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Surface phospholipids in gastric injury and
protection when a selective cyclooxygenase-2
inhibitor (Coxib) is used in combination with aspirin

LM Lichtenberger, JJ Romero and EJ Dial

The Department of Integrative Biology and Pharmacology, The University of Texas Health Science Center, Houston, TX, USA

Background and purpose: Clinical studies demonstrate that aspirin consumption reverses the gastrointestinal (GI) benefits of
coxibs, by an undefined mechanism.
Experimental approach: Rodent models were employed to investigate the effects of combinations of celecoxib and aspirin on
gastric ulcerogenesis, bleeding, surface hydrophobicity (by contact angle analysis) and ulcer healing. We also evaluated the
effects of phosphatidylcholine (PC)-associated aspirin in these rodent models and confirmed its cyclooxygenase (COX)-
inhibitory activity by measuring mucosal prostaglandin E2 (PGE2) concentration.
Key results: We present evidence that aspirin’s ability to induce gastric injury and bleeding in rats, was exacerbated in the
presence of a coxib and was dependent on its ability to reduce gastric surface hydrophobicity. In contrast, co-administration of
phosphatidylcholine (PC)-associated aspirin and celecoxib induced little or no gastric injury/bleeding and maintained the
stomach’s hydrophobic properties. Interestingly, aspirin and aspirin/PC equally inhibited gastric mucosal PGE2 concentration.
Aspirin in combination with a coxib retarded the healing of experimentally induced gastric ulcers, whereas healing rates of rats
treated with celecoxib in combination with aspirin/PC were comparable to controls.
Conclusions and implications: Aspirin’s gastric toxicity in combination with a coxib can be dissociated from its ability to
inhibit COX-1 and appears to be dependent, in part, on its ability to attenuate the stomach’s surface hydrophobic barrier. This
adverse drug interaction between aspirin and coxibs, which impacts the treatment of osteoarthritic and cardiac patients
requiring cardiovascular prophylaxis, can be circumvented by the administration of phosphatidylcholine (PC)-associated
aspirin, to maintain the stomach’s hydrophobic properties.

British Journal of Pharmacology (2007) 150, 913–919. doi:10.1038/sj.bjp.0707176; published online 26 February 2007

Keywords: NSAID; aspirin; Coxib; celecoxib; COX; ulcers; stomach; hydrophobicity; phosphatidylcholine; prostaglandins

Abbreviations: ASA, aspirin; ASA/PC, phosphatidylcholine-associated aspirin; Cel, celecoxib; COX, cyclooxygenase; Coxib,
COX-2 selective inhibitor; GI, gastrointestinal; LSD, least significant difference; LXA, lipoxin A; NSAID, nonsteroidal
anti-inflammatory drug; PC, phosphatidylcholine; PGE, prostaglandin E2; NIH, National Institutes of Health

Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) induce in-

jury to the gastrointestinal (GI) tract by a multifactorial

process involving: inhibition of both cyclooxygenase-I

(COX-I) and COX-2; topical injury to the mucosa; inhibition

of local blood flow, leukocyte activation/adhesion to the

endothelium and the induction of the apoptotic pathway of

epithelial cells (Wallace, 1997; Rainsford, 1999; Wolfe et al.,

1999; Hawkey, 2000; Lichtenberger, 2001; Perini et al., 2004;

Whittle, 2004). In recent years the pharmaceutical industry

has focused their efforts on the development of selective

COX-2 inhibitors (Coxibs), based upon the evidence of Vane

and others that constitutive COX-1 was protective of the GI

mucosa, and COX-2 played a central role in the inflamma-

tory process (Whittle et al., 1980; Mitchell et al., 1993;

Masferrer et al., 1994; Vane and Botting, 1998). Laboratory

and clinical endoscopic studies appeared to support this

concept and led to the development and great success of the

first Coxibs to be launched, celecoxib (Cel) (Celebrex) and

rofecoxib (Vioxx). As will be discussed in more detail later,

post-marketing clinical outcome studies of these two Coxibs

which followed (CLASS and VIGOR) produced conflicting

results on the GI safety of this class of drugs, which may have

been partially attributable to the use of aspirin (ASA) in

certain subjects (Bombardier et al., 2000; Silverstein et al.,
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2000), owing to its known efficacy to protect against a

number of diseases including stroke, heart disease, a number

of cancers and Alzheimer’s disease (Hebert and Hennekens,

2000; Veld et al., 2001; Suleiman et al., 2002). The

therapeutic benefit of using Coxibs became further con-

founded in recent years, as it became apparent that the

chronic use of Coxibs and other NSAIDs may increase

a subject’s risk of developing a number of life-threatening

cardiovascular/thrombotic adverse events (Mukherjee et al.,

2001; Bresalier et al., 2005; Nussmeier et al., 2005; Solomon

et al., 2005). These observations led to the withdrawal of

several Coxibs from the market, and to the recommendation

by some clinicians that these drugs be taken in combination

with ASA, in spite of both preclinical and clinical evidence

that ASA’s use obliterates the GI safety of these drugs.

The observation that the combined use of COX-1 selective

NSAID and a Coxib can lead to severe gastric injury was

originally described by Wallace et al. (2000) who attributed

this potentiating interaction to coincident inhibition of

both COX-1 and COX-2. As will be discussed later,

subsequent experiments by Fiorucci et al. (2002) provided

evidence for the role of lipoxin A4 (LXA4) in the mechanism

of this drug interaction.

In the present study, we investigated an alternative

mechanism by which ASA and Coxibs may synergize to

induce increased injury to the mucosa of the upper GI tract.

This postulated mechanism, which would be independent of

COX inhibition, is based upon the ability of ASA (and other

conventional NSAIDs) to attenuate the hydrophobic surface

barrier of the stomach (Goddard and Lichtenberger, 1987;

Goddard et al., 1990; Lichtenberger, 1995; Lichtenberger

et al., 1995, 2001; Darling et al., 2004). This transformation

of the gastric mucosal surface from a non-wettable to a

wettable state appears to be linked to the ability of ASA and

related NSAIDs to interact with and destabilize an extra-

cellular lining of zwitterionic phospholipids, and specifically

phosphatidylcholine (PC), which are present within and on

the surface of the mucus gel layer (Goddard et al., 1990;

Lichtenberger, 1995, 2001; Lichtenberger et al., 1995; Giraud

et al., 1999). We also investigated whether this form of

surface injury could be prevented by the administration of ASA

that had been pre-associated with soy PC, as we had previously

reported in COX knockout mice (Darling et al., 2004). In this

study, we confirm that coadministration of ASA and Cel

induces severe gastric injury, bleeding and a delay of the

healing of experimentally induced ulcers, using rodent model

systems. In contrast, co-administration of an equivalent dose

of phosphatidylcholine-associated aspirin (ASA/PC) with Cel

induced little or no GI injury or bleeding and promoted ulcer

healing in rats. The benefit of this new drug appears to relate

more closely to maintenance of the stomach’s hydrophobic

surface barrier properties than COX inhibition.

Methods

Rodent model of NSAID-induced gastric lesion formation

All animal protocols described in this study were previously

reviewed and approved by our institution’s Animal Welfare

Committee and determined to meet or exceed guidelines of

the American Association for the Accreditation of Laboratory

Animal Care (AAALAC) and National Institutes of Health

(NIH) on the proper care and treatment of laboratory

animals. A modification of the technique previously de-

scribed (Wallace et al., 2000) was used to study the acute

effect of NSAIDs and Coxibs to induce gastric ulceration and

bleeding. To study NSAID-induced gastric lesion formation,

fasted male Sprague–Dawley rats (150–200 g) were intra-

gastrically administered: Celebrex (15 mg Cel kg�1), ASA

(40 mg kg�1), ASA/PC (40 mg NSAID kg�1) individually or in

combination or an equivalent volume of saline (controls).

A dose of Cel of 15 mg kg�1 was used, as it was previously

demonstrated to be a COX-2 selective dose (Wallace et al.,

2000). Furthermore, ASA was used at a dose of 40 mg kg�1 as

it was determined to be the lowest dose that reduced gastric

surface hydrophobicity without inducing gastric injury. The

rats were killed by CO2 inhalation 3 h later at which time the

stomach was excised for the assessment of haemorrhagic

damage under a dissecting microscope by an observer

unaware of the treatment groups and biopsies of the oxyntic

mucosa were taken for contact angle and prostaglandin

analyses as described below.

Rodent model of NSAID-induced gastric bleeding

To study NSAID-induced gastric bleeding, in a separate

experiment, rats were treated as described above, except

15 min before the end of the experiment they were

intragastrically administered 1 ml of 0.6 N HCl and at death

the stomach was removed and flushed with 2 ml of chilled

deionized distilled water and the perfusate collected for

haemoglobin (Hb) analysis as described previously (Lichten-

berger et al., 1995; Darling et al., 2004).

Rodent models of gastric ulcer healing

To study the effects of NSAID treatment on the healing

of experimentally induced gastric ulcers, we employed a

modification of the method of Tsukimi and Okabe (1994);

Kurinetz and Lichtenberger (1998) as described previously.

Briefly, this entails performing a laparotomy on fasted rats

under isoflurane anaesthesia and clamping the dependent

portion of the stomach with ringed forceps. Kissing gastric

ulcers were then experimentally induced by injecting 0.2 ml

of acetic acid (60%) through the gastric wall within the

region circumscribed by the forceps and removed 45 s later.

After the abdominal incision was closed with suture and

treated with local anaesthetic, the rats were then returned to

their cages where they had ad libitum access to food and

water and the next day randomly distributed among the

control and treatment groups that were daily administered

Cel (15 mg kg�1) in combination with ASA (40 mg kg�1) or

ASA/PC (40 mg of NSAID kg�1), or an equivalent volume

of saline (control). Ten days later, the rats were killed as

described above and the stomachs were removed and the

surface area of the ulcers measured by caliper, as described

previously (Kurinetz and Lichtenberger, 1998), by an

observer unaware of the treatment groups.
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Surface hydrophobicity measurement

Gastric surface hydrophobicity was measured by contact

angle analysis as described previously (Goddard and Lich-

tenberger, 1987; Goddard et al., 1990; Lichtenberger et al.,

1995; Darling et al., 2004). Briefly, this entails excising a

gastric biopsy from the greater curvature that was rinsed in

saline and placed upon the stage of a goniometer where the

surface was lightly blotted with filter paper. The tissue was

then air-dried for 30 min and a microlitre droplet of water

applied to the mucosal surface and the contact angle at

the air/liquid/solid triple point measured under a telescopic

eye-piece by an observer under coded conditions.

Prostaglandin measurement

Gastric mucosal concentration of prostaglandin E2 (PGE2)

was measured in accordance to a method described pre-

viously (Anand et al., 1999; Darling et al., 2004). Briefly, this

entails extraction of tissue in methanol followed by drying

and resuspension in phosphate-buffered saline. The samples

were analysed by radioimmunoassay using anti-PGE2 anti-

body (Sigma Chemical Co., St Louis, MO, USA) according to

the manufacturer’s instructions.

Statistical analysis

One-way analysis of variance (ANOVA) was used to assess

a statistically significant difference between multiple treat-

ment groups. Post hoc analysis of sample means utilized the

Fisher’s least significant difference (LSD) test with a¼0.01

which corresponds to a P-valuep0.01.

Preparation of test NSAIDs

PC-associated ASA was prepared, as described previously, in

which we reacted ASA (purchased from Sigma Chemical

Company, St Louis, MO, USA) with an equal weight of triple

strength lecithin, a PC-enriched soybean oil (Phosal 35 SB

purchased from American Lecithin Co., Oxford, CT, USA) at

401C until the oil changed its physical state, becoming clear

and less viscous. ASA and Celebrex were purchased at a

pharmacy (the latter under a prescription) and the tablets

pulverized and homogenized in the required volume of

deionized distilled water before intragastric administration.

Results

Gastric lesion formation

In the initial experimental series, we employed a modifica-

tion of the rodent model system, described previously

(Wallace et al., 2000), to study the effects of intragastrically

administered Cel at a COX-2 selective dose of 15 mg kg�1

alone and in combination with a COX-1 selective dose of

ASA or an ASA/PC formulation (intragastrically administered

at an NSAID dose of 40 mg kg�1), on gastric lesions, mucosal

prostaglandin concentration and surface hydrophobicity of

the rodent gastric mucosa, 3 h after administration of the test

drugs alone or in combination. The results, which are shown

in Figure 1a, demonstrate that, as previously reported

(Wallace et al., 2000), when administered individually, Cel

at 15 mg kg�1 had little or no gastric toxicity. It can also be

seen that ASA at a dose of 40 mg kg�1 had a modest, but

nonsignificant tendency to induce acute gastric injury

in fasted rats, which was not observed in rats that were

administered an equivalent dose of ASA/PC. It also can be

seen that Cel, in combination with ASA, induced a

significant increase in gastric lesion formation that was

greater than the additive effects of the test drugs when

administered individually. Most importantly, this drug

interaction between the Coxib and ASA was markedly

attenuated if PC-associated ASA was intragastrically adminis-

tered in combination with Cel.

Gastric bleeding

In a separate experiment, we evaluated the same test drugs

using a similar experimental design, but in this case the rats

were challenged with a supra-physiological dose of HCl,

15 min before euthanasia, to induce gastric bleeding, which

was determined by measuring the Hb concentration of the

gastric perfusate. The results in Figure 1b indicate that

0

5

10

15

20

25

30

Sali
ne Cel

ASA

ASA/P
C

Cel+
ASA

Cel+
ASA/P

C

Sali
ne Cel

ASA

ASA/P
C

Cel+
ASA

Cel+
ASA/P

C

*

a

b

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

*

G
as

tr
ic

 L
es

io
n 

S
co

re
(m

m
2 )

G
as

tr
ic

 H
ae

m
og

lo
bi

n
(m

g 
m

L–1
)

Figure 1 Acute effects of intragastrically administered Cel
(15 mg kg�1), ASA (40 mg kg�1) and ASA/PC (40 mg of NSAID
kg�1) alone and in combination in rodent model systems on (a)
gastric haemorrhagic lesions, where the surface area of lesions was
measured by caliper, with n¼7–8 rats/group and on (b) gastric
bleeding as measured by Hb concentration, with n¼7–9 rats/group.
In this and the subsequent figures, we used the following
abbreviations: celecoxib (Cel); aspirin (ASA); phosphatidylcholine
(PC). * Indicates a significant difference (Pp0.01) vs Saline, Cel, ASA,
ASA/PC and CelþASA/PC.
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similar to their effect on gastric lesions, when intragastrically

administered separately at the above doses, neither Cel

or ASA induced significant gastric bleeding, whereas the

concomitant use of the two classes of drugs induced severe

gastric haemorrhage, which was markedly reduced when

ASA/PC was used in place of the conventional NSAID.

Gastric mucosal prostaglandin and surface hydrophobicity

To elucidate the mechanism by which Coxibs interact with

ASA and how that may be prevented by PC-associated ASA,

we investigated the effects of these test drugs on gastric

mucosal PGE2 concentration and surface hydrophobicity.

Figure 2 demonstrates that mucosal prostaglandin concen-

tration was not significantly reduced by the administration

of Cel at a dose of 15 mg kg�1, confirming the conclusion

of Wallace et al. (2000), indicating that it is indeed a COX-2

selective dose. In contrast, ASA at a dose of 40 mg kg�1 did

significantly inhibit the PGE2 concentration of the gastric

mucosa and this COX-1 inhibitory effect was also observed

in rats administered an equivalent NSAID dose of the ASA/PC

formulation.

Figure 3 demonstrates the effects of the test drugs on

mucosal surface hydrophobicity, as measured by contact

angle analysis, from gastric biopsies collected from the above

two ulcer experiments. Interestingly, it can be seen that in

contrast to ASA (when administered individually or in

combination with the Coxib), which induced a significant

reduction on mucosal surface hydrophobic properties, as

described previously, Cel had no effect on the surface

wettability of the gastric mucosa. Furthermore, the ability

of ASA to reduce the surface hydrophobic barrier properties

of the stomach was not observed in rodents administered

an equivalent dose of PC-associated ASA alone or in com-

bination with Cel.

Ulcer healing

In the last study, we experimentally induced kissing gastric

ulcers in rats using a modification of the acetic acid

technique of Tsukimi and Okabe (1994) and Kurinetz and

Lichtenberger (1998) and the next day randomized the

injured rats among groups that were daily intragastrically

administered saline (controls) or Cel (15 mg kg�1) in combi-

nation with either ASA or ASA/PC at an NSAID dose of

40 mg kg�1. Ten days later, the surface area of the gastric

lesions was recorded. The results that are shown in Figure 4

demonstrate that the combination of ASA and Cel delayed

the healing of experimentally induced gastric ulcers in

comparison to controls, whereas the combination of the

Coxib with PC-associated ASA appeared to significantly

accelerate ulcer healing to values that were equivalent to

the rate of healing observed in saline-treated control rats.

Discussion and conclusions

Over the past decade a number of pharmaceutical companies

have developed and commercialized Coxibs, as a safer

alternative to conventional NSAIDs to treat pain and

inflammation. These drugs have been designed to selectively

inhibit COX-2 which is induced at sites of inflammation,

and spare the COX-1 isoform that is constituitively ex-

pressed in the mucosa of the upper GI tract and plays a rate-

limiting role in the biosynthesis of ‘cytoprotective’ prosta-

glandins (Robert et al., 1979; Mitchell et al., 1993; Masferrer

et al., 1994; Vane and Botting, 1998). The two major clinical

outcome trials, CLASS and VIGOR, evaluating the GI safety

of Celebrex (Cel) and Vioxx (rofecoxib) respectively vs

conventional NSAIDs in osteoarthritic subjects obtained

quite different results (Bombardier et al., 2000; Silverstein

et al., 2000). The VIGOR trial demonstrated there were fewer

episodes of GI bleeding, obstruction and perforation with

Vioxx vs naproxen, whereas the CLASS study failed to show

a statistically significant difference in the above outcome

parameters when comparing Cel to diclofenac or ibuprofen

at equivalent therapeutic doses. One explanation for the

difference between the results of the two studies may have
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Figure 3 Acute effects of intragastrically administered Cel
(15 mg kg�1), ASA (40 mg kg�1) and ASA/PC (40 mg of NSAID
kg�1) alone and in combination on gastric mucosal surface
hydrophobicity as measured by contact angle analysis, with n¼8–
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related to the facts that in the VIGOR study the subjects were

not allowed to use ASA, even at low dose, whereas in the

CLASS study this was not an exclusion criteria. In fact, post

hoc analysis of the latter study revealed that Cel would have

demonstrated significant increased GI safety if the ASA users

were excluded from analysis (Silverstein et al., 2000). Similar

results have recently been obtained in the TARGET study

comparing the highly selective Coxib, Prexige (lumiracoxib)

vs conventional NSAIDs in osteoarthritic subjects, where the

GI benefit of the drug was lost if the patients concomitantly

used ASA (Schnitzer et al., 2004). A potential explanation

for this interaction of Coxibs and ASA can be found in a

laboratory study by Wallace et al. (2000) who demonstrated

in rodent model systems that both COX-1 and COX-2 need

to be inhibited to induce gastric injury in rats, as the

selective inhibition of only one isoform resulted in little

or no GI injury. This adverse drug interaction between ASA

and Coxibs to induce gastroduodenal injury has now been

confirmed clinically in a number of endoscopic studies

(Fiorucci et al., 2003; Laine et al., 2004; Goldstein et al.,

2006). In spite of these observations, the use of ASA together

with Cel is commonly being recommended for many high-

risk individuals suffering from chronic inflammatory and

cardiac diseases, as a means of mitigating cardiovascular/

thrombotic events that are associated with long-term

administration of a Coxib.

The mechanism by which Coxibs exacerbate ASA-induced

gastric injury has yet to be determined. One mechanism

suggested by Fiorucci et al. (2002) is that ASA acetylates

COX-2 to produce 15(R)-hydroxy-eicosatetraenoic acid,

which is further metabolized to 15(R)-epi-LXA4 that has

potent anti-inflammatory actions. Thus, by co-administra-

tion of a Coxib with ASA the generation of this protective

LXA4 would be blocked – thereby increasing the tissue’s

susceptibility to injury.

The results presented herein provide information on an

alternative pathogenic mechanism involved in the induc-

tion of gastric injury and bleeding when ASA is concomi-

tantly administered with a Coxib. We also provide

information on the utility of PC-associated NSAIDs as a

means of mitigating this form of GI injury. Our evidence that

the reduction in surface hydrophobicity observed with ASA

(in the presence or absence of Cel) can be reversed with a

formulation of ASA/PC supports our previous evidence that

conventional NSAIDs disrupt the mucosal surface barrier by

interacting with intrinsic phospholipids within the mucus

gel layer and that this damaging action can be circumvented

if the NSAID is pre-associated with the exogenous PC

(Lichtenberger et al., 1995; Darling et al., 2004). Furthermore,

the maintenance of mucosal surface hydrophobicity, as is

seen with animals treated with PC-associated ASA, not only

protects against ASA-induced gastric injury but also against

the severe injury and bleeding observed in rodents that

received ASA and a Coxib in combination. Our data also

suggest that ASA’s ability to inhibit COX-1 and deplete the

gastric mucosa of prostaglandins can be dissociated from

gastric injury and bleeding under certain conditions, and

that the ability of the NSAID to attenuate the surface

hydrophobic barrier is a critical component of the patho-

genic process. ASA/PC alone and in combination with Cel

induced 480% inhibition in mucosal PGE2 concentration

with little or no evidence of gastric injury or bleeding,

similar to previously reported findings with NO-ASA (Fior-

ucci et al., 2003; Perini et al., 2004). It should be pointed out

that as gastric mucosal prostaglandin concentration was not

decreased by a Cel dose of 15 mg kg�1, that the Coxib was,

indeed, used at a COX-2 selective dose as reported previously

(Wallace et al., 2000). Furthermore, based upon the observa-

tion that ASA administration to rats at a dose of 50 mg kg�1

increased the COX-2 product, LXA4 (Souza et al., 2003), it is

likely that in our experiment ASA (at 40 mg kg�1) was used at

a COX-1 selective dose.

Our observations are also consistent with a previous report

from our laboratory that ASA-induces gastric injury and

bleeding in both COX-1 and COX-2 knockout mice that can

also be prevented with PC-associated ASA (Darling et al.,

2004). It is also important to note that our group has

previously reported in a 4-day crossover study in healthy

volunteers that ASA’s ability to induce gastric erosions as

observed by endoscopy was significantly reduced if the

NSAID was associated with soy PC, although prostaglandin

levels of gastric biopsy tissue were decreased by 480%

during both arms of the study (Anand et al., 1999).

If ASA’s ability to attenuate the surface barrier is an

important component in the pathogenic mechanism, then

how do Coxibs further exacerbate this process? There is

evidence from a number of laboratories that COX-2 is induced

at sites of mucosal injury and that Coxibs delay ulcer healing

(Mizuno et al., 1997; Peskar, 2006). These findings, which were

further corroborated by our study, suggest that the ability of

Coxibs to disrupt the mucosal repair process is an important

element in the pathogenic mechanism when these two classes

of NSAIDs are administered in combination. Interestingly,

when the surface barrier is maintained by the administration

of PC-associated ASA, the delay in ulcer healing with Coxibs is

no longer observed. These findings thereby suggest a potential

therapeutic role for PC-associated ASA and perhaps other

PC-NSAIDs in both the prevention of mucosal injury and

treatment of pre-existent ulcers, when patients are placed on

regimens that require the concomitant use of both a Coxib

and a conventional NSAID.
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