and colon cancers [19]. The protective effect is
seen for all age groups in both men and women [19].
Longer use associated with a lower risk, although the
trend is not statistically significant. NSAIDs also have
been associated with a reduced risk of sporadic large-
bowel adenomas [16]. Evidence from both colorectal
cancer and adenoma indicates that the protective
effect of NSAIDs on neoplasia seems to require
continuous use; infrequent use is not associated with
reduced risk. NSAIDs also demonstrated anti-carci-
nogenic effects in experimental animal models [21—
24]. Chemically induced gastric tumors in mice can be
reduced by aspirin, ibuprofen, sulindac and indome-
thacin [21, 22]. NSAIDs also inhibit the growth of
transplanted tumors and carcinogen-induced skin
tumors in mice and rats [23, 24]. In both epidemio-
logical and experimental findings, the anti-cancer
effect of NSAIDs is reversible. The tumor recurrence
increases shortly after discontinuation of the NSAIDs.
Aspirin and other NSAIDs also inhibit cell prolifer-
ation and induce apoptosis in various cancer cell lines,
which is considered to be an important mechanism for
their anti-tumor activity and prevention of carcino-
genesis [14, 25, 26]. A large body of evidence now
suggests that both COX-2-dependent and COX-2-
independent mechanisms are involved in NSAIDs-
induced apoptosis [14, 25].

COX-2-dependent and -independent mechanisms

Two distinct isoforms of COX have been identified:
COX-1 and COX-2. COX-1 is expressed constitutive-
ly in most mammalian tissues and involved in homeo-
static functions such as maintenance of gastrointesti-
nal mucosal integrity [27]. On the other hand, COX-2
is largely induced during inflammation [28]. Several
studies have shown overproduction of COX-2 and
PGE2 in gastric and colon neoplastic lesions, which
suggests that the COX-2 overexpression is important
during gastric carcinogenesis [29-31]. The anti-carci-
nogenic effect of NSAIDs therefore could be medi-
ated via COX-2 inhibition. In fact, overexpression of
COX-2 has been demonstrated to contribute to
carcinogenesis by stimulating cell proliferation, in-
hibiting apoptosis and enhancing angiogenesis, and all
of these effects are thought to be mediated via PGE2
[14, 25, 31]. Overexpression of COX-2 increases the
cellular level of Bcl-2 and therefore may cause
resistance to apoptosis of premalignant cells [32].
However, how COX-2 inhibition induces apoptosis is
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not well understood. Studies have suggested that
decreased cellular PGE2 and increased arachidonic
acid levels might be involved in the inhibition of cell
proliferation and induction of apoptosis [26]. The
increased cellular concentration of arachidonic acid
can alter mitochondrial membrane permeability and
cause cytochrome c release, leading to apoptosis [33,
34]. Arachidonic acid also increases the production of
ceramide, a potent inducer of apoptosis [35]. COX-2
also has been shown to directly promote angiogenesis
in several different experimental systems [36]. Angio-
genesis is critical for progression of most human
cancers [37]. Importantly, NSAIDs inhibit both COX-
1 and COX-2 to varying degrees. The therapeutic
effects of conventional NSAIDs are derived from
inhibition of COX-2, while the adverse effects of these
agents, particularly the upper gastrointestinal tract,
arise from inhibition of COX-1 activity. This has led to
the development of selective COX-2 inhibitors, which
are comparatively less toxic to the gastrointestinal
tract than the conventional NSAIDs [27,28]. How-
ever, it is important to note that some of the selective
COX-2 inhibitors are toxic to the cardiovascular
system.

Apoptosis caused by NSAIDs could not be fully
explained by the COX inhibition. They were found to
have anti-proliferative and apoptotic effects in cell
lines, irrespective of their levels of expression of COX-
1 or COX-2 [38]. Interestingly, NSAIDs could inhibit
growth of colon cancer cell lines that do not express
COX-1 and COX-2 enzymes and in mouse embryo
fibroblasts that are null for both COX-1 and COX-2
[39, 40]. Most often, the doses of NSAIDs required to
produce anti-carcinogenic effects and to induce apop-
tosis are relatively higher than to inhibit prostaglandin
synthesis. The difference in the clinical activities of
aspirin, at low and high doses, also led to speculation
that not all the benefits of aspirin derive from
inhibition of COX [41]. Several mechanisms have
been proposed for NSAIDs-induced apoptosis, which
are COX-2-independent. These include downregula-
tion of nuclear factor-kappa B (NF-kB) activity [42—
45], alteration in the levels of pro- and anti-apoptotic
proteins [46—-48], activation of extrinsic and intrinsic
pathways of apoptosis [45, 49-52], inhibition of
proteasome function [53,54], cell cycle arrest [53-—
57] and generation of stress response and activation of
stress kinases [58-62]. Some of the above-mentioned
apoptosis-induced mechanisms could also be regulat-
ed through COX-2-dependent pathways. However,
NSAIDs differ in their ability to induce cell death,
suppression of NF-kB activation and inhibition of
expression of COX-2 [63,64]. Indomethacin, ibupro-
fen and sulindac were found to be the more potent
inducers of apoptosis compared to aspirin [63,64].
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Figure 1. Potential mechanisms of NSAIDs-induced apoptosis.

Downregulation of NF-xB pathway

NF-kB is a ubiquitous factor that regulates the
transcription of many genes involved in immune and
inflammatory responses as well as cell survival and cell
death [65-67]. NF-kB is localized in the cytoplasm in
an inactive form in association with a family of
inhibitory proteins called inhibitors of kappaB
(IxBs). In response to multiple activating signals,
IxB is phosphorylated and subsequently degraded by
the proteasome. The rapid degradation of IkB pro-
teins unmasks the nuclear localization signals of NF-
kB, which then translocate to the nucleus and activate
the transcription of multiple genes. Activation of NF-
kB seems to stimulate some pathways that promote
cell death, while other pathways promote cell survival
[65, 66]. NF-kB activity is elevated in a variety of
cancers, particularly advanced cancers that have been
treated previously [67]. High NF-kB activity is also
considered to be an important factor for the chemo-
resistance of many cancers [67, 68]. Several reports
have suggested that aspirin and several other NSAIDs
could promote apoptosis through the inhibition of NF-
kB activity [42—45]. They also inhibit tumor necrosis
factor-o. (TNF-a)-mediated NF-kB activation and
greatly sensitize gastric cancer cell lines to TNF-a
[69]. In-depth studies have shown that NSAIDs
inhibit IxB kinase 3, an enzyme that activates the NF-
kB pathway through phosphorylation and subsequent
proteasomal degradation of IkB-a [42]. However,
some reports have also demonstrated enhanced
degradation of IxB-a and increased NF-xB activity
in aspirin-induced apoptosis [70, 71]. Therefore, the
effect of NSAIDs on NF-kB activity might be cell-
specific and concentration-dependent. NSAIDs have
also been reported to inhibit AP-1 activity, which

might be linked with the induction of the apoptotic
signal [61].

Activation of intrinsic and extrinsic apoptotic
pathways

Aspirin and other NSAIDs have been found to induce
apoptosis through mitochondrial pathways by cyto-
chrome c release and activation of caspase-9 and
extrinsic pathways by activation of caspase-8 [47, 49—
52]. Release of cytochrome ¢ from mitochondria is a
central event in apoptosis [72]. It has also been
demonstrated that cytochrome c release from mito-
chondria is an early event in NSAIDs-induced apop-
tosis [49, 53]. Cytochrome c released into the cytosol
can bind with the apoptotic protease activating factor-
1 (apaf-1) and form the apoptosome complex, which
in turn leads to the sequential activation of caspase-9
and caspase-3. Aspirin-induced apoptosis can be
partially prevented by caspase-8 and caspase-3 inhib-
itors and overexpression of the anti-apoptotic protein
Bcl-2 [47, 49, 50]. apaf-1-deficient cells are very much
resistant to aspirin-induced apoptosis [49]. Activation
of caspase-8 could also play an important role in
aspirin-induced apoptosis [47]. Activated caspase-8
could amplify the apoptotic signal either by directly
activating downstream caspases or by cleaving the
BH3 interacting domain death agonist (Bid). Cleaved
tBid can translocate to the mitochondria and induce
cytochrome c release.

Upregulation of pro-apoptotic proteins and down-
regulation of anti-apoptotic proteins is also a possible
target for NSAIDs-mediated apoptosis [46-48].
NSAIDs have been shown to downregulate Bcl-2-
expression and induce the expression of Bcl-2 asso-
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ciated X protein (Bax), Bcl-2 antagonist of cell death
(Bad) and p53 [46-48, 53]. Bax could translocate from
the cytosol to the outer mitochondrial membrane and
make pores in the membrane to release cytochrome ¢
[73]. Downregulation of Bcl-2 could further promote
the release of cytochrome c. Cytochrome c release
from mitochondria can also be induced by arachidonic
acid and ceremide, which are increased during COX-2
inhibition. Therefore, mitochondria could be one of
the common targets of both COX-2-dependent and
independent apoptotic pathways induced by NSAIDs.
NSAIDs have also been reported to downregulate the
expression of protein kinase C-f1 (PKC-f1) [74].
Since PKC-f1 acts as a survival mediator, its down-
regulation could potentially induce cell death.

Inhibition of proteasome function and cell cycle arrest

NSAIDs also could induce cell cycle arrest and
apoptosis through inhibition of proteasome function
[53-57]. The ubiquitin proteasome system (UPS) is
the cell’s major extralysosomal pathway responsible
for intracellular protein degradation in eukaryotes.
This pathway is involved in the degradation of several
critical regulatory proteins associated with regulation
of the cell cycle and differentiation [75,76]. It func-
tions through a two-step system. First, the target
proteins are attached to a chain of ubiquitin molecules
through covalent attachment and then, in the second
step, the tagged protein is recognized and degraded by
the proteasomal machinery. Since the UPS is involved
in the degradation of many short-lived proteins that
are required for cell survival, it is expected that the
dysfunction of this pathways will promote cell death.
Indeed, this has been proven true by the several
reports showing that pharmacological inhibition of
proteasome function induces dual apoptotic signaling
pathways, depending on cell types and conditions [77 -
79]. Several studies have also shown that proteasome
inhibition generates stress response and induces
various heat-shock proteins, which increase cell toler-
ance to stressful conditions [80]. Proteasome inhib-
itors also inhibit NF-kB activity, induce oxidative and
endoplasmic (ER) stress, and activate various stress
kinases. Treatment of aspirin in various cell lines has
been found to decrease proteasome activity and
increase accumulation of ubiquitylated proteins,
which correlates with its effect on cell death [53].
Aspirin and other NSAIDs exposure also increases
the intracellular accumulation of various proteasomal
substrates which are pro-apoptotic, like Bax, IxB-a,
p53, p21™CP and p274°'[46,47, 53,55, 56]. Increased
accumulation of p27*P! or p21™“P! would result in
cell cycle arrest at the G1/S phase and apoptosis. But

NSAIDs and apoptosis

how aspirin or other NSAIDs induce proteasomal
malfunction is not known. However, NSAIDs-in-
duced proteasomal dysfunction could explain diverse
reported effects of NSAIDs, including inhibition of
NF-«B activity, cell cycle arrest, and induction of dual
apoptotic signaling pathways and stress response. All
these effects can be observed during proteasomal
inhibition.

Induction of stress response

NSAIDs have been found to induce ER and oxidative
stress, and these stress responses could be involved in
the initiation of apoptotic signals [58—-60]. ER stress
response is induced when unfolded proteins accumu-
late in the ER. If this stress response is insufficient, the
apoptotic response is initiated by both activating
transcription factor (ATF) 4- and 6-dependent acti-
vation of C/EBP homologous transcription factor
(CHOP). ER stress also activates apoptosis signal-
regulating kinase 1 (ASK1), and activated ASK1
induces apoptosis through cJun N-terminal kinase
(JNK) [81]. ER stress also causes activation of
caspase-12. Activated caspase-12 can further activate
caspase-9 and -3 [81]. Indomethacin has been shown
to induce both glucose-regulated protein-78 and
CHOP [60]. It also causes activation of ATF6, ATF4
and X box binding protein-1, ASK1 and JNK [60-62,
82]. NSAIDs-induced apoptosis could also be initi-
ated through the generation of oxidative stress, which
activates the intrinsic pathway of apoptosis involving
mitochondria [58, 59]. Generation of ER or oxidative
stress by NSAIDs also most likely depends on the
concentrations and the types of drugs used [83]. Nitric
oxide-donating NSAIDs, which are safer than their
NSAIDs counterpart, are more potent inducers of
oxidative stress and apoptosis [83].

Conclusion

It is very clear from the literature that multiple
pathways are associated with aspirin and other
NSAIDs-induced apoptosis. Some of those pathways
are COX-2-dependent while others are COX-2-inde-
pendent. Further understanding of the mechanisms of
NSAIDs-induced apoptosis will greatly help in de-
signing more potent and safer drugs for the treatment
of gastric and colon cancers. One of the major
problems of NSAIDs is that they require higher
doses to produce anti-carcinogenic effects and to
induce apoptosis. Selective COX-2 inhibitors or nitric
oxide-donating NSAIDs with minimum gastrointesti-
nal side effects could be promising anti-cancer drugs.
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They can also be combined with drugs targeting other
oncogenic pathways for further improvement of
clinical outcome.

Acknowledgments. This work was supported by the Department of
Biotechnology, Government of India.

10

11

12

13

14

15

16

17

18

Wolfe, M. M., Lichtenstein, D. R. and Singh, G. (1999) Gastro-
intestinal toxicity of non-steroidal anti-inflammatory drugs. N.
Engl. J. Med. 340, 1888-1899.

Vane, J. R. (1971) Inhibition of prostaglandin synthesis as a
mechanism of action for aspirin-like drugs. Nat. New Biol. 231,
232-235.

Vane, J. R., Flower, R. J. and Botting, R. M. (1990) History of
aspirin and its mechanism of action. Stroke 21, 12-23.

Green, D. R. and Kroemer, G. (2004) The pathophysiology of
mitochondrial cell death. Science 305, 626—629.

Green, D. R. (2005) Apoptotic pathways: ten minutes to dead.
Cell 121, 671-674.

Green, D. R. and Kroemer, G. (2005) Pharmacological manip-
ulation of cell death: clinical applications in sight? J. Clin.
Invest. 115, 2610-2617.

Gupta, R. A. and DuBois, R. N. (1998) Aspirin, NSAIDS, and
colon cancer prevention: mechanisms? Gastroenterology 114,
1095-1098.

Rao, C.V. and Reddy, B.S. (2004) NSAIDs and chemo-
prevention. Curr. Cancer Drug Targets 4, 29-42.

Thun, M. J., Henley, S. J. and Patrono, C. (2002) Nonsteroidal
anti-inflammatory drugs as anticancer agents: mechanistic,
pharmacologic, and clinical issues. J. Natl. Cancer Inst. 94,252 -
266.

Giovannucci, E., Egan, K. M., Hunter, D. J., Stampfer, M. J.,
Colditz, G. A., Willett, W. C. and Speizer, F. E. (1995) Aspirin
and the risk of colorectal cancer in women. N. Engl. J. Med. 333,
609-614.

Farrow, D. C., Vaughan, T. L., Hansten, P. D., Stanford, J. L.,
Risch, H. A., Gammon, M. D., Chow, W. H., Dubrow, R.,
Ahsan, H., Mayne, S. T. et al. (1998) Use of aspirin and other
nonsteroidal anti-inflammatory drugs and risk of esophageal
and gastric cancer. Cancer Epidemiol. Biomarkers Prev. 7,97 -
102.

Akre, K., Ekstrom, A. M., Signorello, L. B., Hansson, L. E.
and Nyren, O. (2001) Aspirin and risk for gastric cancer: a
population-based case-control study in Sweden. Br. J. Cancer
84, 965-968.

Baron, J. A., Sandler, R. S. (2000) Nonsteroidal anti-inflam-
matory drugs and cancer prevention. Annu. Rev. Med. 51,511 -
523.

Dai, Y. and Wang, W. H. (2006) Non-steroidal anti-inflamma-
tory drugs in prevention of gastric cancer. World. J. Gastro-
enterol. 12, 2884 —2889.

Zaridze, D., Borisova, E., Maximovitch, D. and Chkhikvadze,
V. (1999) Aspirin protects against gastric cancer: results of a
case-control study from Moscow, Russia. Int. J. Cancer 82,473 -
476.

Greenberg, E. R., Baron, J. A., Freeman, D. H., Jr., Mandel,
J.S. and Haile, R. (1993) Reduced risk of large-bowel
adenomas among aspirin users. The Polyp Prevention Study
Group. J. Natl. Cancer Inst. 85, 912-916.

Dube, C., Rostom, A., Lewin, G., Tsertsvadze, A., Barrow-
man, N., Code, C., Sampson, M. and Moher, D. (2007) The use
of aspirin for primary prevention of colorectal cancer: a
systematic review prepared for the U.S. Preventive Services
Task Force. Ann. Intern. Med. 146, 365-375.

Gridley, G., McLaughlin, J. K., Ekbom, A., Klareskog, L.,
Adami, H. O., Hacker, D. G., Hoover, R. and Fraumeni, J. F.
Jr. (1993) Incidence of cancer among patients with rheumatoid
arthritis. J. Natl. Cancer Inst. 85, 307-311.

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Visions & Reflections (Minireview) 1299

Wang, W. H., Huang, J. Q., Zheng, G. F., Lam, S. K., Karlberg,
J. and Wong, B. C. (2003) Non-steroidal anti-inflammatory
drug use and the risk of gastric cancer: a systematic review and
meta-analysis. J. Natl. Cancer Inst. 95, 1784-1791.
Schreinemachers, D. M. and Everson, R. B. (1994) Aspirin use
and lung, colon, and breast cancer incidence in a prospective
study. Epidemiology 5, 138—-146.

Tanaka, T., Kojima, T., Yoshimi, N., Sugie, S. and Mori, H.
(1991) Inhibitory effect of the non-steroidal anti-inflammatory
drug, indomethacin on the naturally occurring carcinogen, 1-
hydroxyanthraquinone in male ACI/N rats. Carcinogenesis 12,
1949-1952.

Hu, P.J., Yu, J., Zeng, Z. R., Leung, W. K., Lin, H. L., Tang,
B. D., Bai, A. H. and Sung, J.J. (2004) Chemoprevention of
gastric cancer by celecoxib in rats. Gut 53, 195-200.
Sawaoka, H., Kawano, S., Tsuji, S., Tsujii, M., Gunawan, E. S.,
Takei, Y., Nagano, K. and Hori, M. (1998) Cyclooxygenase-2
inhibitors suppress the growth of gastric cancer xenografts via
induction of apoptosis in nude mice. Am. J. Physiol. 274, 1061 -
1067.

Beazer-Barclay, Y., Levy, D. B., Moser, A.R., Dove, W. E.,
Hamilton, S.R., Vogelstein, B. and Kinzler, K. W. (1996)
Sulindac suppresses tumorigenesis in the Min mouse. Carcino-
genesis 17, 1757-1760.

Chan, T. A. (2002) Nonsteroidal anti-inflammatory drugs,
apoptosis, and colon-cancer chemoprevention. Lancet
Oncol. 3, 166-174.

Chan, T. A., Morin, P. J., Vogelstein, B. and Kinzler, K. W.
(1998) Mechanisms underlying nonsteroidal antiinflammatory
drug-mediated apoptosis. Proc. Natl. Acad. Sci. USA, 95, 681 -
686.

Silverstein, F. E., Faich, G., Goldstein, J. L., Simon, L. S.,
Pincus, T., Whelton, A., Makuch, R., Eisen, G., Agrawal,
N. M., Stenson, W. F. et al. (2000) Gastrointestinal toxicity with
celecoxib vs nonsteroidal anti-inflammatory drugs for osteo-
arthritis and rheumatoid arthritis: the CLASS study: a
randomized controlled trial. Celecoxib Long-term Arthritis
Safety Study. JAMA 284, 1247-1255.

Hinz, B., Renner, B. and Brune, K. (2007) Drug insight: cyclo-
oxygenase-2 inhibitors — a critical appraisal. Nat. Clin. Pract.
Rheumatol. 10, 552-560.

Lim, H. Y., Joo, H. J., Choi, J. H, Yi, J. W., Yang, M. S., Cho,
D.Y.,Kim,H. S.,Nam, D. K., Lee, K. B. and Kim, H. C. (2000)
Increased expression of cyclooxygenase-2 protein in human
gastric carcinoma. Clin. Cancer Res. 6, 519-525.

Soydan, A.S., Gaffen, J. D., Weech, P. K., Tremblay, N. M.,
Kargman, S., O’Neill, G., Bennett, A. and Tavares, I. A. (1997)
Cytosolic phospholipase A2, cyclo-oxygenases and arachido-
nate in human stomach tumours. Eur. J. Cancer 33, 1508-1512.
Scartozzi, M., Galizia, E., Freddari, F., Berardi, R., Cellerino,
R. and Cascinu, S. (2004) Molecular biology of sporadic gastric
cancer: prognostic indicators and novel therapeutic ap-
proaches. Cancer Treat. Rev. 30, 451-459.

Tsuji, M. and DuBois, R. N. (1995) Alteration in cellular
adhesion and apoptosis in endothelial cells overexpressing
prostaglandin endoperoxide synthase-2. Cell 83, 493-501.
Cao, Y., Pearman, A. T., Zimmerman, G. A., Mclntyre, T. M.
and Prescott, S. M. (2000) Intracellular unesterified arachi-
donic acid signals apoptosis. Proc. Natl. Acad. Sci. USA 97,
11280-11285.

Scorrano, L., Penzo, D., Petronilli, V., Pagano, F. and Bernardi,
P. (2001) Arachidonic acid causes cell death through the
mitochondrial permeability transition. Implications for tumor
necrosis factor-alpha aopototic signaling. J. Biol. Chem. 276,
12035-12040.

Hannun, Y. A. (1996) Functions of ceramide in coordinating
cellular responses to stress. Science 274, 1855-1859.

Uefuji, K., Ichikura, T. and Mochizuki, H. (2000) Cyclo-
oxygenase-2 expression is related to prostaglandin biosynthesis
and angiogenesis in human gastric cancer. Clin. Cancer Res. 6,
135-138.



1300

37

38

39

40

41
42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

N. R. Jana

Folkman, J. (2002) Role of angiogenesis in tumor growth and
metastasis. Semin. Oncol. 29, 15-18.
Hanif, R., Pittas, A., Feng, Y., Koutsos, M. I., Qiao, L.,
Staiano-Coico, L., Shiff, S. I. and Rigas, B. (1996) Effects of
nonsteroidal anti-inflammatory drugs on proliferation and on
induction of apoptosis in colon cancer cells by a prostaglandin-
independent pathway. Biochem. Pharmacol. 52, 237-245.
Zhang, X., Morham, S. G., Langenbach, R. and Young, D. A.
(1999) Malignant transformation and antineoplastic actions of
nonsteroidal antiinflammatory drugs (NSAIDs) on cycloox-
ygenase-null embryo fibroblasts. J. Exp. Med. 190, 451-459.
Soh, J. W. and Weinstein, 1. B. (2003) Role of COX-independ-
ent targets of NSAIDs and related compounds in cancer
prevention and treatment. Prog. Exp. Tumor Res. 37, 261-85.
O’Neill, E. A. (1998) A new target for aspirin. Nature 396, 17.
Yin, M. J., Yamamoto, Y. and Gaynor, R. B. (1998) The anti-
inflammatory agents aspirin and salicylate inhibit the activity
of I(kappa)B kinase-beta. Nature 396, 77-80.
Kopp, E. and Ghosh, S. (1994) Inhibition of NF-kappa B by
sodium salicylate and aspirin. Science 265, 956—-959.
Grilli, M., Pizzi, M., Memo, M. and Spano, P. (1996) Neuro-
protection by aspirin and sodium salicylate through blockade
of NF-kappaB activation. Science 274, 1383-1385.
Wong, B. C., Jiang, X., Fan, X. M., Lin, M. C., Jiang, S. H.,
Lam, S. K. and Kung, H. F. (2003) Suppression of RelA/p65
nuclear translocation independent of IkappaB-alpha degrada-
tion by cyclooxygenase-2 inhibitor in gastric cancer. Oncogene
22,1189-1197.
Zhou, X. M., Wong, B. C., Fan, X. M., Zhang, H. B., Lin,
M. C., Kung, H. F., Fan, D. M. and Lam, S. K. (2001) Non-
steroidal anti-inflammatory drugs induce apoptosis in gastric
cancer cells through up-regulation of bax and bak. Carcino-
genesis 22, 1393-1397.
Gu, Q., Wang,J. D., Xia, H. H., Lin, M. C. M., He, H., Zou, B.,
Tu, S. P, Yang, Y., Liu, X. G.,, Lam, S.K. et al. (2005)
Activation of the caspase-8/Bid and Bax pathways in aspirin-
induced apoptosis in gastric cancer. Carcinogenesis 26, 541 —
546.
Ho, C. C.,, Yang, X. W., Lee, T. L., Liao, P. H., Yang, S. H.,
Tsai, C. H. and Chou, M. Y. (2003) Activation of p53 signalling
in acetylsalicylic acid-induced apoptosis in OC2 human oral
cancer cells. Eur. J. Clin. Invest. 33, 875-882.
Zimmermann, K.C., Waterhouse, N.J., Goldstein, J. C.,
Schuler, M. and Green, D. R. (2000) Aspirin induces apoptosis
through release of cytochrome c from mitochondria. Neoplasia
2,505-513.
Pique, M., Barragan, M., Dalmau, M., Bellosillo, B., Pons, G.
and Gil, J. (2000) Aspirin induces apoptosis through mitochon-
drial cytochrome c release. FEBS Lett. 480, 193-196.
Bellosillo, B., Barragan, M., Castno, E., Villamor, N.,
Colomer, D., Montsrrat, E., Pons, G. and Gil, J. (1998) Aspirin
and salicylate induce apoptosis and activation of caspases in B-
cell chronic lymphocytic leukemia cells. Blood 92, 1406—1414.
Redlak, M. J., Power, J.J. and Miller, T. A. (2005) Role of
mitochondria in aspirin-induced apoptosis in human gastric
epithelial cells. Am. J. Physiol. Gastrointest. Liver Physiol. 289,
G731-738.
Dikshit, P., Chatterjee, M., Goswami, A., Mishra A. and Jana,
N. R. (2006) Aspirin induces apoptosis through the inhibition
of proteasome function. J. Biol. Chem. 281, 29228-29235.
Huang, Y. C., Chuang, L. Y. and Hung, W. C. (2002) Mecha-
nisms underlying nonsteroidal anti-inflammatory drug-in-
duced p27(Kipl) expression. Mol. Pharmacol. 62, 1515-1521.
Bock, J. M., Menon, S. G., Goswami, P. C., Sinclair, L. L.,
Bedford, N. S., Domann, F. E. and Trask, D. K. (2007) Relative
non-steroidal anti-inflammatory drug (NSAID) antiprolifera-
tive activity is mediated through p21-induced G1 arrest and
E2F inhibition. Mol. Carcinog. 46, 857—-864.
Luciani, M. G., Campregher, C. and Gasche, C. (2007) Aspirin
blocks proliferation in colon cells by inducing G1 arrest and
apoptosis through activation of the checkpoint kinase ATM.
Carcinogenesis 10, 2207-2217.

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

NSAIDs and apoptosis

Piazza, G. A., Rahm, A. K., Finn, T. S., Fryer, B. H., Li, H.,
Stoumen, A. L., Pamukcu, R. and Ahnen, D. J. (1997) Apop-
tosis primarily accounts for the growth-inhibitory properties of
sulindac metabolites and involves a mechanism that is inde-
pendent of cyclooxygenase inhibition, cell cycle arrest, and pS3
induction. Cancer Res. 57, 2452-2459.

Gao, J., Liu, X. and Rigas, B. (2005) Nitric oxide-donating
aspirin induces apoptosis in human colon cancer cells through
induction of oxidative stress. Proc. Natl. Acad. Sci. USA, 102,
17207-17212.

Adachi, M., Sakamoto, H., Kawamura, R., Wang, W., Imai, K.
and Shinomura, Y. (2007) Nonsteroidal anti-inflammatory
drugs and oxidative stress in cancer cells. Histol. Histopa-
thol. 22437-22442.

Tsutsumi, S., Gotoh, T., Tomisato, W., Mima, S., Hosjino, T,
Hwang, H.-J., Takenaka, H., Tsuchiya, T., Mori, M. and
Mizushima, T. (2004) Endoplasmic reticulum stress response is
involved in nonsteroidal anti-inflammatory drug-induced
apoptosis. Cell. Death Differ. 11, 1009-1016.

Wong, B. C., Jiang, X. H., Lin, M. C., Tu, S. P., Cui, J. T., Jiang,
S. H., Wong, W. M., Yuen, M. F,, Lam, S. K. and Kung, H. F.
(2004) Cyclooxygenase-2 inhibitor (SC-236) suppresses acti-
vator protein-1 through c-Jun NH2-terminal kinase. Gastro-
enterology 126, 136-147.

Schwenger, P., Bellosta, P., Vietor, 1., Basilico, C., Skolnik,
E. Y. and Vilcek, J. (1997) Sodium salicylate induces apoptosis
via p38 mitogen-activated protein kinase but inhibits tumor
necrosis factor-induced c-Jun N-terminal kinase/stress-activat-
ed protein kinase activation. Proc. Natl. Acad. Sci. USA, 94,
2869-2873.

Takada, Y., Bhardwaj, A., Potdar, P. and Aggarwal, B. B.
(2004) Nonsteroidal anti-inflammatory agents differ in their
ability to suppress NF-kappaB activation, inhibition of ex-
pression of cyclooxygenase-2 and cyclin D1, and abrogation of
tumor cell proliferation. Oncogene 23, 9247-92458.
Andrews, J., Djakiew, D., Krygier, S. and Andrews, P. (2002)
Superior effectiveness of ibuprofen compared with other
NSAIDs for reducing the survival of human prostate cancer
cells. Cancer Chemother. Pharmacol. 50, 277 -284.

Baeuerle, P. and Baltimore, D. (1996) NF-kB: ten years after.
Cell 87, 13-20.

Mattson, M. P. and Camandola, S. (2001) NF-kappaB in
neuronal plasticity and neurodegenerative disorders. J. Clin.
Invest. 107, 247-254.

Garg, A. and Aggarwal, B. B. (2002) Nuclear transcription
factor-kB as a target for cancer drug development. Leukemia
16, 1053-1068.

McCarty, M. F. and Block, K. I. (2006) Pre-administration of
high-dose salicylates, suppressors of NF-kappaB activation
may increase the chemo sensitivity of many cancers: an
example of proapoptotic signal modulation therapy. Integr.
Cancer Ther. 5, 252-268.

Kim, K. M., Song, J.J., An, J. Y., Kwon, Y. T. and Lee, Y. J.
(2005) Pretreatment of acetylsalicylic acid promotes tumor
necrosis factor-related apoptosis-inducing ligand-induced
apoptosis by down-regulating BCL-2 gene expression. J. Biol.
Chem. 280, 41047-41056.

Stark, L. A., Reid, K., Sansom, O. J., Din, F. V., Guichard, S.,
Mayer, 1., Jodrell, D. 1., Clarke, A.R. and Dunlop, M. G.
(2007) Aspirin activates the NF-kappaB signaling pathway and
induces apoptosis in intestinal neoplasia in two in vivo models
of human colorectal cancer. Carcinogenesis 28, 968—976.
Din, F. V., Stark, L. A. and Dunlop, M. G. (2005) Aspirin-
induced nuclear translocation of NFkappaB and apoptosis in
colorectal cancer is independent of p53 status and DNA
mismatch repair proficiency. Br. J. Cancer 92, 1137-1143.
Reed, J. C. (1997) Cytochrome c: can’t live with it — can’t live
without it. Cell 91, 559-562.

Zhang, L., Yu, J., Park, B. H., Kinzler, K. W. and Vogelstein, B.
(2000) Role of BAX in the apoptotic response to anticancer
agents. Science 290, 989-992.



Cell. Mol. Life Sci.

74

75

76

77

78

Vol. 65, 2008

Zhu, G. H., Wong, B. C., Slosberg, E. D., Eggo, M. C., Ching,
C. K., Yuen, S. T., Lai, K. C., Soh, J. W., Weinstein, 1. B. and
Lam, S. K. (2000) Overexpression of protein kinase C-betal
isoenzyme suppresses indomethacin-induced apoptosis in
gastric epithelial cells. Gastroenterology 118, 507-514.
Glickman, M. H. and Ciechanover, A. (2002) The ubiquitin-
proteasome proteolytic pathway: destruction for the sake of
construction. Physiol. Rev. 82, 373-428.

Orlowski, R. Z. (1999) The role of the ubiquitin-proteasome
pathway in apoptosis. Cell Death Differ. 6, 303-313.

Lopes, U. G., Erhardt, P., Yao, R. and Cooper, G. M. (1997)
P53-dependent induction of apoptosis by proteasome inhib-
itors. J. Biol. Chem. 272, 12893 -12896.

Jana, N. R., Dikshit, P., Goswami, A. and Nukina, N. (2004)
Inhibition of proteasomal function by curcumin induces
apoptosis through mitochondrial pathway. J. Biol. Chem. 279,
11680-11685.

79

80

81

82

83

Visions & Reflections (Minireview) 1301

Drexler, H. C., Risau, W. and Konerding, M. A. (2000)
Inhibition of proteasome function induces programmed cell
death in proliferating endothelial cells. FASEB J. 14, 65-77.
Bush, K. T., Goldberg, A. L. and Nigam, S. K. (1997) Protea-
some inhibition leads to a heat-shock response, induction of
endoplasmic reticulum chaperones, and thermotolerance. J.
Biol. Chem. 272, 9086—9092.

Kaufman, R.J. (2002) Orchestrating the unfolded protein
response in health and disease. J. Clin. Invest. 110, 1389-1398.
Pillinger, M. H., Capodici, C., Rosenthal, P., Kheterpal, N.,
Hanft, S., Philips, M. R. and Weissmann, G. (1998) Modes of
action of aspirin-like drugs: salicylates inhibit erk activation
and integrin-dependent neutrophil adhesion. Proc. Natl. Acad.
Sci. USA 95, 14540-14545.

Rigas, B. (2007) The use of nitric oxide-donating nonsteroidal
anti-inflammatory drugs in the chemoprevention of colorectal
neoplasia. Curr. Opin. Gastroenterol. 23, 55-59.

To access this journal online:
http://www.birkhauser.ch/CMLS



http://www.birkhauser.ch/CMLS

