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Cyclooxygenase inhibition: between the devil and the
deep blue sea
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Non-steroidal anti-inflammatory drugs (NSAIDs) account
for more reports of drug related toxicity than any other
class of drugs. Their most widely recognised adverse
effects are on the gastrointestinal tract. They cause acute
erosions and chronic ulcers that result in hospitalisation
and death because of ulcer bleeding and perforation.
Between them, aspirin and non-aspirin NSAIDs may
account for more than half of all episodes of ulcer
bleeding and perforation.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Arecent study has calculated that approxi-
mately 2000 patients per annum may die as
a result of non-steroidal anti-inflammatory

drug (NSAID) induced ulcer bleeding and perfo-
ration in the UK.1 Important risk factors that have
emerged are old age and a past ulcer history,2 3

and these may have additive effects.4 NSAID ulcer
complications are dose dependent5 6 and the risk
is enhanced if patients also take anticoagulants7 8

or corticosteroids,7 although whether steroids are
an independent risk factor or an NSAID specific
risk magnifier remains uncertain.9

In addition to these well recognised side
effects, NSAIDs affect the entire gastrointestinal
tract.2 10 They are responsible for a high level of
dyspepsia,11 and cause mucosal damage through-
out the gastrointestinal tract. Outside the gastro-
intestinal tract, NSAIDs can cause fluid
retention,12–17 hypertension,18 and renal impair-
ment. Whether they predispose to or protect
against vascular disease is uncertain and recent
studies do not establish a clear effect19 (Garcia
Rodriguez; personal communication20).

Inhibition of prostaglandin synthesis is well rec-
ognised as the central mechanism by which
gastrointestinal injury occurs.21 This is a result of
inhibition of the cyclooxygenase enzyme which
converts unsaturated fatty acids such as arachi-
donic acid (which are released by cell injury) to
prostaglandins. In the stomach prostaglandin syn-
thesis is protective as a result of enhanced mucosal
blood flow and stimulation of mucus and bicarbo-
nate secretion.22 By contrast, in arthritis, prostag-
landins mediate pain and some components of
inflammation. Recognition that there were two
isoforms of cyclooxygenase, with COX-1 predomi-

nating in the stomach and an inducible COX-223–25

expressed at sites of inflammation, offered the

prospect of separating the beneficial effects of

inhibiting prostaglandin synthesis in joints from

the harmful effects of inhibiting it in the stomach.

Animal studies confirmed that selective inhibitors

of COX-2 did not reduce gastric prostaglandin syn-

thesis or cause the injury associated with non-

selective NSAIDs. Interestingly, a recent study has

reported that selective COX-1 inhibitors apparently

do not injure the stomach either.26 Whether it is

generally true that dual inhibition is necessary for

gastric injury, and if so how and why this occurs, is

however currently not known. Suggestions have

also been made for the existence of a third

cyclooxygenase enzyme.27 A third gene has not

emerged from analysis of the human genome but

circumstances have been defined in which the

drug sensitivity of COX-2 is altered at a post trans-

lational level28 and where COX-2 may hasten the

resolution of inflammation.27

AVAILABLE DRUGS: HUMAN EVIDENCE
FOR SELECTIVITY
Selectivity can be shown in both isolated enzyme

and whole cell systems.29–31 The former tend to

result in high estimates of selectivity. A consensus

has emerged favouring the use of whole cell sys-

tems, specifically the whole blood assay developed

by Patrignani and colleagues32 (fig 1) and recently

modified from the William Harvey Institute.31

COX-1 activity is measured as thromoboxane pro-

duction from platelets in whole blood during

clotting under standardised conditions. COX-2

activity is measured (usually over 24 hours) in

whole blood stimulated by lipopolysaccharide.

COX-2 is induced in monocytes and PGE2 synthe-

sis reflects this. Whole blood assays result in lower

estimates of selectivity that are believed more

accurately to reflect drug behaviour in vivo.

ROFECOXIB
Rofecoxib is the most selective of the generation

of COX-2 inhibitors that has emerged in the past

few years. In the William Harvey modified whole

blood assay, it achieved a selectivity ratio of

approximately 70 (fig 2). Rofecoxib has been

shown in humans to spare gastric prostaglandin

synthesis at supratherapeutic doses, in contrast to

naproxen 1 g which inhibits gastric mucosal

prostaglandin synthesis by about 70% (fig 3).33 34

Acute gastrointestinal (GI) injury
A remarkable early study showed that rofecoxib

250 mg (10 times the maximum therapeutic

dose) given to volunteers for seven days was

associated with erosions in 12%, compared to 8%

with placebo, 85% with ibuprofen 2.4 g daily, and
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94% with aspirin 2.6 g daily35 (fig 4). In another study, a lower,

though still supratherapeutic dose of rofecoxib (50 mg) had

no effect on small intestinal permeability, in contrast to

indomethacin 150 mg daily.36 Over four weeks, use of rofecoxib

25 mg and 50 mg was associated with no more chronic GI

bleeding (measured as excretion of chromium labelled red

cells into faeces) than with placebo, in contrast to an

enhancement with ibuprofen 2.4 g.37

Chronic endoscopic studies in patients
The effects of rofecoxib 25 and 50 mg daily have been

compared with ibuprofen 2.4 g daily over six months in two

large studies of osteoarthritis patients.38–41 In both studies, a

placebo arm was included for the first three months. As both

studies were of identical design, they were subjected to a pre-

planned combined analysis (fig 5).39 The rate of ulceration

with rofecoxib 25 mg was slightly (though not significantly)

lower than with placebo, meeting prespecified criteria for pla-

cebo equivalence. The rate of ulceration with rofecoxib 50 mg

did not differ significantly from placebo. In contrast, patients

taking ibuprofen 2.4 g daily had a fourfold higher incidence of

gastric and duodenal ulcers compared to either placebo or

rofecoxib.

“Outcomes” studies of ulcer complications
Recently, two landmark studies have been published.19 42 Both

have investigated directly whether use of celecoxib or

rofecoxib leads to a reduced incidence of clinically significant

ulcers, particularly hospitalisation for ulcer complications,

compared to non-selective NSAIDs. In both studies, a higher

than therapeutic dose of the COX-2 inhibitor was compared

with a normal dose of (and) NSAID comparator(s).

The VIGOR study of rofecoxib
The VIGOR (VIOXX GI Outcomes Research) study19 investi-

gated the incidence of clinically important upper GI (largely

ulcer) events with rofecoxib 50 mg compared to naproxen 1 g

daily (table 1). A total of 8076 patients with rheumatoid

arthritis were randomised to receive rofecoxib 50 mg daily

(n = 4047) or naproxen 500 mg twice daily (n = 4029).

Enrolled patients were either over 50 or over 40 and taking

chronic steroids (as this is a risk factor). To achieve a broad

representative group of patients, there were few exclusion cri-

teria but those using aspirin, anticoagulants, or antiplatelet

agents were not allowed in the study. Full dose antiulcer

medication was prohibited but over the counter doses of H2

antagonists allowed.

The study aimed to recruit 8000 patients, with a minimum

time in the study of six months. Once recruited, patients

Figure 1 Schematic representation of COX selectivity assay.
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Figure 2 Selectivity ratios of selected drugs. Derived from IC80

data.31
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Figure 3 Effect of naproxen 1 g daily and rofecoxib 50 mg daily
on ex vivo gastric mucosal prostaglandin synthesis. Volunteers
received placebo, naproxen, or rofecoxib for seven days. Twelve
standardised gastric mucosal biopsy samples were taken and
prostaglandin synthesis stimulated by vortex mixing. Reproduced
from Gastroenterology with permission.33
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stayed in the study until its completion. Patients were not

endoscoped at baseline and, to mimic real life, investigators

were not given a protocol for the management of GI

complaints. Instead, these were investigated according to

standard clinical practice at the physician’s discretion. In

addition there were trial visits at six weeks and four months,

and four monthly thereafter until the end of the study and at

a 14 day follow up point. Between visits patients received tele-

phone calls.

The primary endpoint was clinical upper GI events

(perforation, obstruction, bleeding, or symptomatic ulcer). The

secondary endpoint was complicated upper GI events (perfo-

ration, ulcer, and major upper GI bleeding). These endpoints

were subject to independent blinded assessment by an adjudi-

cation committee working to prespecified criteria who classi-

fied events as confirmed or unconfirmed. In addition, all epi-

sodes of GI bleeding (upper or lower), whether confirmed or

unconfirmed, were analysed.

Patients were well matched (table 2). The efficacy of each

drug was very similar. Possible upper GI clinical events were

reported in 190 patients and confirmed by the adjudication

committee in 177. Of these, 53 met the criteria for being con-

firmed complicated events (43 ulcer complications). Com-

pared to naproxen, rofecoxib use was associated with a reduc-

tion in all upper GI events (4.5 to 2.1 per 100 patient years)

and also complicated events (1.4 to 0.6 per 100 patient years)

as well as gastrointestinal bleeding (3.0 to 1.1 per 100 patient

years), representing reductions in 54%, 57%, and 62%, respec-

tively.

Other risk factors for development of clinical upper GI

events were a prior GI event, age >65 years, and steroid use.

Patients using NSAIDs at baseline had reduced risk (presum-

ably because of a process of attrition). The advantage of

rofecoxib was maintained in all these subgroups, but was sig-

nificantly greater in Helicobacter pylori negative than positive

individuals. The effect of rofecoxib was significantly greater in

H pylori negative than positive individuals. Among individuals

without such risk factors, the event rate was reduced by 1.7

per 100 patient years (from 1.9 to 0.2) risk reduction 88% (to

4% to 96%). Among high risk patients the values were 2.6 per

100 patient years (from 5.1 to 2.5), a relative risk reduction of

51% (35% to 68%).

The five most common adverse events leading to discon-

tinuation were all abdominal. The incidence of abdominal

pain, epigastric discomfort, and any five of the symptoms

(dyspepsia, abdominal pain, epigastric discomfort, nausea, or

heartburn) were significantly reduced with rofecoxib com-

pared to naproxen. Utilisation of health resources was also

significantly reduced with naproxen, with a 50% reduction in

hospitalisation (1.3 to 0.6 per 100 patient years), use of GI

co-therapy (by 23%), and of upper GI procedures (by 25%).

CELECOXIB
Selectivity
A selectivity ratio of 375 has been reported for celecoxib using

the recombinant enzyme assay.29 By contrast, in the William

Harvey modified whole blood assay it only achieved a selectiv-

ity ratio of approximately 8 (fig 2),31 emphasising the influence

of assay system on results. The ability of celecoxib to spare

gastric prostaglandin synthesis in humans has not been

tested.

Acute gastric injury
Like rofecoxib, celecoxib has been shown not to cause any

more acute gastric injury than placebo43 (fig 4). The effects of

celecoxib on intestinal permeability and chronic blood loss

have not been reported.

Chronic endoscopic studies in patients
The effects of celecoxib in a daily dose range of 100 to 800 mg

daily have been compared with diclofenac (150 mg daily) and

naproxen (1 g daily) over periods of up to three months in six

studies in both rheumatoid and osteoarthritis patients (fig

6).40 41 44 These studies have varied in design, some conducting

sequential endoscopy, others dependent on a single endoscopy

at the end of the trial. Consequently absolute rates of ulcera-

tion have differed. Nevertheless, in five studies, celecoxib

caused significantly less mucosal injury than the active NSAID

and not significantly more than placebo. In a sixth study, the

rate of ulceration with celecoxib did not differ significantly

from a (lower than expected) ulcer rate with diclofenac.

Table 1 VIGOR and CLASS compared

VIGOR Rofecoxib 50 mg CLASS Celecoxib 400 mg twice daily

Patients 8076 RA 8059 OA (72%) + RA
Aspirin No <325 mg (21%)
NSAIDs Naproxen 1 g Diclofenac 150 mg

Ibuprofen 2.4 g
Duration 9.2 (13) c.9 (13)
Primary endpoint Clinically significant UGI events Complicated ulcers
Secondary endpoint Complicated events Clinically significant ulcers
Analysis ITT (life table) Crude, censored

(3 days–6 months)

Table 2 Baseline characteristics: VIGOR study

Rofecoxib
(n=4047)

Naproxen
(n=4029)

Mean age 58 yr 58 yr
Female 80% 80%
Prior GI event 8% 8%
Steroid use 56% 56%
HP seropositive 42% 42%
History of CV disease 47% 46%

Figure 6 Ulcer development in patients receiving celecoxib in
endoscopic studies. Reproduced with kind permission of the Journal
of the American Medical Association.44
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The CLASS study of celecoxib
In the Celecoxib Long-term Arthritis Safety Study (CLASS),45

celecoxib 400 mg twice daily was compared with ibuprofen

800 mg three times daily or diclofenac 700 mg twice daily. The

size and design of this study was very similar to the VIGOR

study (table 1) but there were some important differences. In

particular, aspirin use for cardiovascular prophylaxis (<325

mg daily) was permitted and was used by 21% of patients.

Patients with both osteoarthritis (72%) and rheumatoid

arthritis (28%) were eligible for entry into the study. Although

the study lasted for a median of nine months and a maximum

of 13 months, only data censored for the first six months of

treatment were reported. As with VIGOR, both ulcer

complications and symptomatic ulcers were endpoints, but

complications were the primary endpoint and all ulcers the

secondary endpoint.

A total of 8059 patients were randomised, and 7968 received

at least one dose of study drug (3987 celecoxib, 1985 ibupro-

fen, 1996 diclofenac). There was a higher drop out rate than in

the VIGOR study, with only 4573 patients receiving treatment

for six months (57%), and probably as a result, fewer

endpoints and lower power.

The overall pattern of results in the CLASS study, as

reported in the Journal of the American Medical Association, was

similar to that seen in VIGOR. However, the reduction in upper

GI ulcer complications (1.5% to 0.76%) did not reach statisti-

cal significance (p = 0.09). This in part reflected the smaller

number of events and in part the influence of aspirin in one

fifth of the patients (see below). The reduction in all ulcers

(3.54% to 2.08%) was statistically significant (p = 0.02). These

data relate to the first six months of the study. Full data

revealed at the FDA hearings (7 February 2001), however,

showed no difference in the rate of ulcer complications on

celecoxib compared to ibuprofen and diclofenac combined

over the full 13 months of the study (p = 0.45).

Other effects
The overall incidence of GI symptoms was significantly lower

in patients taking celecoxib than in those taking diclofenac/

ibuprofen. Fewer patients on celecoxib became anaemic than

on ibuprofen/diclofenac, whether or not they were also taking

aspirin. Liver function test abnormalities were more common

with diclofenac than the other drug. The overall incidence of

renal adverse effects was significantly lower in patients

receiving celecoxib than ibuprofen/diclofenac.

GI OR CARDIOVASCULAR EVENTS—TRADE OFFS
BETWEEN THE DEVIL AND THE DEEP BLUE SEA?
Attention has focused on differences in cardiovascular

outcomes in the VIGOR19 and CLASS45 studies. In the CLASS

study, the GI advantages of celecoxib over ibuprofen/

diclofenac were lost in patients that were also taking

aspirin.45 However, the numbers involved are too small to say

whether this indicated no benefit or a reduced benefit in such

patients. In the VIGOR study, patients did not use aspirin.19 In

patients who had indications for aspirin use but who were

enrolled in the trial, there was an increased incidence of myo-

cardial infarction compared to naproxen. Whether this

indicates that COX-2 inhibitors promote myocardial infarction

or that (some) NSAIDs have an aspirin like effect in prevent-

ing it, is currently uncertain. However, it is worth noting that

the overall proportion of patients on celecoxib, rofecoxib,

diclofenac, and ibuprofen in the two trials who experienced

myocardial infarction was similar. While big differences in

trial population mean that conclusions must be cautious, it is

naproxen that appears to differ from the other drugs, with a

lower myocardial infarction rate. Several functional studies

suggest that naproxen has a sufficiently profound effect on

serum thromboxane and platelet function over 24 hours to

exert an aspirin like effect on cardiovascular pathology.33 46

RENAL ADVERSE EVENTS—TRUE DEEP BLUE SEA
The adverse effects of NSAIDs on salt and water retention18

and the consequent increase in heart failure,47 48 have received

less attention than their ability to damage the GI tract, but

may be at least as important. Both COX-1 and COX-2 are

expressed in the kidney, to a different extent at different

sites.13 49 COX-2 is expressed constitutively and plays a central

role in renin release50–53 and sodium handling.49 Although

COX-1 is also expressed in the kidney, as yet clear differences

between non-selective NSAIDs and COX-2 inhibitors which

would indicate a critical role for COX-1 have yet to emerge.

Consequently, COX-2 inhibitors should be regarded as retain-

ing all of the toxicities of NSAIDs with regard to kidney func-

tion. Indeed, because dosing may be less constrained by

gastrointestinal considerations, COX-2 inhibitors have the

potential in practice to cause more renal related pathology

than non-selective NSAIDs. In theory and in practice such

pathology is dose related.

CELECOXIB VERSUS ROFECOXIB
One might expect differences between individual drugs,

related to the effective potency of marketed doses, to emerge,

both for efficacy and safety. Moreover, because celecoxib is

very poorly soluble in aqueous medium, its absorption is not

dose related, and proportional bioavailability reduces as dose

increases, in contrast to rofecoxib. Several head to head com-

parisons illustrate these relations. In one very small study,

celecoxib 200 mg daily was shown to be of similar efficacy to

rofecoxib 25 mg daily, though a type 2 error was possible. In

another larger study, rofecoxib 25 mg was superior to both

paracetamol 4 g daily and celecoxib 200 mg daily in an overall

assessment of osteoarthritis. Rofecoxib 12.5 mg daily was

superior to paracetamol and there was a non-significant

advantage to this dose of rofecoxib compared to celecoxib 200

mg daily.54

Overall, therefore, rofecoxib 25 mg is probably a higher

effective dose than celecoxib 200 mg, as a result of selected

dose and bioavailability considerations. It is, therefore, not

surprising that, when given to treated hypertensive patients,

rofecoxib 25 mg resulted in a higher blood pressure than

celecoxib 200 mg daily.55 The elevation on rofecoxib was

approximately 3 mm, within the 5 mm range quoted for non-

selective NSAIDs.18 In some countries such as the UK, many

patients take quite low doses of NSAIDs, particularly ibupro-

fen <1200 mg daily. As it is probable that available doses of

COX-2 inhibitors may represent higher effective levels of

COX-2 inhibition than such low doses of ibuprofen, there may

be particular problems regarding fluid retention in patients

switched from such dosing regimens.

There have been claims that fluid retention is not a property

of all COX-2 inhibitors, but the data do not support this

proposition and it seems unlikely that one COX-2 inhibitor

would escape mechanism based toxicities while the other

would have idiosyncratic effects similar to those mechanism

based impacts.

COX-2 SELECTIVITY OF OTHER DRUGS
Of the older NSAIDs, only diclofenac has activity that is mar-

ginally COX-2 selective.31 This does not appear to be sufficient

to give it a distinct safety advantage (although in one study

ulceration on diclofenac 150 mg daily was not significantly

different from celecoxib41). Although not designed to be COX-2

selective, three relatively recently introduced NSAIDs, meloxi-

cam, etodalac, and nimesulide, have serendipitously been

found to be COX-2 selective.

Meloxicam
Meloxicam’s selectivity has been the subject of some debate.

However, in a large comparison in the William Harvey

modified whole blood assay, it achieved a selectivity ratio
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similar to celecoxib.31 Modelling and direct in vivo studies have

suggested that meloxicam remains selective when given at 7.5

mg daily but is less selective at 15 mg daily.56 57 In one study,

meloxicam caused no change in gastric mucosal prostaglandin

synthesis, but neither did piroxicam,58 raising questions about

the validity of the method.

Acute gastric injury
In volunteers treated for four weeks, meloxicam 15 mg, like

piroxicam 20 mg caused significant mucosal damage, whereas

the change from baseline with meloxicam 7.5 mg was not

significant.59 While studies have been small, injury levels with

the lower dose of meloxicam, 7.5 mg, have been very low.

Endoscopy studies in patients
Meloxicam has not been subject to the same level of prospec-

tive large scale systematic endoscopic evaluation in long term

patient trials, as have rofecoxib and celecoxib.

Patient studies of tolerability
Meloxicam has been compared with NSAIDs in eight patient

studies, none of them systematically controlled by endoscopy.

In six relatively small studies meloxicam did not differ from

the NSAID comparator.60 In two large studies, each enrolling

over 8000 patients, meloxicam 7.5 mg was given for one

month and compared to diclofenac or piroxicam.61 62 In both of

these studies meloxicam was significantly better tolerated

than the comparator. This was particularly evident for gastro-

intestinal adverse effects. Whether this is attributable to

COX-2 selectivity, relative differences in dose or some other

effect is not clear. In three studies comparing meloxicam with

placebo, there was no significant difference in the rate of

gastrointestinal adverse events.

GI outcomes on meloxicam
There have been no prospective, systematic studies of

outcomes on meloxicam. An ad hoc analysis of two large trials

suggested possible reductions, but should be treated with cau-

tion as the number of events were small and the analyses were

not prespecified. Two epidemiological studies have been pub-

lished. One found a lower rate of ulcer complications than for

comparator NSAIDs, while the other found no difference.63 64

Etodalac
Selectivity
In the William Harvey modified assay, etodalac was of similar

selectivity to meloxicam and celecoxib (fig 2). In two studies,

etodalac was shown not to inhibit human gastric mucosal

prostaglandin synthesis, in contrast to naproxen.65 66

Acute endoscopic studies
Therapeutic doses of etodalac have been shown to cause lower

levels of mucosal injury than naproxen 1 g daily. Suprathera-

peutic doses of etodalac have not been tested.

Patient studies
At doses of 100 to 1000 mg per day, etodalac has shown a

reduction in overall and GI adverse events compared to NSAID

comparators such as aspirin, naproxen, and diclofenac.65 67–72

OVERALL EVALUATION
While there are data favouring the notion that all five

compounds that are selective for COX-2 cause less gastric

damage than non-selective NSAIDs, the evidence is much

greater and more systematic for celecoxib and rofecoxib. The

number of patients involved in the prospective evaluation of

these two drugs is sufficient to allow a confident confirmation

of the COX-2 hypothesis, that selectivity would be associated

with little or no gastroduodenal injury. In addition, prospec-

tive outcome studies have shown that this benefit translates

into real clinical benefits. Why the reductions in GI outcomes

with these drugs is rather less than reductions in endoscopic

injury is not clear, but is at least as likely to reflect design

issues as residual drug toxicity. Nevertheless, it is clear that

use of COX-2 inhibitors is associated with a residual level of

ulceration and ulcer complications, that is attributable to well

identifiable risk factors. To some extent this observation

undermines the truism that has developed, that COX-2

inhibitors should be used in high risk patients. In fact, it is in

low risk patients that these drugs could offer the most benefit.

The absolute reduction in the risk of endoscopic ulceration

and in ulcer complications in these patients is not far short of

that seen in high risk patients (1.7 versus 2.5 events per 100

patient years), although confidence intervals are wide. More-

over, the residual risk that is attributable to other factors is

very low, allowing the prescriber considerable confidence that

a low risk patient taking a COX-2 inhibitor is extremely

unlikely to experience ulcer related disease. By contrast, risk is

only halved in high risk patients. Attention is still needed to

deal with residual risk factors such as H pylori, past history,

steroid use, old age, or aspirin. These patients may therefore

need additional treatment, such as prophylaxis with a proton

pump inhibitor, that potentially renders the switch to a COX-2

inhibitor superfluous.
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