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Introduction

The cyclooxygenase enzymes
The cyclooxygenase (COX) enzymes are involved 
in the oxidative rate-limiting step in the transformation
of arachidonic acid into prostaglandin (PG)H2 via
PGG2 (which is the substrate for all the other specific
PG synthesases, including PGE2, prostacyclin and
thromboxanes). The two main COX isoforms, COX-1
and COX-2 [1] were first demonstrated in the early
1990s [2,3] COX-1 is constitutively expressed in
most tissues [4], and is responsible for physiological
housekeeping functions such as platelet aggrega-
tion and gastric cytoprotection [5]. COX-2 expres-
sion is induced by a wide range of growth factor and
oncogenes [6], including the Type 1 Tyrosine-kinase

human epidermal growth factor receptor HER-2/neu
(c-erbB2), the NF�B and NFIL6 inflammation path-
ways. Over-expression of COX-2 has been detected
in over 70% of in situ and invasive breast tumours [7]
in addition to a wide variety of solid epithelial tumours
including the colon, lung, prostate, skin, oesophagus,
pancreas and bladder [8]. Over-expression of COX-2
has been shown to promote angiogenesis [9] and
cell proliferation [7,10] and inhibit apoptosis [11]. In
invasive breast cancer, high levels of COX-2 expres-
sion are associated with a significantly poorer disease-
free survival compared with patients whose tumours
express low or no COX-2 [12], and high levels of
COX-2 correlate with an increased risk of recurrence
in the pre-invasive breast cancer ductal carcinoma
in situ (DCIS) [13].

COX inhibitors
Vane demonstrated the anti-inflammatory properties
of non-steroidal anti-inflammatory drugs (NSAIDs) in
1971 [14]. These inhibitors show action against both
COX-1 and COX-2 isoforms. Their duration of use is
still limited due to their gastrointestinal side effects
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including peptic ulceration secondary to inhibition of
COX-1. Therefore more recently there has been devel-
opment of selective inhibitors. The COX-2 selective
inhibitors were initially licensed for use in osteoarthri-
tis. Their specificity lies with the fact that COX-1 and
COX-2 are structurally different. COX-2 has a side
pocket (thought to be the binding site) which is not
present in the COX-1 enzyme [15]. This large side
pocket allows bulkier specific inhibitors to attach to
COX-2, which could not attach to the smaller bind-
ing site on COX-1 [16,17]. It was believed these selec-
tive inhibitors would not show the COX-1 related side
effects (including gastric ulceration). The degree of
avoidance of these COX-1 mediated side effects is
still contentious and the overall safety of the COX-2
specific inhibitors has recently been brought in to
question and is discussed later.

COX inhibitors and cancer
The anti-tumour effects of the both the non-selec-
tive and selective COX inhibitors have been demon-
strated. Results of the women’s health initiative (WHI)
observational study found that regular users (more
than two tablets a week for 5–9 years) of NSAIDs
showed a 21% reduction in breast cancer relative risk
(RR) 0.79; 95% confidence interval (CI) 0.60–1.04
and long-term use (�10 years) a 28% reduction RR
0.72; 95% CI 0.28–0.96 [18] compared to non-users.
In animal models aspirin, indomethacin, ibuprofen
and diclofenac are among the non-selective inhibitors
that have shown anti-cancer effects, including reduc-
tion of tumour growth, cell proliferation, apoptosis and
angiogenesis. The proof of principle work regarding
COX-2 inhibition and cancer was undertaken with
colorectal cancer. In familial adenomatous polyposis
(FAP) of the bowel, COX-2 inhibition has been shown
to inhibit the development of invasive cancer and
reduce the frequency of polyp formation [19–22]. A
key study using 6 months of the selective COX-2
inhibitor Celecoxib, 400 mg bd (twice the licensed
anti-arthritis dose) showed a significant reduction in
polyp formation compared with placebo [22]. Studies
using Celecoxib in transgenic mice engineered to
over-express HER-2/neu (an inducer of COX-2 expres-
sion) show reduced incidence of mammary tumours
[23,24], and a reduction in metastatic potential [25].
Work from our laboratory [26] has demonstrated that
Celecoxib prevents the growth of human breast
tumour xenografts in a nude mouse model.

Mechanism of action

Proliferation and apoptosis
COX-2 expression is associated with high levels of
cell proliferation [7,27], but as yet no data have been

published that show inhibition of COX-2 leads to
reduced proliferation in vivo. Studies of transgenic
mice engineered to over-express COX-2 have shown
that these mice form mammary tumours earlier and
more often than wild type mice, their mammary glands
contain fewer apoptotic cells and show reduced
expression of the pro-apoptotic proteins BAX and
BCl-x(L) [28]. COX inhibition has been shown to
increase apoptosis by a number of varied mecha-
nisms. COX-2 inhibition has been shown to decrease
tumour burden and apoptosis in an in vivo model 
of spontaneous metastatic breast cancer [29] with
reduced activation of the pro-apoptotic serine/
threonine kinase AKT, which is a key regulator of
PI3Kinase mediated cell signalling. When AKT is
phosphorylated it inhibits apoptosis by a variety of
downstream effectors including phosphorylation of
BAD (a Bcl-2 family member) and with a release 
of Bcl-2 family anti-apoptotic proteins which inhibit the
mitochondrial death pathway. In a study investigat-
ing the effect of Celecoxib on prostate cancer cell
lines, AKT phosphorylation was also shown to be
significantly decreased following Celecoxib, leading
to increased caspase-3 activation and apoptosis [11].
In colorectal cancer NSAIDs and COX-2 inhibitors
have also proven to increase apoptosis. Again inacti-
vation of AKT has been seen [30] as well as downregu-
lation of the inhibitor of apoptosis protein (IAP)
survivin [30] supression of NF�B [31] and accumula-
tion of arachidonic acid (the COX substrate) [30] which
via the generation of ceramide has been shown to
increase apoptosis [32].

Angiogenesis/lymphangiogenesis
Celecoxib is known to be a potent anti-angiogenic
agent. Over-expression of COX-2 leads to increased
vascular endothelial growth factor receptor (VEGF)
production [33] and publications from Dubois et al.
have demonstrated that COX-2 inhibition leads to a
reduction in VEGF [33–35]. Lung cancer xenografts
show decreased vascularity when implanted into mice
engineered to lack the expression of COX-2 [36]. In
invasive breast cancer, COX-2 expression correlates
with levels of angiogenesis (measured by CD-31 stain-
ing) [37] and lymph node metastasis [38] In normal
mammary tissue COX-2 regulates angiogenesis via
PGE2 production [9] and inhibition of angiogenesis by
COX-2 inhibitors has a potential use in chemopreven-
tion. A randomized trial using Celecoxib for 2 weeks
before surgery, compared with no treatment, showed
a fall in serum VEGF after 2 weeks of treatment and
may be useful in preventing angiogenesis and lym-
phovascular spread in the peri-operative period [39].

As most breast cancers spread initially via the
lymphatics, an important property of COX-2 inhibitors
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may be their ability to inhibit the formation of new
lymphatic vessels (lymphangiogenesis). A study from
our own laboratory suggests that, in addition to the
ability of COX-2 to be an anti-angiogenic agent, it may
also be a potent anti-lymphangiogenic factor [26].

COX-2 independent effects
A number of authors suggest that there are Cyclo-
oxygenase independent effects of the COX inhibitors.
In cell culture models NSAIDs have been shown to
decrease proliferation and increase apoptosis of cells
irrespective of whether they expressed the COX
enzymes [40]. In addition derivatives of Celecoxib (the
selective COX-2 inhibitor) which lack COX-2 inhibitory
effects, maintain their ability to increase apoptosis
[41]. The non-COX targets of the inhibitors have 
been suggested to include phosphodiesterases, 
the transcription factor NF�B, the serine–threonine
kinases -3-phosphoinositide-dependent kinase-1
(PDK1) and ribosomal S6 kinase-2 (RSK2), Ras, and
the peroisome proliferative-activated receptors
(PPAR) alpha, gamma and delta. The exact mecha-
nisms of COX independent inhibition remain to be
clarified in vivo.

COX inhibitors in breast cancer: alone or 
in combination?
Mounting pre-clinical evidence that COX-2 inhibition
is a novel anti-cancer strategy prompted the forma-
tion of a number of Phase II and III clinical trials of its
efficacy in patient populations. Following the recent
controversy over COX-2 inhibitor class safety, a num-
ber of these trials have now closed to recruitment and
trials that are continuing are not treating patients with
COX-2 inhibitors for longer than 1 year. It is likely that,
if COX inhibitors are introduced into clinical practice
in the future that they will be used as combination
therapy either with hormonal agents, such as an aro-
matase inhibitors (AIs) or with growth factor receptor
blockers, such as trastuzumab (Herceptin®). COX-2
inhibitors have also been shown to enhance the
chemo- [42,43] and radio-sensitivity of tumours [44].

PGE2 and cytokines, such as interleukin-6 or TNF-�,
regulate aromatase activity in tumour cells [45,46],
there is a strong association between increasing
COX-1 and COX-2 expression and the aromatase
CYP19 gene expression in breast cancer [45]. In addi-
tion the PG product of COX-2 activity, PGE2, markedly
increases the presence of aromatase [47]. Therefore,
blocking PGE2 using COX-2 inhibitors may inhibit
aromatase activity and, when combined with AIs,
reduce tumour recurrence, enhancing the inhibition
of a common target. The effects of this inhibition in
vivo have been demonstrated in a rodent model by
Pesenti et al. where they have shown that Celecoxib

combined with exemestane significantly inhibits the
growth of mammary tumours compared with control
or Celecoxib alone [48], and results of a small, ran-
domized, Phase II study of 111 post-menopausal
women with advanced breast cancer treated with
exemestane, 25 mg qd, and Celecoxib, 400 mg bd
showed a longer time to recurrence (with no additional
side-effects) following the use of Celecoxib and
exemestane [49].

Blocking PGE2 production by inhibiting COX-2
has been shown to result in decreased HER-2/neu
protein levels [50]. Up to 80% of DCIS expresses
COX-2 and its expression correlates strongly with
expression of HER-2/neu [51,52]. It may therefore be
beneficial to use COX-2 inhibition in combination with
the monoclonal antibody to HER-2, trastuzumab
(Herceptin®). One Phase II randomized trial using
trastuzumab, with or without Celecoxib, in metastatic
breast cancer patients (who previously progressed
after trastuzumab-based treatments) found that there
was no tumour responses with the combination.
Though the drug combination was well tolerated [53].
The effects on trastuzumab naïve patients is not 
yet know.

In Lewis lung cancer models, co-administration of
Celecoxib with Cyclophosphamide has proven sig-
nificantly more effective in preventing tumour growth
of than either drug alone [54] and studies using
combinations of several chemotherapy agents with
Celecoxib have indicated that Celecoxib lowers the
threshold of sensitivity to chemotherapy [42,43].

COX-2 is expressed in high levels in DCIS and
there is interest in the use of COX-2 inhibitors to pre-
vent recurrence of this pre-invasive disease and it is
possible that combining COX-2 inhibition with an AI
in DCIS patients will reduce recurrence in both the
ipsilateral and contralateral breast. Early, placebo-
controlled studies in DCIS are assessing the effects
of 14 days of pre-operative Celecoxib on prolifera-
tion, apoptosis and angiogenesis. Given the lack of
chemopreventive agents that can be used to pre-
vent ER-negative breast cancer or used as adjuvant
therapy in ER-negative breast cancer, there is a
potential primary role for Celecoxib in this setting.

Safety issues: an ongoing debate
The recent withdrawal of Rofecoxib (Vioxx®) from
the market due to an increased risk of cardiovascular
events high-lighted in the APPROVe trial [55] which
confirmed previous evidence in the Vioxx Gastro-
intestinal Outcomes Research (VIGOR) trial [56] has
brought the safety of other COX-2 inhibitors into ques-
tion. The FDA in the United States has also recently
recommended the withdrawl of another COX-2
inhibitor – Valdecoxib (Bextra®) from the market. The
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New England Journal of Medicine, recently published
a review of Celecoxib cardiac safety. This raises con-
cerns about the cardiac safety of prolonged and high
dose COX-2 inhibition [57], and although a recent arti-
cle by Kimmel et al. [58] suggested that patients who
had been taking Rofecoxib had a three times greater
risk of Myocardial infarction compared to patients
taking Celecoxib, the jury is still out on the overall class
safety.

With the accumulation of data suggesting that
COX-2 inhibition is an exciting novel anti-cancer strat-
egy, the use of this pathway as an anti-cancer strategy
should continue to be investigated. However there
may need to have obligate introduction of drug holi-
days during treatment, the use of drug combinations
(as mentioned above) permitting lower-dose treat-
ment, or indeed the development of new generation
products, which either target COX-2, or permit other
downstream factors of the pathways to be perturbed.
This avenue is already being investigated with new
classes of compounds targeting the AKT and Erk
signalling pathways created by modifying existing
COX-2 inhibitor structures [59].

Conclusions

The results from pre-clinical studies suggest that
COX-2 inhibition either alone or in combination with
other therapeutic agents may be able to reduce over-
all disease recurrence and/or metastatic spread. And
although the toxicity issues surrounding the COX-2
inhibitors remain to be fully clarified, data acquired
from ongoing and now closed clinical trials are awaited
with interest.
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