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y Digestivas (CIBERehd)

Zaragoza, Spain

ISBN 978-3-319-33887-3 ISBN 978-3-319-33889-7 (eBook)
DOI 10.1007/978-3-319-33889-7

Library of Congress Control Number: 2016945854

# Springer International Publishing Switzerland 2016
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, express or implied, with respect to the material
contained herein or for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland

Service of Digestive Diseases
University Hospital Lozano Blesa
Zaragoza, Spain



Preface

NSAIDs are one of the most widely prescribed drugs around the world to

treat pain and inflammation. Prescribers of these drugs include a wide range

of medical specialties, including general practitioners, rheumatologists,

oncologists, orthopedists, and trauma and internal medicine specialists.

Gastroenterologists have a special interest on these compounds based on

the gastrointestinal adverse events derived from their use and the recent data

on colorectal cancer prevention with aspirin and NSAIDs.

The field has underwent great changes and outstanding new advances in

the last 10 years, which have changed the prescription habits, guidelines, and

new restrictions and recommendations made by international regulatory

agencies such as the FDA or the EMA. The knowledge and advances have

been produced essentially since the development of the new class of drugs

that inhibited selectively the COX-2 isozyme. The clinical use of these new

compounds uncovered adverse effects that had been hidden to the eyes of

investigators. In this way, today we know that the use of either COX-2

selective inhibitors or traditional NSAIDs is associated with adverse events

not only from the upper GI tract but from the lower GI tract and the CV

system. Advances on this area have proved that COX-1 and COX-2 products

are involved not only in pain and inflammation but in cancer development as

well. In fact, most outstanding advances in the field where discovered when

these drugs were tested to prevent gastrointestinal cancer. These advances

and knowledge cannot be separated today from the effects of aspirin on the

cardiovascular system and on cancer prevention and treatment. In addition

aspirin is still being used for the short-term treatment of cold, fever, and pain.

This book provides a comprehensive state-of-the art review of all these

aspects and will serve as reference book for the clinician and those who look

for an update and summary of the recent advances of the field in the last

10 years. The book will provide practical recommendations for a safe

prescription of NSAID based on the most recent knowledge. I expect these

recommendations will last for some time since no new relevant advances are

expected on this topic in the next few years. The book includes also chapters

specifically focused on aspirin and the cardiovascular system and cancer, hot

topics that are evolving rapidly in the last few years and that are closely

linked to the NSAID field and cannot be left out in a book of this type. In fact,

the last part of this book is dedicated to the impact of NSAIDs and especially
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of aspirin on cancer prevention and treatment. This makes the book compre-

hensive in most aspects related with NSAIDs and aspirin use and goes from

basic science to practical clinical recommendations.

All chapters have been written by worldwide renowned and outstanding

specialists in the field. All authors had investigated extensively on this area

and have a tremendous clinical experience. I had had the privilege of working

with most of them and/or had scientific discussion and interaction with all of

them for years. Here, I need to express my most sincere gratitude to them for

being able to write these chapters despite of having very busy agendas. I am

in debt with them and hope their work will be recompensed by the interest the

book will arouse among the readers.

Zaragoza, Spain Angel Lanas
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(IDIBAPS), Barcelona University School of Medicine, Barcelona, Spain

Melania Dovizio, M.D., Ph.D. Department of Neuroscience, Imaging and

Clinical Science, Section of Cardiovascular and Pharmacological Science

and CeSI-MeT, School of Medicine, G. d’Annunzio University, Chieti, Italy

Juan Vicente Esplugues, M.D., Ph.D. Department of Pharmacology and

CIBERehd, Faculty of Medicine, University of Valencia, Valencia, Spain

Ahmad Fokra, M.D. Integrated Cancer Prevention Center, Tel Aviv

Sourasky Medical Center, Tel Aviv, Israel

Elizabeth Half, M.D. Institute of Gastroenterology, Rambam Health Care

Campus, Haifa, Israel

Charles H. Hennekens, M.D., Dr.P.H. Charles E. Schmidt College of

Medicine, Florida Atlantic University, Boca Raton, FL, USA

Marc C. Hochberg, M.D., M.P.H., M.A.C.P., M.A.C.R. Department of

Medicine, University of Maryland School of Medicine, Baltimore, MD, USA

Richard H. Hunt, F.R.C.P., F.R.C.P.Ed., F.R.C.P.C. Division of Gastro-

enterology and Farncombe Family Digestive Health Research Institute,

McMaster University, Hamilton, ON, Canada

Katsunori Iijima, M.D. Department of Gastroenterology, Akita University

Graduate School of Medicine, Akita, Japan

Angel Lanas, M.D., Ph.D., A.G.A.F., A.C.G.F. Universidad de Zaragoza.

IIS Aragón, CIBER Enfermedades Hepáticas y Digestivas (CIBERehd),
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Pharmacology and Mechanisms



Chemistry, Pharmacodynamics,
and Pharmacokinetics of NSAIDs 1
Sara Calatayud and Juan Vicente Esplugues

Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs)

constitute a heterogeneous group of drugs used to

treat inflammation, pain, and fever. Despite sub-

stantial differences in their chemical structure,

they present a common mechanism of action

consisting of the inhibition of the enzymes

responsible for prostanoid synthesis, namely,

cyclooxygenases (COX). However, since they

are so heterogeneous, they exert other actions

that can condition their therapeutic value.

Chemistry

NSAIDs are organized in subgroups according to

their parental chemical structure (Table 1.1,

Fig. 1.1). Most are organic acids with relatively

low pKa (Table 1.2), and this acidic nature

influences their pharmacodynamic and pharmaco-

kinetic profiles (see below). The exceptions to this

rule are paracetamol and pyrazolic derivatives

(metamizole, propyphenazone), which are often

excluded from the NSAID group because of their

low anti-inflammatory activity, and also the diaryl

heterocyclic compounds (coxibs).

Pharmacodynamics

The therapeutic effects of NSAIDs are mediated

chiefly through the inhibition of prostaglandin

synthesis. Prostanoids are formed enzymatically

through prostaglandin–endoperoxide synthases

1 and 2 (PGHS-1 and PGHS-2), which are also

known as cyclooxygenases 1 and 2 (COX-1 and

COX-2). PGHSs catalyze two different reactions

at two sites that are physically distinct but func-

tionally linked. The cyclooxygenase reaction

provokes a bisoxygenation of arachidonic acid to

generate prostaglandin G2 (PGG2), which is then

transformed into PGH2 through a peroxidase

reaction. These unstable intermediates are quickly

transformed into different prostaglandins,

prostacyclins, and thromboxanes by specific

synthases. A major limiting factor of prostanoid

formation is the availability of the substrate

arachidonic acid, and this constraint usually

determines a low rate of basal prostanoid forma-

tion. However, this synthetic pathway is greatly

enhanced when phospholipase A2 is activated to

release arachidonic acid from phospholipids

(Fig. 1.2).

This arachidonic acid cascade is of great

importance in inflammation, pain, and fever.

Prostanoid synthesis is significantly elevated in

inflamed tissues, where PGE2 and prostacyclin

(PGI2) contribute to this response by increasing

local blood flow, vascular permeability, and leu-

kocyte infiltration [1–3]. These prostanoids also
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Fig. 1.1 Chemical structures of some NSAIDs including

representative salicylates (a), propionates (b), acetic acid

derivatives (c), enolic acid derivatives (oxicams) (d),
fenamates (e), nabumetone (f), metamizole (or dipyrone)

(g), paracetamol (or acetaminophen) (h), and diaryl

heterocyclic compounds (coxibs) (I). Note the general

presence of a carboxylic acid moiety in groups (a–c, e;
dashed rectangle). It is also present in the nabumetone

active metabolite (not represented)

4 S. Calatayud and J.V. Esplugues



cause peripheral sensitization by reducing the

threshold of peripheral nociceptors, while PGE2

and other prostaglandins induce central nocicep-

tive sensitization at the spinal dorsal horn

neurons [4, 5]. Finally, PGE2 acts at the hypo-

thalamus to increase body temperature by

increasing heat production and reducing heat

loss [1, 6]. Likewise, inhibition of prostanoid

synthesis by NSAIDs is responsible for undesired

side effects such as gastrointestinal and renal

toxicities, since prostanoids are physiological

regulators of gastrointestinal mucosal defense

and renal homeostasis.

A key event in the evolution of this pharma-

cological group was the discovery and character-

ization of COX-2 [7–9] (Fig. 1.3). Unlike

COX-1, which is constitutively expressed in

most cells and responsible for many of the

housekeeping functions mediated by prostanoids,

COX-2 is expressed constitutively in a small

number of tissues. However, it is induced in

response to an extremely wide range of agonists

that include cytokines and tumor promoters,

which endows this isoenzyme with a significant

role in inflammation and perhaps also in cancer.

This paradigm has motivated an avid search for

drugs capable of inhibiting “pathological”

COX-2 activity while preserving the “physiolog-

ical” COX-1 function [10]. However, later evi-

dence has argued in favor of a mixed pattern in

which both isoenzymes are involved in homeo-

stasis and also in inflammatory processes. It

seems that COX-1 activity contributes to inflam-

mation in the early phases, until COX-2 is

upregulated and takes up its role as a motor of

the synthesis of pro-inflammatory prostanoids

[1, 2, 11]. Both isoenzymes are also expressed

in the spinal cord and mediate nociceptive

stimuli [1, 12], while hyperthermia seems to

depend mainly on COX-2 activity [1, 6]. On the

other hand, besides the clear role of COX-1-

derived prostanoids in the digestive mucosal

barrier, renal homeostasis, and platelet aggrega-

tion, accumulating evidence indicates that

Table 1.1 Classification of NSAIDs according to their

parental chemical structure

Derivatives of

Salicylic acid Aspirin

Diflunisal

Propionic acid Ibuprofen

Flurbiprofen

Ketoprofen

Naproxen

Acetic acid Indomethacin

Diclofenac

Aceclofenac

Etodolac

Ketorolac

Enolic acid Piroxicam

Tenoxicam

Meloxicam

Lornoxicam

Phenylbutazone

Fenamic acid Mefenamic acid

Meclofenamic acid

Alkanones Nabumetone

Para-aminophenol Acetaminophen or

paracetamol

Pyrazole Metamizole or dipyrone

Propyphenazone

Diaryl heterocyclic

compounds

Celecoxib

Valdecoxib

Rofecoxib

Etoricoxib

Table 1.2 Values of pKa and logP of several NSAIDs

Drug pKa logP

Aspirin 3.49 1.19

Meloxicam 4.08 3.43

Diclofenac 4.15 4.51

Naproxen 4.15 3.18

Mefenamic acid 4.20 5.12

Parecoxib 4.24 3.51

Flurbiprofen 4.42 4.16

Indomethacin 4.50 4.27

Ketoprofen 4.45 3.12

Etodolac 4.65 2.50

Sulindac 4.70 3.42

Ibuprofen 4.91 3.97

Piroxicam 6.30 3.06

Paracetamol 9.38 0.46

Valdecoxib 10.06 2.82

Celecoxib 10.70 4.01

pKa: acid dissociation constant (values 1/α acidity);

logP: octanol–water partition coefficient (values α
hydrophobicity) (Data obtained from PubChem and

DrugBank)
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COX-2-dependent prostanoids formed in endo-

thelial cells and the kidney counteract the effects

of prothrombotic and atherogenic stimuli and

contribute to arterial pressure homeostasis

[13]. In addition to specific new COX-2 drugs,

the selectivity for COX-1/COX-2 of the older

NSAIDs has been reevaluated in order to under-

stand differences in pharmacodynamic profiles

and side effects.

Nonselective vs. Isoform-Specific COX
Inhibitors

As previously explained, NSAIDs are usually

subdivided into two classes:

• Classic or “nonselective” NSAIDs: inhibit both

COX-1 and COX-2, with varied potencies on

each isoenzyme

• COX-2-selective or “isoform-specific” NSAID

inhibitors: designed to be more selective

against COX-2

However, this classification is questionable,

since COX-2 selectivity is a continuous variable

rather than an absolute category, and all NSAIDs

can inhibit both isoenzymes to some extent.

COX-1/COX-2 selectivity in vivo is predicted

according to ex vivo assays performed in human

whole blood (platelet COX-1 and macrophage

COX-2) or in a combination of human whole

blood and human lung cancer cells (as a consis-

tent source of COX-2). These assays provide an

estimate of potency and selectivity of inhibition

of the two COX enzymes in a setting that takes

into account the binding of NSAIDs to plasma

proteins. Table 1.3 lists some IC80 values for

several NSAIDs obtained in a broad comparative

analysis using the aforementioned assay

Fig. 1.2 Overview of the prostaglandin synthetic pathways with the relative contribution of COX-1 and COX-2 to

different physiological and pathological functions
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Fig. 1.3 Schematic diagram of the active site in COX-1

and COX-2 isoenzymes and the interaction with a nonse-

lective (ibuprofen, upper panel) and a COX-2-selective

(celecoxib, bottom panel) NSAID. Some key residues

are shown: Arg120 stabilizes the carboxylate group that

is present in most NSAIDs; Tyr385 is a highly conserved

residue situated in the upper part of the largely hydropho-

bic binding channel that accommodates the aromatic ring

structures; Leu523 in COX-1 is changed to Val523 in

COX2, which allows the opening of a side pocket and

accommodation of the bulkier diaryl heterocyclic

compounds; His513 is changed to Arg513 in COX-2,

which stabilizes the sulfonamide or methyl sulfone

group of these COX-2 inhibitors by hydrogen bonding;

Ile434 in COX-1 is changed to Val434 in COX-2, which

allows a more stable binding of COX-2-selective

inhibitors; and Ser530 is the residue that is acetylated by

aspirin
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combining whole blood and cancer cells. IC80

was considered more appropriate than IC50 for

comparisons, because normal plasma levels of

NSAIDs are in the range of concentrations that

produce 80 % inhibition of COX enzymes in this

assay [14]. These numbers illustrate that some of

the so-called traditional NSAIDs exert a COX-2-

selective inhibition similar to that of coxibs,

which are the prototypical COX-2-selective

drugs. Although in vitro data varies from one

study to another, a global analysis combined

with information regarding therapeutic plasma

levels and half-lives of the individual agents

provides an estimable predictor of the pharmaco-

dynamic and toxicodynamic effects of specific

compounds.

A special case is that of paracetamol. This drug

induces a redox-sensitive blockade of COX

activities that is inhibited by the high extracellu-

lar concentrations of arachidonic acid and perox-

ide at the sites of inflammation [15, 16]. This

pharmacodynamic particularity, together with

the low concentrations of paracetamol observed

in inflamed tissues (see below), justify its lack of

anti-inflammatory activity.

Combination of structural, functional, and

kinetic investigations outlines different patterns

of interaction and expands the concept of COX-2

selectivity as a direct consequence of particular

structural features (just a matter of size). By

considering other influencing factors, such as

kinetics and allosterism, the mechanisms of bind-

ing to COX-1 and COX-2 by different NSAIDs

have been shown to be as impressively diverse as

is explained in the following sections.

Structural Factors
COX-1 and COX-2 are dimers of 70 kDa

subunits. The homodimer is membrane-bound

and localized in the lumen of the endoplasmic

reticulum and in the nuclear envelope. Although

the global identity between COX-1 and COX-2

in a particular species involves around 60 % of

the protein, cyclooxygenase active sites present a

higher homology (>85 %), which limits the

options available for obtaining selective

interactions.

Each monomer of COX consists of three

structural domains:

• A short N-terminal epidermal growth factor

domain

• A membrane-binding domain

• A large, globular C-terminal catalytic domain

that constitutes the major part of the COX

monomer and is the site of arachidonic acid

binding and transformation

As explained previously, arachidonic acid is

transformed in two sequential reactions: double

dioxygenation, to generate PGG2 in the cycloox-

ygenase active site, and the reduction of PGG2 to

PGH2 at the peroxidase active site. For this reac-

tion, the entrance to the COX active site occurs at

the base of the membrane-binding domain and

leads to a long hydrophobic channel that extends

deep into the interior of the catalytic domain.

This hydrophobic channel can be divided into

the lobby and the binding site by a constriction

of three residues (Arg120, Glu524, and Tyr355)

Table 1.3 Ratio between the concentrations of drug

inhibiting 80 % of COX-2 and COX-1 activities (IC80)

determined in vitro for several NSAIDs (values >1 indi-

cate a higher selectivity for COX-1; values <1 indicate a

higher selectivity for COX-2)

Compound

IC80 ratio

COX-2/COX-1

Ketorolac 294.00

Flurbiprofen 51.00

Ketoprofen 6.00

Indomethacin 4.30

Aspirin 3.80

Naproxen 3.00

Ibuprofen 2.60

Fenoprofen 1.00

Sodium salicylate 0.92

Diflunisal 0.75

Piroxicam 0.47

Meclofenamate 0.30

Sulindac sulfide 0.29

Diclofenac 0.23

Celecoxib 0.11

Meloxicam 0.09

Rofecoxib 0.05

Etodolac 0.04

Data from Warner et al. (1999) [14]
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at the interface between the membrane-binding

domain and the catalytic domain [17]. Most

inhibitors bind in the COX active site above the

constriction residues between the highly

conserved residues Arg120 and Tyr385. Arg120

provides a positive charge that binds the negative

charges of carboxylic acid substrates and

inhibitors, serving in both isoenzymes as an

anchor for acidic NSAIDs [10, 18, 19] (Fig. 1.3).

Some differences between COX-1 and

COX-2 have been shown to be responsible for

the selectivity of some NSAIDs for COX-2

(reviewed in [9, 10, 17]):

• The membrane-binding domain changes the

last helix position and the location of

Arg120 at the constriction site in COX-2.

This change increases the space at the inter-

face between the membrane-binding and cat-

alytic domains, reduces steric and ionic

crowding by Arg120, and, as a consequence,

enhances the binding of nonacidic NSAIDs to

COX-2.

• Above the constriction, the COX-2 active site

presents spatial changes that result from

changes in some amino acids (Ile523,

His513, and Ile434 in COX-1 become

Val523, Arg513, and Val434 in COX-2,

respectively):

– Val523 in COX-2 vs. Ile523 in COX-1 !
this substitution makes accessible a small

side pocket in the catalytic center of

COX-2 that accommodates the sulfon-

amide or sulfone group of the diarylhe-

terocycles celecoxib and rofecoxib.

Mutating Val523 to an isoleucine restricts

access to this side pocket, and COX-2 is no

longer differentially sensitive to these

inhibitors. Conversely, when Ile523 is

substituted by Val523 in COX-1, this iso-

enzyme increases its affinity for COX-2-

selective inhibitors.

– Arg513 in COX-2 vs. His513 in COX-1 !
alters the chemical environment of the side

pocket by endowing it with a stable positive

charge at its center. This arginine appar-

ently interacts with polar moieties entering

the pocket and contributes somewhat to the

COX-2 selectivity of diarylheterocycles. In

combination with the change of Ile523 to

Val523, mutating His513 to an arginine in

COX-1 makes this isoenzyme much more

sensitive to COX-2 inhibitors.

– Val434 in COX-2 vs. Ile434 in COX-1 !
this modification in the surroundings of the

COX active site allows a more stable bind-

ing of selective inhibitors to the COX-2

isoform.

Thus, despite the considerable homology

between the two enzymes, this side pocket off

the main active site channel, which is more

accessible in COX-2 than in COX-1, makes the

COX-2 active site approximately 27 % larger

and allows the accommodation of bulkier

NSAIDs such as diarylheterocycle derivatives.

The fundamental structural factors responsible

for the potent and selective inhibition of COX-2

of these drugs include (1) two adjacent aromatic

rings as a central scaffold and (2) the presence of

a sulfonamide or methyl sulfone group on one of

the phenyl rings [10, 18].

Kinetic Factors

While all NSAIDs compete with arachidonate for

the COX active site, each NSAID can inhibit

COX in a time-dependent or time-independent

manner, and this may be relevant for drug

potency and COX-1/COX-2 selectivity. Time

dependency is deduced from experiments which

show that (1) the degree of COX inhibition

induced by a drug depends on the period of

time elapsed between addition of the inhibitor

and addition of the substrate and (2) after reduc-

ing the concentration of the inhibitor, the recov-

ery of COX activity occurs at a slow, sometimes

almost undetectable, rate [20, 21]. According to

this, different kinetic patterns have been

observed [17, 18]:

i. Rapid and reversible binding followed by

covalent modification (time-dependent)

ii. Rapid and reversible competitive inhibition

(time-independent)
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iii. Rapid and low-affinity competitive inhibition

followed by a time-dependent transition to a

high-affinity, slowly reversible, inhibitory

mode

iv. A mixed pattern involving (ii) and (iii)

Among traditional NSAIDs, we can find

prototypes of all kinetic patterns. The only exam-

ple of the first type of inhibition is aspirin. This

unique NSAID covalently modifies both COX-1

and COX-2 through acetylation of Ser-530 to

inhibit these enzymes in a time-dependent fash-

ion (i) [22]. Aspirin is significantly more potent

against COX-1 than against COX-2, but the rea-

son for this difference is unclear. Ibuprofen and

mefenamic acid are examples of the second

pattern (ii), causing a competitive and rapidly

reversible COX inhibition through a single-step

kinetic mechanism [22, 23].

Several different NSAIDs follow the third

kinetic pattern (iii), although their interaction

with the active site presents particularities in

each case. Indomethacin exerts a time-

dependent and functionally irreversible inhibi-

tion of COX through a two-step binding to

COX enzymes. Indomethacin is recovered intact

after prolonged incubation with either enzyme,

suggesting that the time-dependent inhibition of

COX is not caused by a covalent interaction

[20, 23]. Diclofenac’s kinetics are similar to

those of indomethacin; however, it binds to the

active site of COX-2 in a unique inverted binding

mode different to that described for all the other

NSAIDs analyzed [24]. A similar slow, tightly

binding, time-dependent, functionally irrevers-

ible COX inhibition through a two-step mode is

observed with flurbiprofen and meclofenamic

acid, despite being structural analogues of ibu-

profen and mefenamic acid, respectively

[21]. With regard to COX-2-selective diarylhe-

terocycle inhibitors, such as rofecoxib and

celecoxib, a competitive, reversible kinetic with

COX-1 is observed. However, with COX-2,

these drugs exert an initial two-step competitive

and reversible interaction that is followed by a

third pseudoirreversible step leading to a tightly

bound complex. This process causes a time-

dependent inhibition that depends on the

penetration of the sulfonamide or methylsulfonyl

groups into the abovementioned side pocket. The

significant differences between their kinetics on

COX-1 and COX-2 seem critical to the selectiv-

ity for this isoenzyme [23, 25].

Finally, naproxen and some oxicams exhibit

a “mixed” pattern of inhibition of COX

(iv) that combines a quick and reversible block-

ade with a slow and functionally irreversible

inhibition of the enzyme. This “mixed” pattern

is observed with COX-2, while COX-1 block-

ade only presents the time-independent

component [23].

A global analysis of these data suggests that

tight binding/time dependency usually confers

higher potency (with the exception of aspirin,

which causes a covalent modification). When

kinetics were analyzed in both isoenzymes,

drugs exhibiting similar (e.g., ibuprofen and

indomethacin) and different (naproxen, oxicams,

coxibs) patterns of inactivation of COX-1 and

COX-2 were identified, and in some cases this

difference has an impact on their selectivity.

Finally, the structural basis for time-dependent

inhibition is not yet well defined and may vary

for different drugs.

Allosteric Factors

Different studies suggest that cyclooxygenases

exhibit enzymatic activity at a single COX active

site at a given time [20, 26] and function as

conformational heterodimers with an allosteric

and a catalytic monomer [19]. Thus, the alloste-

ric monomer regulates its catalytic partner by

establishing a ligand-dependent cross talk

between both monomers.

It was subsequently found that different fatty

acids, which may or may not be COX substrates,

are allosteric regulators of PGHSs and that a

given fatty acid can elicit a stimulatory or inhibi-

tory effect on arachidonic acid oxygenation

depending on the COX isoform. Since

nonsubstrate fatty acids such as palmitic acid

bind preferentially to the allosteric subunit, they

are used to determine the monomer targeted by

different NSAIDs. These fatty acids interfere
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with inhibitors that bind to the allosteric subunit,

but have no effect on or even potentiate the

actions of inhibitors that bind to the catalytic

partner. By means of this kind of analysis, differ-

ent patterns of NSAID binding to COX-2

heterodimers have again been observed

(reviewed in Smith et al. [19]):

• Inhibitors that bind to the catalytic monomer

(e.g., celecoxib, rofecoxib, indomethacin,

diclofenac, or aspirin). These drugs can

cause a complete inhibition by competing

with the substrate for the active site in the

enzyme (aspirin causes a covalent modifica-

tion of this subunit).

• Inhibitors that bind to the allosteric monomer

(e.g., flurbiprofen, naproxen). They induce an

incomplete inhibition of COX.

• Inhibitors that bind to both monomers (e.g.,

ibuprofen and mefanamate). They can

induce a mixed inhibition depending on

the dose.

Most of these studies have been performed on

COX-2; therefore, whether or not the pattern of

interaction described for a particular inhibitor

also applies to COX-1 is largely unknown at

present.

The significance of COX allosterism remains

unresolved, but, apart from its relevance in the

mechanism of action of particular NSAIDs, the

allosteric regulation of COX activity by common

endogenous and dietary fatty acids raises the

possibility that both the pathological role of

COX and the pharmacological/therapeutic

effects of NSAIDs are affected by circumstances

that modulate the levels of these lipids (e.g.,

pathology, diet, etc.).

Thus, NSAIDs inhibit PG synthesis by bind-

ing to COX enzymes in many different ways,

which is comprehensible considering the struc-

tural heterogeneity of this pharmacological

group. However, there are still many unan-

swered questions regarding the mechanism

of action of these drugs, even though some of

them have been used for several decades

(almost 120 years in the case of aspirin). This

knowledge is important, as a better understand-

ing of how both, explained and currently

unknown factors, affect NSAID activity on

COX isoenzymes may help in the future to

develop drugs with more specific anti-

inflammatory actions with less alteration of the

housekeeping roles of prostanoids.

COX-Independent Actions

The significant varieties of molecular structures

and pharmacological profiles observed in the

NSAID group have driven the search for alterna-

tive mechanisms of action that could comple-

ment their common inhibitory activity on COX

(Table 1.4). One field of research has analyzed

the ability of NSAIDs to insert themselves inside

the lipid bilayers of biological membranes,

describing a range of actions mediated through

this mechanism, including putative anti-

inflammatory effects such as antioxidant activity

or inhibition of phospholipase A2, or side effects

like disruption of gastric mucosal barrier or mito-

chondrial toxicity [27]. Other investigations have

focused on the ability of some NSAIDs to modu-

late transcription factors that control the induc-

ible expression of many genes involved in

inflammation, such as nuclear factor-kappa B

(NF-kappa B) or AP-1, while other studies

describe the ability of some NSAIDs to modulate

signaling pathways involved in inflammatory

responses, such as the MAPK or PI3k/Akt

pathways, or to interact with nuclear receptors

that regulate inflammation [28, 29]. Additionally,

a variety of NSAIDs seem to inhibit the function

of the adhesion molecules responsible for the

leukocyte–endothelial cell interactions that initi-

ate the inflammatory focus [30]. Although these

alternative mechanisms have been implicated in

many particular effects induced by different

NSAIDs and observed in varying experimental

conditions, there is no consensus with regard to

their relative contribution to the anti-

inflammatory activity of NSAIDs observed at

the concentrations attained with clinically used

doses.
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Pharmacokinetics

Absorption

NSAIDs are generally well absorbed following

oral ingestion and present a high bioavailability

(80–100 %), although there are some

exceptions (e.g., diclofenac, celecoxib). Their

absorption is generally quick, and peak plasma

concentrations are usually observed within

2–3 h, except for some derivatives of the enolic

acid (piroxicam, meloxicam, nabumetone) and

certain diaryl heterocyclic compounds (e.g.,

celecoxib, rofecoxib). Food intake may delay

absorption, but rarely decreases systemic avail-

ability. Some compounds, such as diclofenac or

aspirin, undergo a significant first-pass effect that

significantly reduces their bioavailability, while

a first-pass metabolism generates the active drug

in the case of others, like dipyrone, nabumetone,

sulindac or etoricoxib (Table 1.5). When applied

topically, NSAIDs’ penetration of inflamed

tissues and joints appears to be minimal, and

detectable concentrations in synovial fluid

observed after some topical treatments (i.e.,

with diclofenac) seem to depend on dermal

absorption and systemic circulation.

Distribution

Most NSAIDs are extensively bound to plasma

proteins (95–99 %), and this binding may be

saturable with a potential for interaction with

drugs that compete for the same binding sites.

The distribution pattern has a significant impact

on the pharmacological actions and side effects

of NSAIDs. Most compounds achieve sufficient

concentrations in the central nervous system to

exert a central analgesic effect, while their kinet-

ics in inflammatory foci seem to be affected by

particular physicochemical characteristics, like

acidity. Acidic drugs (pKa 4–5), including

diclofenac, ibuprofen, ketoprofen, or

lumiracoxib, seem to accumulate and persist in

inflamed tissue, such as in the synovial fluid of

inflamed joints (reviewed in Brune and

Patrignani [31]). This accumulation may be the

consequence of several factors:

• The local acidic microenvironment caused by

inflammation facilitates nonionic diffusion of

these drugs into the cell interior; once there,

the higher intracellular pH causes drug ioni-

zation. This process, termed ion trapping,

increases the intracellular concentration of

the drug.

Table 1.4 COX-independent direct cellular targets of

different NSAIDs

Target Effect NSAIDs

Transcription

factors

Inhibition of

NF-κB
Aspirin

Salicylate

Ibuprofen

Flurbiprofen

Sulindac

sulfide

Indomethacin

Inhibition of AP-1 Aspirin

Kinases Inhibition of

MAPK cascade

Aspirin

Salicylate

Sulindac

sulfide

Ibuprofen

Celecoxib

Inhibition of PI3k/

Akt

Naproxen

Oxaprozin

Nuclear

receptors

Stimulation of

PPAR-γ
Ibuprofen

Indomethacin

Inhibition of

PPAR-δ
Indomethacin

Sulindac

sulfide

Leukocyte-

adhesion

molecules

Inhibition of

L-selectin

shedding

Aspirin

Salicylate

Ketoprofen

Diclofenac

Indomethacin

Aceclofenac

Meclofenamic

acid

Mefenamic

acid

Inhibition of ß2-

integrin activation

Piroxicam

Meloxicam

Inhibition of

VLA-4 activation

Diclofenac

Indomethacin

Aceclofenac
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Table 1.5 Pharmacokinetic data of common NSAIDs

Drug

Bioavailability

(oral, %)

First-

pass

Peak Cp

(h)
Protein

binding t1/2 (h) Active metabolites

Urinary

excretion

(%)

Salicylates

Aspirin >80 þþþ 0.4 80–90 0.25–0.3 Salicylic acid

Salicylic acid 100 – 1–2 95 2–3a 2–30

Diflunisal 90 2–3 99 8–12

Para-aminophenol derivative

Paracetamol 75–90 þ 0.5–1 20–50 2b

Pyrazolones

Dipyrone >90c þþþ 0.5–1 15 2–4c 4-Methyl-amino-

antipyrine

5

58c Amino-antipyrine

Propyphenazone >90 1–3 10–20 1–1.5 0.6

Acetic acid derivatives

Indomethacin 90–100 � 1–2 99 1–6 20

Diclofenac 54 þþþ 2–3 99 1–2 <1

Aceclofenac 100 – 1.25–3 99 4–5

Etodolac 1 99 7

Ketorolac 80–100 � 0.5–1 99 4–6d 5–10

Sulindac 90 1–2 90 7 Sulindac sulfide

8e 18e

Propionic acid derivatives

Ibuprofen >80 – 0.25–0.5 99 2–4 <1

Naproxen 99 � 1 99f 14 10

Fenoprofen 85 2 99 2

Flurbiprofen 92 – 1–2 99 6 2

Ketoprofen 100 � 1–2 98 2

Fenamates

Mefenamic acid >90 – 2–4 high 3–4 <6

Meclofenamate 0.5–2 99 2–3

Enolic acid derivatives

Meloxicam 89 11 5–10 90 15–20 <1

Piroxicam 100 – 3–5 99 45–50 <5

Alcanones

Nabumetone 35g 2–8g 99g 24g 6-Methoxy-2-

naphthylacetic acid

(6MNA)h

Diaryl heterocyclic derivatives

Celecoxib 22–40 2–3 97 8–12i <1

Etoricoxib 100 1 92 22 <2

Parecoxib 98h 0.3 Valdecoxib <5h

8–11h

Peak Cp: time to peak plasma drug concentration; urinary excretion: as unaltered drug
aDose-dependent half-life
bHalf-life increases in liver disease, elderly, and children
cAs 4-methyl-amino-antipyrine
dHalf-life increases in elderly, liver, and renal disease
eAs sulindac sulfide
fIncreased free fraction and half-life in elderly
gAs 6-methoxy-2-naphthylacetic acid
hReduced in liver disease
iIncreased in cases of P450-2C9 genetic polymorphisms, co-treatment with P450-2C9 inhibitors or liver disease
hAs valdecoxib
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• Changes in the hemodynamics of tissue dur-

ing inflammation, including increased

localized blood flow and edema, allows

protein-bound and protein-unbound drugs to

escape into the tissue.

• The high concentration of albumin in inflamed

tissues and synovial fluid retains drugs that

present a high affinity for this protein.

• The mildly acidic extracellular pH may

reduce their binding to plasma proteins and

increase the free fraction of the drug.

These factors would modulate the kinetics in

the inflammatory focus, thereby prolonging the

therapeutic action of the drug beyond that

expected based on analysis of plasma pharmaco-

kinetics. However, ion trapping also results in

acidic compounds achieving high concentrations

in the stomach wall and kidney, in which block-

ade of prostanoid synthesis causes the typical

organ toxicity elicited by these compounds. Due

to their lack of acidic structure, other COX

inhibitors, such as dipyrone and paracetamol,

are distributed homogenously throughout the

body at therapeutic doses and induce analgesia,

but induce no or very slight anti-inflammatory

effects. This is partly due to their low concentra-

tion in inflamed tissues [31].

Elimination

The majority of NSAIDs are cleared from plasma

by hepatic biotransformation followed by renal

excretion of their metabolites. Renal excretion of

active drugs is negligible in most cases (except

indomethacin or salicylic acid) (Table 1.5).

Some have active metabolites (e.g., nabumetone,

sulindac) and nearly all undergo varying degrees

of biliary excretion and reabsorption

(enterohepatic circulation), a process that seems

to contribute to NSAID enteropathy. Some

NSAIDs are metabolized by phase I (oxidation,

hydroxylation, demethylation) followed by

phase II (glucuronidation, other conjugations)

mechanisms, while others suffer only phase II

reactions. The family of NSAIDs includes drugs

with very different half-lives, from 1 to 4 h in the

Table 1.6 Particularities of some NSAIDs

Specific characteristics of individual NSAIDs

Aspirin

• Most widely consumed NSAID

• Used as antiplatelet agent

• Only NSAID that causes irreversible inhibition of

COX

• After absorption, quickly hydrolyzed to salicylic

acid

• Excretion of salicylates extremely variable: dose-

and pH-dependent elimination; reduced in renal

disease

Celecoxib

• COX-2 selectivity

• Fewer gastrointestinal side effects

• Increased risk of cardiovascular events

• Metabolism reduced in hepatic impairment

• Inhibitor of CYP2D6

Diclofenac

• Potent NSAID

• Selectivity for COX-2 similar to that of celecoxib

• Short half-life, substantial first-pass effect,

accumulation in synovial fluid

Dipyrone

• Prodrug

• Analgesic and antipyretic activity

• Weak anti-inflammatory action

• Some antispasmodic activity

Etodolac

• Some degree of COX-2 selectivity

Etoricoxib

• Long half-life

• Metabolism reduced in hepatic impairment

Ibuprofen

• Most commonly used NSAID (besides aspirin)

• Interferes with the antiplatelet effects of aspirin

Indomethacin

• Potent nonselective COX inhibitor

• Limited use due to its toxicity

• Undergoes enterohepatic cycling

Nabumetone

• Prodrug of 6-methoxy-2-naphthylacetic acid

(6MNA)

Oxicams

• Long half-life, allowing once daily dosing

Paracetamol

• Analgesic and antipyretic

• Very weak anti-inflammatory action: probably

related to the inhibitory effect of peroxides on its

blocking effect on COX and to low levels of

paracetamol in the inflammatory focus due to its

lack of acidity

(continued)
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case of ibuprofen, diclofenac, or acetaminophen

to 20–60 h in the case of oxicams. COX-2-selec-

tive drugs present an intermediate half-life

(Table 1.5).

Some authors have hypothesized that the short

half-life of acidic compounds confers an advan-

tage in that their rapid disappearance from the

central compartment allows the recovery of

COX-2 activity in endothelial cells at the end of

each dosing interval, while analgesia resulting

from COX blockade in the inflamed tissue is

continuously inhibited by the accumulated drug.

This rationale could also be applied to other

tissues and organs in which prostaglandin syn-

thesis exerts a homeostatic action [31, 32].

The clearance of many NSAIDs is reduced in

the elderly due to changes in hepatic metabolism.

Additionally, older patients may present lower

levels of plasma albumin and, consequently,

higher concentrations of unbound NSAIDs.

These elevated NSAID concentrations, in addi-

tion to impaired gastric mucosal defenses,

explain the higher susceptibility to gastrointesti-

nal complications observed in older patients.

Some clinically relevant characteristics of

specific NSAIDs are summarized in Table 1.6.
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Introduction

Bioactive lipid mediators are major regulators of

inflammatory response. Seminal discoveries in the

field of lipid mediators generated from the omega-

6 polyunsaturated fatty acid, arachidonic acid,

have identified prostaglandins (PGs) as essential

constituents of inflammation in response to injury.

Later on, the identification of cyclooxygenase

(COX) as the enzyme responsible for the forma-

tion of PGs offered a novel paradigm in the thera-

peutic modulation of inflammation. Indeed, this

enzyme evolved to become the primary target for

nonsteroidal anti-inflammatory drugs (NSAIDs),

which block the formation of PGs by inhibiting

COX activity. Subsequent investigations defined

other enzymes belonging to the COX pathway that

participate in the formation of PGs, the identifica-

tion of which offered novel opportunities for

blocking/inhibiting this inflammatory pathway.

Among these, the discovery of COX-2 in the

early 1990s, the enzyme involved in the produc-

tion of PGs during the inflammatory process,

revolutionized the field and provided novel

avenues for the design and development of safer

anti-inflammatory drugs collectively known as

COXIBs. The main advantage of these anti-

inflammatory compounds was that they were able

to reduce inflammation while sparing the forma-

tion of PGs from COX-1, which is the main COX

isoform involved in the production of PGs respon-

sible for housekeeping functions such as the

maintenance of gastric mucosa and the integrity

of renal function. Unfortunately, COXIBs fell

into disgrace when their use was associated with

a higher incidence of thrombotic events. Luckily,

alternative scenarios including the design of

compounds selectively inhibiting microsomal

PGE synthase 1 (mPGES-1) have emerged as a

means to reduce PGE2 formation without affecting

other COX products. Other promising strategies

are the use of PG agonists and antagonists acting

on specific prostanoid receptors. The latter

approach offersmore advantages in terms of safety

and specificity as compared to the traditional

upstream COX inhibitors, although the ten types

and subtypes of membrane prostanoid receptors

are hamper-ing progress in this area. Other thera-

peutic opportunities that have been considered

are dualCOX-lipoxygenase (LOX) inhibitors,

cyclo-pentenone PGs, NSAIDs coupled to nitric

oxide (NO) donors, and NSAIDs coupled to H2S-

releasing compounds. Finally, the so-called

aspirin-triggered lipoxins, a new genus of lipid

mediators that promote the resolution of inflam-

mation, have attracted special interest.
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Eicosanoids

Eicosanoids comprise a large family of biologi-

cally active lipid mediators originating from

arachidonic acid, an essential long-chain

omega-6 polyunsaturated (4 double bonds) fatty

acid with a backbone of 20-carbon atoms. The

term eicosanoids derives from the Greek term

eicosa (20) which refers to the peculiarity that

all these arachidonic acid derivatives retain the

parent 20-carbon structure. In resting cells,

arachidonic acid is stored within the cell mem-

brane and esterified to glycerol in the

phospholipids, which are the most abundant

structural lipid components in mammalian cells

[1, 2]. Phospholipids are amphipathic molecules

composed of a glycerol backbone with two fatty

acids esterified to the sn (stereospecific number-

ing) 1 and 2 positions (sn1 and sn2) and a phos-

phate group bound to the third hydroxyl group.

This phosphate group is esterified to another

hydroxyl group on another hydrophilic com-

pound, such as choline, ethanolamine, serine, or

inositol, forming different phospholipids with

unique properties [1, 2]. Upon stimulation, the

enzyme phospholipase A2 (PLA2) catalyzes the

hydrolysis of phospholipids at the sn2 position in

a single-step reaction, releasing arachidonic acid

into the intracellular space [1, 2]. Other

phospholipases such as phospholipase C (PLC)

or phospholipase D (PLD) do not release free

arachidonic acid directly. Rather, they generate

arachidonate-containing diacylglycerol and

phosphatidic acid, from which arachidonic acid

is subsequently released by diacylglycerol and

monoacylglycerol lipases, respectively [1, 2].

Once released to the cytoplasm, free

arachidonic acid is highly toxic to the cell and

therefore is either rapidly converted into biologi-

cally active lipid mediators (i.e., eicosanoids),

reincorporated into phospholipids, or diffused

outside the cell. There are two major routes of

eicosanoid biosynthesis in mammalian cells: the

COX and LOX pathways, which are

complemented by a third distinct enzymatic

pathway, the cytochrome P450 epoxygenase or

CYP pathway [3]. The COX pathway results in

the formation of prostaglandins (PGs) and

thromboxane (TXA2), which are known for

their powerful physiological properties and their

critical role in inflammation [4–6]. On the other

hand, the LOX pathway comprises three major

LOXs, designated 5-LOX, 12-LOX, and

15-LOX. 5-LOX converts arachidonic acid into

5(S)-hydroxyeicosatetraenoic acid (5-HETE)

and leukotrienes (LTs), which also represent

another consolidated pharmacological target in

inflammation, whereas 12-LOX and 15-LOX

generate the corresponding 12- and 15-HETEs,

respectively [4–7]. Alternatively, arachidonic

acid can be converted into epoxyeicosatrienoic

acids (EETs) through the CYP pathway

[8]. These CYP metabolites are subsequently

converted by the enzyme soluble epoxide hydro-

lase into inactive compounds designated

diHETEs [9]. Since to date no cognate receptors

or second messengers have been identified for

these eicosanoids, they will not be discussed in

this review.

In recent years, new families of eicosanoids

generated by sequential interaction between indi-

vidual LOX or between COX and LOX

interactions have been described. The first

mediators of this novel class ever described

were the lipoxins (LXs), which are conjugated

trihydroxytetraene-containing eicosanoids

generated from arachidonic acid [10]. These

mediators are the result of transcellular biosyn-

thesis initiated by 15-LOX/5-LOX, 5-LOX/12-

LOX, or aspirin-acetylated COX-2/5-LOX

interactions [10]. In contrast to the majority of

eicosanoids, which have consolidated

proinflammatory properties, LXs are anti-

inflammatory and not only act as “stop signals”

for inflammation but also promote its active res-

olution [11]. More information on these

mediators is given later on of this chapter.

COX Pathway

COX is the key enzyme in the biosynthesis of

PGs and TXB2 from arachidonic acid [5, 6,

12]. There are two distinct COX isoforms,
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designated COX-1 and COX-2, that generate the

same structural products (i.e., PGs). However,

COX-1 is a constitutive enzyme expressed in

virtually all cells, whereas COX-2 has limited

expression in most tissues but is induced by

inflammatory mediators. Induction of COX-2 is

seen in response to interleukin (IL)-1β, tumor

necrosis factor (TNF)-α, interferon (IFN) γ, and
lipopolysaccharide (LPS), and therefore, it is

generally accepted as the COX isoform involved

in inflammatory response [13, 14]. In any event,

both COX isoforms sequentially transform

arachidonic acid into PGG2 and, subsequently,

into PGH2, which is finally converted into PGs of

the D, E, F, and I series as well as into TXA2 by

specific terminal synthases (Fig. 2.1). The bio-

synthesis of each of these products is cell specific

and depends on which synthase is predominant in

a particular cell type. Consequently, any given

cell type tends to specialize in the formation of

one of these eicosanoids as its major product. For

example, endothelial cells mainly produce PGI2
(prostacyclin) from PGH2 by means of PGI

synthase, and platelets release TXA2 from

PGH2 through the action of TX synthase. Both

PGI2 and TXA2 have a very short half-life and
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Fig. 2.1 Schematic diagram of the cyclooxygenase

(COX) pathway. Once released from membrane

phospholipids by phospholipase A2, arachidonic acid is

transformed by COX isoforms (COX-1 and COX-2) into

prostaglandin (PG) G2, which is subsequently reduced to

PGH2. PGH2 is a highly unstable endoperoxide that is

rapidly converted by specific synthases into PGs of the E,

D, F, and I series as well as into thromboxane (TX) A2.

Both PGI2 (prostacyclin) and TXA2 have a very short

half-life and are rapidly hydrolyzed to the inactive

compounds 6-keto-PGF1α and TXB2, respectively. Each

COX product interacts with its specific receptor(s) on

target cells and tissues. Ten different receptors have

been described: four for PGE2, two for PGD2, two for

TXA2, and one each for PGF2α and PGI2
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are rapidly hydrolyzed to the inactive compounds

6-keto-PGF1α and TXB2, respectively

[12]. PGH2 can be alternatively converted into

PGF2α by PGF synthase, which is mainly

expressed in the uterus. PGH2 is also converted

into PGD2 by the action of PGD synthase, of

which two distinct types have been identified:

lipocalin-type PGD synthase and

hematopoietic-type PGD synthase [5]. PGD2 is

readily dehydrated to the cyclopentenone PGs of

the J2 series (PGJ2 and 15-deoxy-Δ (delta)12,14-

PGJ2 (15d-PGJ2)) (see below). PGE2 is formed

by the enzyme PGE synthase (PGES) present in

virtually every cell type. There are three different

PGES isoforms (mPGES-1, cPGES-1, and

mPGES-2), of which mPGES-1 was the first to

be identified and characterized [15]. Owing to

their instability, PGs and TXA2 exert their

functions mainly in the proximity of their sites

of synthesis. Thus, they typically act as autocrine

or paracrine hormones, maintaining homeostasis

within their cells of origin or in neighboring cells

in the tissue. Ten different types and subtypes of

receptors, which belong to the G protein-coupled

rhodopsin-type receptor superfamily of seven

transmembrane domains, mediate the biological

effects of PGs [16] (Fig. 2.1). Four of the recep-

tor subtypes bind PGE2 (EP1, EP2, EP3, and

EP4), two bind PGD2 (DP1 and DP2), two bind

TXA2 (TPα and TPβ), and the rest are single

receptors for PGF2α and PGI2 (FP and IP, respec-

tively) [16]. In addition to these classical mem-

brane receptors, PGs and especially

cyclopentenone PGs such as the PGD2 final

metabolite 15d-PGJ2 can also transduce signals

upon direct ligand binding to nuclear receptors

such as peroxisome proliferator-activated

receptors (PPARs) [17]. These receptors are

found in three different isoforms (i.e., PPARα,
PPARδ, and PPARγ) and act as ligand-activated

transcription factors with a DNA-binding domain

that recognizes response elements in the pro-

moter region of specific target genes linked to

inflammation, cell proliferation, apoptosis, and

differentiation [18].

The formation of PGs has been reported in

almost every tissue and body fluid. With the

exception of seminal fluid, PGs are not stored in

tissues or cells. Instead, once synthesized, they

are released and/or exported to the extracellular

space. Owing to instability, PGs and TXA2 exert

their functions mainly in the proximity of their

sites of synthesis. Thus, they typically act as

autocrine or paracrine hormones, maintaining

homeostasis within their cells of origin or in

neighboring cells in the tissue. In general terms,

COX products play a major role in inflammation

and participate in the regulation of smooth mus-

cle tone, hemostasis, thrombosis, parturition, and

protection of gastrointestinal and renal integrity

as well as in the progression of cancer.

Among the different PGs, PGE2 plays a cru-

cial role in the development of the five cardinal

signs of inflammation: edema, erythema, pain,

fever, and loss of function. In this regard, PGE2

increases vascular permeability contributing to

fluid extravasation and the appearance of edema

(swelling), in a synergistic fashion with other

soluble factors such as complement, bradykinin,

histamine, and LTs [5]. In addition, PGE2 is a

potent vasodilator that increases tissue blood

flow, contributing to the appearance of the char-

acteristic erythema (redness) [19]. PGE2 also

sensitizes peripheral sensory nerve endings

located at the site of inflammation and acts in

the spinal cord to evoke hyperalgesia pain

[20, 21]. Finally, PGE2 is crucial in the appear-

ance of fever [22]. Pyresis is the consequence of
increased levels of PGE2 in the central nervous

system secondary to the actions of the

proinflammatory cytokines IL-1β and TNF-α
produced by activated immune cells in the sys-

temic circulation [23]. It is of note that PGs are

able to potentiate and prolong the action of other

mediators of inflammation such as bradykinin,

histamine, neurokinins, and complement [5].

PGI2 (prostacyclin) is the chief COX product

of the vascular endothelium [5]. It is mostly

produced by endothelial cells and has

vasodilatory properties and works as an inhibitor

of platelet aggregation [5]. In contrast, TXA2 is

produced by platelets and is a potent vasocon-

strictor and pro-thrombotic agent [5]. There is a

fine balance between TXA2 and PGI2 in the reg-

ulation of systemic blood pressure and

thrombogenesis. PGF2α is also a prostanoid

20 B. Rius and J. Clària



with vasoconstrictor properties mainly produced

by vascular and uterine smooth muscle

[5]. PGF2α induces the contraction of the uterus

during labor and reproduction and induces

bronchoconstriction in the lungs [5]. Finally,

PGD2 is a major product of mast cells and is

actively involved in allergy and asthma [5].

COX-2
COX-2 was identified as a second COX isoform,

which, unlike the constitutive isoform COX-1, is

inducible and belongs to the category of

immediate-early genes [24–26]. The COX-2

gene is localized on chromosome 1, is about

8 kb long, has 10 exons, and is transcribed as

4.6, 4.0, and 2.8 kb mRNA variants [27, 28]. The

cDNA for COX-2 encodes a polypeptide, which,

before cleavage of the signal sequence, contains

604 amino acids with an apparent molecular

mass of 70 kDa [27, 29]. Sequence analysis of

the COX-2 50-flanking region has revealed sev-

eral potential transcription regulatory elements

including a TATA box, a NF-IL-6 motif, two

AP-2 sites, three Sp1 sites, two NF-kB sites, a

Cre motif, and an E-box [28]. COX-2 was origi-

nally identified as a unique, inducible gene prod-

uct in studies addressing cell growth signaling

pathways as well as in investigations on COX

activity in response to cytokines and other

inflammatory factors (reviewed in references

[4, 13, 14, 30]). In fact, COX-2 is markedly

induced by IL-1α, IL-1β, TNF�α, IFNγ, LPS,
epidermal growth factor (EGF), platelet-derived

growth factor (PDGF), fibroblast growth factor

(FGF), and oncogenes such as v-src and v-ras

[13, 14, 30]. Induction of COX-2 has been

reported in many cell types including fibroblasts,

monocytes and macrophages, epithelial, endo-

thelial, smooth muscle, mesangial and mast

cells, synoviocytes, osteoblasts, and central ner-

vous system neurons [13, 14, 30].

The amino acid sequences of COX-1 and

COX-2 from a single species are about 60 %

identical and catalyze identical reactions and

exhibit the same kinetic constants for the conver-

sion of arachidonic acid to PGs [24, 25, 29]. How-

ever, the two COX isoforms have distinct tissue

distribution and regulation. COX-1 is a

constitutive isoform widely distributed through-

out the gastrointestinal system, the kidneys, the

vascular smooth muscle, and platelets and is pre-

sumably involved in the housekeeping functions

of PGs such as cytoprotection of the gastric

mucosa and the integrity of platelet and renal

functions [31]. On the contrary, COX-2, which

is not commonly found in differentiated cells in

the absence of stimulation, has been referred to as

the inducible isoform because, like other

immediate-early genes, it can be rapidly

upregulated in response to growth factors and

cytokines [31]. This led to the dogma that the

inducible COX-2 isoform was responsible for

the synthesis of PGs involved in inflammatory

response, whereas COX-1-derived PGs were

involved in preserving the physiological

functions of these prostanoids. This dogma is not

entirely accurate, since COX-1 can be induced or

upregulated under certain conditions, whereas

COX-2 can be constitutively expressed in organs

such as the brain and the kidneys [30, 31]

The primary role of COX-2 in gastrointestinal

cancer deserves specific mention. Normal gastric

mucosa scarcely expresses COX-2, but COX-2

expression and PGE2 levels are upregulated

through the multistep process of gastric carcino-

genesis [32]. Since Ristimäki et al. described an

elevated expression of COX-2 in gastric cancer

for the first time [33], a number of studies has

evaluated the relationship between COX-2 and

cancer. The increased production of PGs

observed in tumors likely reflects enhanced

COX-2 activity since nearly 85 % of

adenocarcinomas show between a two- and a

fifty-fold increase in COX-2 expression at both

mRNA and protein levels compared with

matched, macroscopically normal, colonic

mucosa from the same patient [34, 35]. Thus,

COX-2 likely plays a role in early gastric carci-

nogenesis, although the precise mechanisms

leading to the elevated expression of COX-2 are

still not fully elucidated. Nevertheless, evidence

suggests that proinflammatory cytokines, gastrin,

mitogen, and growth factors could be involved in

this process [36]. On the other hand, COX-2-

overexpressing cells produce large amounts of

vascular endothelial growth factor (VEGF), a
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key pro-angiogenic factor that stimulates endo-

thelial cell migration, proliferation of cancer

cells, and angiogenesis [37]. Moreover, several

mechanisms may concur to enhance COX-2 gene

expression in cancer: in particular, mutations of

APC and ras, activation of EGF receptor and

IGF-I receptor pathways and the heregulin/

HER-2 receptor pathway, and direct COX-2

induction by the Epstein-Barr virus oncoprotein

and latent membrane protein 1 [38–40].

COX Inhibitors

The COX pathway offers unprecedented thera-

peutic opportunities in the arena of anti-

inflammation. Seminal discoveries by Vane,

Ferreira et al. and Smith et al. [41–43] were

published in 1971 linking the ability of NSAIDs

to suppress inflammation to the inhibition of

COX and PG biosynthesis. At present, NSAIDs

are among the most widely prescribed class of

over-the-counter medications showing proven

clinical utility in treating pain, fever, and inflam-

mation [5]. A list of currently marketed NSAIDs

is provided in Table 2.1. Among these NSAIDs,

aspirin (acetylsalicylic acid) plays an undisputed

central role in inflammation therapy. In fact,

aspirin is the most widely consumed NSAID

worldwide and the standard against which all

new anti-inflammatory agents are compared.

Aspirin has a long history of use and availability

without prescription, and because of its low cost

and safety, aspirin is the drug of choice for

relieving inflammation and mild to moderate

pain and fever. In addition to the well-known

anti-inflammatory, analgesic, and antipyretic

properties, aspirin also inhibits platelet aggrega-

tion and therefore is useful in preventing

myocardial infarction and stroke [44]. Moreover,

numerous epidemiological studies have also

shown that the long-term use of low doses of

aspirin represents a potentially viable option in

the prevention of sporadic colon cancer [45] (see

below).

The pharmacological properties of aspirin are

related to its ability to acetylate COX, leading to

the irreversible inhibition of the biosynthesis of

Table 2.1 List of the most common drugs marketed

(brand names given in brackets) targeting the COX

pathway

NSAIDS

Acetylsalicylic acid (Aspirin)

Choline salicylate (Arthropan)

Diclofenac potassium (Cataflam)

Diclofenac sodium (Voltaren)

Diclofenac sodium with misoprostol (Arthrotec)

Diflunisal (Dolobid)

Etodolac (Lodine)

Fenoprofen calcium (Nalfon)

Flurbiprofen (Ansaid)

Ibuprofen (Advil, Motrin)

Indomethacin (Indocin)

Ketoprofen (Actron, Orudis, Orudis KT, Oruvail)

Magnesium salicylate (Arthritab, Bayer Select, Doan’s

Pills, Magan, and others)

Meclofenamate sodium (Meclomen)

Mefenamic acid (Ponstel)

Meloxicam (Mobic)

Nabumetone (Relafen)

Choline and Magnesium salicylates (CMT, Tricosal,

Trilisate)

Naproxen (Aleve, Naprosyn)

Oxaprozin (Daypro)

Piroxicam (Feldene)

Salsalate (Amigesic, Anaflex 750, Disalcid, Marthritic,

Mono-Gesic, and others)

Sodium salicylate (various generics)

Sulindac (Clinoril)

Tolmetin sodium (Tolectin)

COXIBS

Celecoxib (Celebrex)

Etoricoxib (Arcoxia)

Lumiracoxib (Prexige)

NS-389 (Piroxicam)

Parecoxib (Dynastat)

Valdecoxib (Bextra, Dynastat)

RECEPTOR AGONISTS AND ANTAGONISTS

AA-2114 (Seratrodast)

Alprostadil (Edex)

BAY-U-3405 (Baynas)

Bimatoprost (Allergan, Lumigan)

Carboprost tromethamine (Hemabate)

Dinoprostone (Prepidil)

Iloprost (Ventavis)

Latanoprost (Xalatan)

Misoprostol (Cytotec)

Travoprost (Travatan)

Treprostinil (Remodulin, Tyvaso, Orenitram)

Tromethamine (Hebamate)
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the eicosanoids (i.e., PGs and TXA2). However,

there are properties of aspirin that are indepen-

dent of COX and PG inhibition. For example,

aspirin-like drugs are able to either activate the

heat shock transcriptional factor and the p38

mitogen-activated protein kinase or to inhibit

the mitogen-activated protein kinases p44Erk1

and p42Erk2 and the activity of transcriptional

factors such as nuclear factor-kB and activator

protein 1 [46–48]. Therefore, complete knowl-

edge of the mechanisms of action underlying the

pleiotropic effects of aspirin is still a subject of

interest and debate.

Unfortunately, apart from the beneficial anti-

inflammatory, antipyretic, and analgesic effects,

NSAIDs also exert unwanted side effects, partic-

ularly in the gastrointestinal tract [49]. This is

due to the fact that traditional or conventional

NSAIDs nonspecifically inhibit both COX-1 and

COX-2 isoforms. In other words, COX-1-derived

PGs are mainly involved in housekeeping

functions including gastrointestinal

cytoprotection, whereas COX-2-derived PGs

are mostly responsible for inflammation, and

consequently inhibition of both COX-1 and

COX-2 by traditional NSAIDs (i.e., aspirin,

indomethacin, ibuprofen, and meclofenamate)

produces gastrotoxicity. That is, at

concentrations required to inhibit PG biosynthe-

sis at sites of inflammation (COX-2 activity),

they also elicit a marked suppression of PG pro-

duction in the gastrointestinal and renal systems

(COX-1 activity).

Selective COX-2 Inhibitors (COXIBs)

The discovery of COX-2 and the characterization

of its role in inflammation were crucial for under-

standing why some existing NSAIDs including

etodolac (Lodine®), meloxicam (Mobic®), and

nimesulide (Mesulid® and others, currently with-

drawn from the market) were associated with a

lower range of deleterious effects. The most

plausible explanation for this phenomenon was

that these NSAIDs have a higher selectivity for

COX-2 in comparison with COX-1. In any event,

the most important advance in the field of

inflammation occurred when drug companies

took up the search for a new class of compounds

specifically designed to selectively inhibit

COX-2 without affecting COX-1-dependent PG

biosynthesis. These new series of compounds

were generically designated as COXIBs. The

first generation of selective COX-2 inhibitors

displayed high selectivity for blocking COX-2

activity in vitro and proved to be as efficacious

as standard NSAIDs in a number of in vivo

models of inflammation (rat carrageenan-

induced foot-pad edema and rat adjuvant-

induced arthritis) and hyperalgesia (rat

carrageenan-induced hyperalgesia) [50–

52]. These preclinical results led to the rational

design of the first clinical trials for selective

COX-2 inhibitors, which were sufficient to

prove that these compounds were useful for

relieving the signs and symptoms of osteoarthri-

tis and rheumatoid arthritis and for alleviating

pain following dental extraction, while reducing

the incidence of gastrointestinal ulcers and

erosions seen with standard NSAID therapy

[53–57]. This novel class of compounds aroused

particular interest for combating inflammation in

diseases such as liver cirrhosis, in which renal

function is critically dependent on COX-1-

derived PGs [58–61]. The two first selective

COX-2 inhibitors approved and marketed were

celecoxib (Celebrex®) and rofecoxib (Vioxx®). A
second generation of selective COX-2 inhibitors

including valdecoxib (Bextra®), etoricoxib

(Arcoxia®), parecoxib, an injectable prodrug of

valdecoxib (Dynastat®), and lumiracoxib

(Prexige®) (Table 2.1) was also approved for

the treatment of osteoarthritis, rheumatoid arthri-

tis, primary dysmenorrhea, and postoperative

pain. Since their introduction into the market in

1999, selective COX-2 inhibitors have become

hugely popular and one of the world’s best sell-

ing drug class. Unfortunately, rofecoxib (Vioxx)

was withdrawn from the market in 2004 based on

the findings from the prospective, randomized,

placebo-controlled clinical trial, adenomatous

polyp prevention on Vioxx (APPROVe), which

demonstrated an increased relative risk for con-

firmed cardiovascular events, such as heart

attacks and strokes, in patients taking Vioxx
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compared to those taking placebo [62]. It has

been postulated that the increased cardiovascular

risk associated with COX-2 inhibitors may be

secondary to prostacyclin/TXB2 imbalance,

since prostacyclin inhibits platelet aggregation

and causes vasodilatation and is derived mainly

from COX-2, whereas TXB2 causes platelet

aggregation and vasoconstriction and is mainly

a COX-1 product.

An interesting aspect of COX-2 is that this

isoform plays a crucial role in cell growth, angio-

genesis, and cancer progression [37–39]. Conse-

quently, COXIBs were also envisioned from the

very first moment as promising anticancer

agents. The use of these compounds in clinical

and experimental studies has provided clear

proof that COX-2 is indeed involved in the can-

cer preventive actions of NSAIDs. In a

randomized clinical trial, the COX-2 inhibitor

celecoxib effectively inhibited the growth of ade-

nomatous polyps and caused regression of

existing polyps in patients with hereditary famil-

ial adenomatous polyposis [63]. Studies in

rodents have also demonstrated that pharmaco-

logical inhibition of COX-2 activity prevents

chemically induced carcinogenesis and intestinal

polyp formation in an experimental model of

FAP [40]. Interestingly, animal studies have

shown that celecoxib is able to potentiate the

antitumor activity of conventional chemotherapy

and radiation [64, 65], an effect that could be

related to the recently uncovered COX-2 capabil-

ity of blocking p53- or genotoxic stress-induced

apoptosis [66]. Cell growth and angiogenesis can

be blocked in vitro by selective COX-2

inhibitors, highlighting the role of COX-2 in

cancer progression [67, 68]. Nevertheless, a sig-

nificant antiproliferative effect following selec-

tive COX-2 inhibition has been observed in

colon cancer cells that do not express COX-2

[69]. It has been suggested that the therapeutic

activity of COX-2 inhibitors might also be

related to their ability to inhibit IkB kinase

(IKK) activity [70]. This finding together with

the observation that sulindac sulfone, a sulindac

metabolite devoid of COX inhibitory activity, is

able to reduce colon cancer cell growth [71]

suggests that COX-2-independent pathways

and/or pathways unrelated to PGs are also

involved in the antineoplastic effects of NSAIDs

and selective COX-2 inhibitors.

mPGES-1 Inhibitors

Given the controversy surrounding the COXIBS,

increased interest emerged regarding the phar-

macological modulation of PG production

through inhibition of specific PG synthases.

Among the different PG synthases, PGE synthase

was of particular interest because this enzyme is

responsible for PGE2 biosynthesis. In theory,

pharmacologic inhibition of PGE synthase activ-

ity could decrease the formation of the

proinflammatory prostanoid PGE2 while sparing

the production of other prostanoids with vascular

protective effects such as prostacyclin. In 1999,

Jakobsson and coworkers [15] reported the clon-

ing and characterization of human PGE synthase,

now designated mPGES-1, which is a member of

the membrane-associated proteins involved in

the eicosanoid and glutathione metabolism

superfamily with the ability to catalyze the con-

version of PGH2 into PGE2. Following this dis-

covery, a cytosolic form of PGE synthase,

termed cPGES-1, which also isomerizes PGH2

to PGE2 rather specifically in the presence of

glutathione, was also cloned [72]. cPGES is

ubiquitously expressed and identical to p23

[73]. In addition, a second isoform of

membrane-associated PGE synthase, designated

mPGES-2, was identified in 2002 [74]. Among

the three different PGE synthases, mPGES-1 has

received much attention because it is an induc-

ible enzyme functionally coupled with COX-2

[15, 72–75]. Indeed, protein expression for

mPGES-1 and COX-2 is concomitantly induced

by IL-1β [15, 76]. Moreover, in a series of ele-

gant experiments, Murakami et al. demonstrated

that cotransfection of human mPGES-1 and

COX-2 into HEK 293 cells results in a higher

PGE2 production when cells are subsequently

stimulated with ionophore or IL-1β than

cotransfection of mPGES-1 with COX-1, thus

providing evidence that mPGES-1 preferentially

couples with COX-2 activity [77]. The fact that
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mice lacking the mPGES-1 gene have impaired

inflammatory, pain, and fever responses clearly

highlights the role of this enzyme in inflamma-

tion [78, 79]. At the moment, a number of

compounds specifically targeting mPGES-1 are

under development, although they are not yet

available for clinical use.

Agonists and Antagonists
of Prostanoid Receptors

The modulation of the COX pathway by

compounds acting on specific prostanoid

receptors provides advantages over upstream

COX, COXIBs, and mPGES-1 inhibitors,

because they can offer more specificity to their

actions. Unfortunately, progress in this field has

been slow and difficult, mainly because of the

existence of such a large number of prostanoid

receptors and their function similarity. Neverthe-

less, the cloning and characterization of specific

prostanoid receptors have facilitated the devel-

opment of synthetic agonists and antagonists for

some of these receptors. Most of these

compounds have proven to be very useful in the

identification of the biological role of a given

prostanoid receptor, and some have shown thera-

peutic potential (Table 2.1). Some examples are

misoprostol (Cytotec®), an EP3/EP2 agonist used

as an adjunct to COX inhibitor therapy to reduce

gastric irritation and bleeding [80]; alprostadil

(Edex®), an EP4/EP2 agonist used for erectile

dysfunction [81]; travoprost (Travatan®),
latanoprost (Xalatan®), and bimatroprost

(Allergan® or Lumigan®), which are FP agonists

marketed for the treatment of glaucoma and ocu-

lar hypertension [82]; carbaprost tromethamine

(Hebamate®), a 15-methyl analogue of naturally

occurring prostaglandin F2α prescribed for ter-

mination of pregnancy and also used for postpar-

tum hemorrhage [83]; iloprost (Ventavis®), an IP

agonist used in pulmonary hypertension;

treprostinil (Remodulin®, Tyvaso®, and

Orenitram® among others), a PGI2 analogue

used to treat pulmonary arterial hypertension

[84]; beraprost sodium, the first chemically sta-

ble orally active prostacyclin analogue currently

only approved in Japan [85]; dinoprostone

(Prepidil®), natural occurring PGE2 which is a

pharmacologic agent administered intravaginally

or intracervically for ripening the cervix [86];

and AA-2114 (Seratrodast®) and BAY-U-3405

(Baynas®), which are orally active TX receptor

antagonists available for the treatment of asthma

[87, 88].

Cyclopentenone PGs

Cyclopentenone PGs (cyPGs) are products of

the nonenzymatic dehydration of PGs. CyPGs

are structurally defined by the presence of a

highly reactive α,β-unsaturated carbonyl moiety

in the cyclopentenone ring [89]. From a

biological point of view, the most relevant

cyPGs are those derived from the dehydration

of PGD2, including the PGs of the J2 series:

PGJ2, Δ12-PGJ2, and 15d-PGJ2. Unlike other

PGs, no specific transmembrane receptors for

cyPGs have been identified to date. Instead,

15d-PGJ2 is a natural ligand of PPARγ and

appears to exert its effects through binding and

activation of this member of the nuclear recep-

tor superfamily of ligand-activated transcription

factors [90]. Other actions independent of

PPARγ have been reported for cyPGs, including
downregulation of NF-kB transcriptional activ-

ity [91], inhibition of cytokine production by

monocytes [92], and direct inhibition of key

enzymes of the eicosanoid cascade, namely,

cytosolic phospholipase A2, COX-2, and

mPGES-1 [93, 94].

CyPGs have a broad spectrum of biological

effects and, unlike conventional PGs, display

powerful immunomodulatory and anti-

inflammatory properties [95]. CyPGs have been

shown to suppress chronic inflammation and

pannus formation in rats with adjuvant-induced

arthritis [96] and to have a protective role in

models of renal ischemia-reperfusion injury

[97] and inflammatory bowel disease [98]. Inter-

estingly, in rats with carrageenan-induced pleu-

risy, in which the generation of 15d-PGJ2 takes

place during the resolution phase, administration

of cyPGs brings about acute inflammatory
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resolution, whereas inhibition of 15d-PGJ2
synthesis is associated with an exacerbation of

inflammation [99, 100]. In addition, cyPGs sup-

press viral replication, stimulate osteogenesis,

exhibit antiproliferative effects on cancer cells,

and attenuate the tumorigenic potential of cancer

cells in nude mice [89, 95, 101]. Unfortunately,

these compounds have not progressed toward

clinical development.

Other Approaches

Drugs Acting on the 5-LOX Pathway

Arachidonate 5-LOX is the key enzyme in the

biosynthesis of LTs. It initially transforms free

arachidonic acid to 5-HPETE through the stereo-

specific abstraction of the pro-S hydrogen at

carbon-7, followed by insertion of molecular O2

at carbon-5 [102]. 5-HPETE is either reduced to

5-HETE or subjected to the stereospecific

removal of the pro-R hydrogen at carbon-10 to

generate the highly unstable allylic epoxide

LTA4 [103]. Once formed, LTA4 is rapidly

transformed to either LTB4 via stereoselective

hydration by LTA4 hydrolase [104] or to LTC4

through glutathione conjugation catalyzed by

LTC4 synthase [105]. Sequential metabolic

reactions catalyzed by γ-glutamyl transferase

and a specific membrane-bound dipeptidase con-

vert LTC4 into LTD4 and LTE4, respectively.

Together LTC4, D4, and E4 are termed

cysteinyl-leukotrienes (Cys-LTs) and in the past

were referred to as the slow-reacting substances

of anaphylaxis.

Over the past 25 years, a number of pharma-

cological agents that modify the 5-LOX path-

way and the biosynthesis of LTs have been

developed to treat inflammatory diseases such

as asthma, ulcerative colitis, arthritis, and psori-

asis. These agents, which are generically known

as LT-modifying drugs, include 5-LOX and

FLAP inhibitors and Cys-LT receptor

antagonists. Drugs that directly block 5-LOX

activity were the first pharmacological

compounds considered as LT-modifying drugs.

Many of the molecules originally developed

were discarded because of severe side effects

and never entered the market, although some are

currently used for in vitro research

[106]. Caffeic acid, AA-861 and BW-775C,

fall within this category. Nordihydroguaretic

acid (NDGA) also known as masoprocol

(Actinex®) was a potent 5-LO inhibitor used to

treat actinic keratoses, although it was with-

drawn from the USA and Canada in 1996.

Other molecules designed to chelate the active

iron, such as the N-hydroxyurea derivative

Zileuton, have been developed. Zileuton (Zyflo®)
has been marketed as therapy for the prevention

and chronic treatment of asthma in adults and

children 12 years of age or older. A different

approach to inhibit 5-LOX activity is by means

of FLAP inhibitors. The indole-based compound

AM803 underwent clinical investigation and

passed phase II trials with asthma patients

[107]. A similar compound named AM103

underwent phase II clinical trials for treatment

of respiratory disorders [108]. A very potent

and selective FLAP inhibitor BAYX1005 was

developed by Bayer and passed a phase II

clinical trial for myocardial infarction as the

compound DG-031 (Veliflapon®) from the

company deCODE genetics [109]. However,

while entering phase III for the prevention of

heart attacks and stroke, participant recruitment

was suspended.

LT receptor antagonists are another impor-

tant class of LT-modifying drugs. Orally

active receptor antagonists directed against the

Cys-LT1 receptor have been marketed [110–

112]. The Cys-LT1 receptor antagonists

montelukast (Singulair®), pranlukast (Ultair®),
and zafirlukast (Accolate®) were tested in a

number of clinical trials which demonstrated

improvement of pulmonary function and reduc-

tion of asthma exacerbations, especially in

exercise-induced asthma [113]. On the other

hand, LTB4 receptor antagonists such as

SC-41,930 are CP-105,696 were shown to be

efficacious in reducing the arthritis index and

ankle bone destruction in IL-1-accelerated

collagen-induced arthritis and to reduce

atherosclerosis lesion progression in mice

[114, 115].
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Dual COX-2/5-LO Inhibitors

Considering the proinflammatory properties of

COX-2- and 5-LO-derived eicosanoids, dual

COX-2/5-LO inhibitors should, in theory, have

a superior anti-inflammatory profile than individ-

ual selective COX-2 and 5-LO inhibitors.

Although no human data are available analyzing

the superiority of the anti-inflammatory efficacy

of inhibiting two pathways versus inhibition of a

single pathway, experimental and cellular studies

indicate that dual inhibitors may have some

disease-modifying activity and may stop disease

progression by reducing the expression of matrix

metalloproteinase-13 and IL-1β as well as chon-

drocyte death [116, 117].

While in theory it is quite easy to design

drugs acting on one enzyme, it is more daunting

to design a drug that selectively inhibits two

different enzymes, especially if these are not

structurally related. One of the first compounds

with dual COX/5-LO inhibitory activity was

tepoxalin, a pyrazole-containing hydroxamic

acid able to chelate the nonheme iron atom of

5-LO [118]. Tepoxalin underwent clinical eval-

uation for psoriasis and rheumatoid arthritis but

unfortunately was discontinued in phase II

[119]. This drug received animal healthcare

approval later on for reduction of inflammation

and relief of pain caused by acute and chronic

musculoskeletal disorders such as arthritis. A

COX/5-LO inhibitor also evaluated in clinical

trials for arthritis was S-2474, which displayed

excellent anti-inflammatory and analgesic

activities associated with remarkable gastric

safety [120, 121]. RWJ-63556, a compound

structurally related to the selective COX-2

inhibitor nimesulide, was another potent orally

active COX-2/5-LO inhibitor with remarkable

anti-inflammatory activity in experimental

carrageenan-induced inflammation [122]. An

interesting activity profile was also noted for

ER-34122, which suppressed progression of

PMN infiltration, subsynovial soft tissue

edema, and multiplication of synovial lining

cells in the early stages of arthritis in a mouse

model of systemic lupus erythematosus

[123, 124].

Licofelone, also known as ML-3000,

deserves special mention. Licofelone is a

pyrrolizine derivative and an arachidonic acid

substrate analogue that inhibits both COX and

5-LO. Unlike most of the previously described

dual inhibitors, licofelone is neither an antioxi-

dant nor an iron chelator [125, 126]. Licofelone

was shown to inhibit COX in bovine and human

platelets and 5-LO in bovine and human

granulocytes [126]. Moreover, licofelone

exhibits not only anti-inflammatory but also

potent analgesic, antipyretic, and antithrombotic

activities with little or no gastrointestinal dam-

age in experimental animals [125–127]. In addi-

tion, in guinea pigs challenged with arachidonic

acid or antigen and in sheep challenged with

antigen, licofelone displayed potent

antiasthmatic activity [128]. Licofelone showed

an excellent gastrointestinal profile, much better

than conventional NSAIDs and equivalent to

selective COX-2 inhibitors in phase III trials

[129, 130]. Furthermore, in healthy subjects,

licofelone is well tolerated with no hepatotoxic-

ity and has a good pattern of tissue distribution,

with the highest levels being reached in the lung,

liver, kidneys, heart, and large and small intes-

tine [127, 129, 130].

NSAIDs Releasing Nitric Oxide (NO) or
Hydrogen Sulfide (H2S)

A new class of NSAIDs that offers new

perspectives is the COX-inhibiting NO donators

(CINODs) which are generated by adding a

NO-generating moiety to a parent NSAID via

an ester linkage [131]. CINODs are designed to

reduce the potential toxicity of the parent drug,

while maintaining its analgesic and anti-

inflammatory effects. In this regard, NO

cooperates with endogenous PGs in the mainte-

nance of gastric integrity and microcirculation by

potentiating gastric alkaline mucus secretion and

inhibiting gastric acid secretion [132, 133]. NO

also modulates leukocyte-endothelial inte-

ractions as demonstrated in in vivo microscopy

experiments in single venules [134]. All these

findings raised the possibility that NO could be
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GI protective in NSAID-induced gastric damage,

which is characterized by increased leukocyte

adherence, reduced gastric blood flow, and

impaired mucosal repair [135]. Naproxcinod®,

Nicox’s lead drug, was the first CINOD ever

evaluated in preclinical and clinical studies. It is

metabolized to naproxen and has been shown to

donate NO in vitro and in vivo [135]. Phase III

clinical trials of Naproxcinod® are currently

underway, with the aim of reducing potential

toxicity while maintaining its analgesic and

anti-inflammatory effects.

More recently, H2S-releasing derivatives of

NSAIDs have been developed. H2S is a normal

component of our bodies where it is present in

very low concentrations. This gas is produced

through a number of pathways, the most common

being related to the metabolism of L-cysteine,

cystine, and homocysteine [136]. As with NO,

H2S seems to play an important role in a variety

of physiologic processes and diseases. Among

others, H2S plays an important role in

neuromodulation, hypertension, inflammation,

gastric mucosal integrity, and vascular tone

[137–140]. H2S, which is also produced by the

gastric mucosa like NO, contributes to the ability

of this tissue to counteract the damage induced by

several luminal substances. The production of

H2S was found to be reduced following NSAID

administration, supposedly through the inhibition

of the expression of a key enzyme for conversion

of L-cysteine into H2S, the enzyme cystathionine

γ-lyase [141]. The provision of H2S donors could

avoid the decrease in gastric blood flow induced

by current NSAIDs as well as prevent NSAID-

induced leukocyte adherence. Thus, as with the

CINODs and dual LOX/COX inhibitors, the

existing preclinical data appear to indicate a

potential for H2S-releasing NSAIDs to provide

similar anti-inflammatory efficacy as traditional

NSAIDS without the burden of gastric toxicity.

Aspirin-Triggered 15-Epi-lipoxins

Aspirin-triggered lipoxins (ATL) have received

the most attention as a novel anti-inflammatory

approach [10, 142, 143]. The acetylation

capacity of aspirin is a critical aspect in the

ATL biosynthetic pathway, and this property is

not shared but any other NSAID. Indeed, this

biosynthetic pathway triggered by aspirin is

initiated by acetylation of COX-2, which

switches the enzyme catalytic activity from a

PG synthase to 15-LOX [142]. Thus, PG biosyn-

thesis by aspirin-acetylated COX-2 is inhibited,

and arachidonic acid is transformed to

15R-HETE. The further conversion of

15R-HETE to 15-epi-LXA4 (ATL) by a 5-LOX

present in immune cells is the result of a process

called transcellular biosynthesis. This process

involves cell-cell interaction and processing of

a metabolic intermediate generated by one cell

(donor cell) by a vicinal cell (acceptor cell) for

the production of an active eicosanoid that nei-

ther cell can generate alone [144]. ATLs are

15-epimers of LXs, which have a unique spec-

trum of bioactions indicative of anti-

inflammatory and pro-resolution properties. The

most relevant biological action of these aspirin-

triggered eicosanoids (i.e., ATLs) is that they

work as putative endogenous “breaking signals”

for leukocyte recruitment and therefore play a

key role in the resolution of inflammation

[10]. For example, these eicosanoids inhibit che-

motaxis, selectin- and integrin-mediated adhe-

sion to and transmigration across endothelial

monolayers in response to LTB4 and

formylmethionyl-leucyl-phenylalanine, TNF-

α-stimulated superoxide generation, and degran-

ulation and interleukin-1 release by neutrophils

[10]. In vivo, LX stable analogues inhibit LTB4-

induced leukocyte rolling and adherence and

neutrophil margination and extravasation

[10]. LX analogues inhibit TNFα-stimulated leu-

kocyte trafficking and chemokine secretion in

murine air pouches and when applied topically

to mouse ears dramatically inhibit leukocyte

infiltration and vascular permeability [10]. In

addition, ATL analogues protect mice from

renal ischemia-reperfusion injury and glomeru-

lonephritis [10]. In an animal model of periodon-

tal disease, LX and ATL analogues attenuate

gingivitis and leukocyte recruitment [10]. Intra-

venous delivery of LXs and ATL inhibits acute

dermal inflammation and neutrophil infiltration
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of skin microabcesses and lungs in LTB4 recep-

tor transgenic mice [10]. In a murine model of

asthma, stable LX and ATL analogues attenuate

airway hyperreactivity and inflammation and

accelerate resolution of pulmonary edema

[10]. Administration of a metabolically stable

LXA4 analogue in a mouse model of chronic

airway inflammation and infection associated

with cystic fibrosis suppresses neutrophilic

inflammation, decreases pulmonary bacterial

burden, and attenuates disease severity

[10]. Finally, a randomized clinical trial in

healthy subjects demonstrated that low-dose

aspirin (81 mg daily), used for long-term

antithrombotic prophylaxis, initiates the produc-

tion of anti-inflammatory ATL contrary to the

inhibition of the pro-thrombotic TXA2

[145]. Overall, LXs and ATL are anti-

inflammatory and pro-resolution eicosanoids

that work efficiently in reducing the signs and

symptoms of inflammation in a wide range of

disease models. Consequently, this property

may effectively mediate, at least in part, the

beneficial actions of aspirin.

More recently, aspirin was shown to trigger

the conversion of omega-3-PUFA (i.e.,

eicosapentaenoic acid (EPA) and doco-

sahexaenoic acid (DHA) to another group of

anti-inflammatory and pro-resolution lipid

mediators termed ASA-triggered resolvins and

ASA-triggered-protectins [146, 147]. Similar to

what has been described for the biosynthesis of

ATL, endothelial cells expressing COX-2

acetylated by aspirin transform DHA into

17R-HDHA which is further converted by

5-LOX into the corresponding 17R-RvD1,

17R-RvD2, and other 17R-D resolvins, which

are collectively known as aspirin-triggered

(AT) resolvins [11, 148]. ASA-triggered

protectin D1 (AT-PD1) is biosynthesized in a

similar process. Finally, biosynthesis of resolvins

of the E-series from EPA is initiated with the

formation of 18R-hydroperoxy-EPE

(18R-HEPE) by endothelial cells expressing

aspirin-acetylated COX-2 [147]. 18R-HEPE is

transformed by transcellular biosynthesis in

neighboring 5-LOX-containing leukocytes into

RvE1 (5S,12R,18R-trihydroxy-EPA) via a

5S,6-epoxide intermediate [147]. Collectively,

these omega-3-derived lipid mediators also

exert anti-inflammatory and pro-resolution

actions both in vitro and in vivo and contribute

to the understanding of the preventive actions

observed with both aspirin and dietary omega-

3PUFA.

Conclusions

For the last 40 years, COX-derived PGs have

evolved as the best consolidated inflammatory

mediators among the plethora of bioactive lipid

mediators generated from arachidonic acid. A

large number of over-the-counter medications

based on the inhibition of these lipid mediators

(i.e., NSAIDs) are still the most currently avail-

able class of drugs to fight inflammation, pain,

and fever. Despite numerous efforts to improve

the safety, the use of drugs targeting PG biosyn-

thesis is still the front line of inflammation ther-

apy. COX-2 inhibitors, for example, were safer

than NSAIDs and exhibited a better gastric toler-

ance, but fail because of unexpected thrombotic

events. At present much hope has been raised

over the use of compounds that specifically target

PG receptors hat inhibit the activity of specific

terminal synthases, and the outcome of this effort

will be the subject of discussion in the coming

years. Finally, the use of drugs that modulate the

PG cascade in combination with the modulation

of other pathways of lipid mediator biosynthesis

is a subject that will receive much attention in the

next years. For example, the interaction of

NSAIDs, which target the omega-6 arachidonic

acid-derived products, with the omega-3 family

of polyunsaturated fatty acids, which also func-

tion as substrates for the same COX enzymes, is a

matter of interest in the search for novel

strategies to harness unremitting inflammation.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs)

are a chemically diverse group of compounds

that share three cardinal characteristics; they are

anti-inflammatory, analgesic, and antipyretic

[1, 2]. They are approved by regulatory

authorities for the treatment of patients with oste-

oarthritis, rheumatoid arthritis, ankylosing spon-

dylitis, and some forms of juvenile idiopathic

arthritis. They are also used for the treatment of

acute gout, acute pain, dysmenorrhea, and

chronic low back pain. There are at least

20 chemically different NSAIDs currently avail-

able in Europe and the United States that can be

subdivided into two groups, although there is

some overlap. These groups include not only

the “traditional” nonselective cyclooxygenase

(COX) inhibitors that inhibit both the COX-1

and COX-2 enzymes but also the COX-2 selec-

tive inhibitors (coxibs, e.g., celecoxib and

etoricoxib). In general, traditional nonselective

NSAIDs have similar efficacy to one another,

although there is variability in an individual

patient’s response to different NSAIDs. The

coxibs have similar efficacy to traditional nonse-

lective NSAIDs in the treatment of patients with

rheumatic diseases but a significantly decreased

incidence of serious upper gastrointestinal

adverse effects [3, 4].

NSAIDs are one of the most commonly used

classes of drugs in developed countries. It has

been reported that more than 17 million

Americans use these agents on a daily basis for

the relief of pain and, at times, swelling related to

inflammation [5]. With the aging of the US pop-

ulation, the Centers for Disease Control

predicted a significant increase in the prevalence

of painful arthritis and rheumatic conditions and

thus an increased use of NSAIDs. Approximately

60 million NSAID prescriptions are written each

year in the United States; the number for elderly

patients exceeds those for younger patients by

approximately 3.6-fold. Based on calendar year

2013 data for the US, the five most commonly

prescribed NSAIDs were ibuprofen followed by

meloxicam, naproxen, diclofenac, and celecoxib

[6]; more recent unpublished data through May

2015 show that celecoxib and diclofenac have

changed positions in the top five list.

All NSAIDs approved by the US Food and

Drug Administration carry the same boxed warn-

ing for cardiovascular and gastrointestinal risk.

These state “NSAIDs may cause an increased

risk of serious cardiovascular thrombotic events,

myocardial infarction, and stroke, which can be

fatal. This risk may increase with duration of use.
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Patients with cardiovascular disease or risk factors

for cardiovascular disease may be at greater risk”

and “NSAIDs cause an increased risk of serious

gastrointestinal adverse events including bleeding,

ulceration, and perforation of the stomach or

intestines, which can be fatal. These events can

occur at any time during use and without warning

symptoms. Elderly patients are at greater risk for

serious gastrointestinal events,” respectively.

The authors recently have reviewed the mech-

anism of action, clinical pharmacology, and

adverse effects of NSAIDs in the treatment of

patients with osteoarthritis [7]; the remainder of

this chapter will cover the efficacy of this class of

agents in the treatment of osteoarthritis, rheuma-

toid arthritis, ankylosing spondylitis, and acute

gout. We focus on orally administered NSAIDs,

as topical NSAIDs are only recommended for

patients with mild to moderate pain of osteoar-

thritis of the hand and knee.

Osteoarthritis

Several professional societies, including the

American College of Rheumatology, European

League of Associations of Rheumatology,

European Society for Clinical and Economic

Outcomes in Osteoarthritis (ESCEO), and the

Osteoarthritis Research Society International,

have published evidence-based recom-

mendations for the management of patients with

osteoarthritis [8–13]. All of these professional

societies recommend the use of oral NSAIDs in

patients with persistent pain and stiffness that

have not responded adequately to acetaminophen

(paracetamol) with or without concomitant use of

topical NSAIDs or, in the ESCEO recom-

mendations [13], the use of the slow-acting

symptomatic drugs glucosamine sulfate and

chondroitin sulfate which are approved as bio-

logic products in some countries in Europe.

Several recent systematic reviews and meta-

analyses have documented the modest efficacy of

oral NSAIDs in the treatment of patients with

osteoarthritis [14–17]. Myers and colleagues

performed a systematic review and network

meta-analysis to examine the efficacy of oral

NSAIDs as well as duloxetine and opioids in

osteoarthritis [14]. They identified randomized

controlled trials (RCTs) in patients with osteoar-

thritis of 12 or more weeks in duration that used

the Western Ontario and McMaster Universities

Osteoarthritis Index (WOMAC) as an outcome

measure; 32 articles with 47 active treatment

arms were included. All four oral NSAIDs stud-

ied, ibuprofen, naproxen, celecoxib and

etoricoxib, were significantly more efficacious

than placebo and were noted to have similar

efficacy to duloxetine; note that this study was

funded by Eli Lilly and Co., the manufacturer of

duloxetine. Kongtharvonskul and colleagues

performed a systematic review and network

meta-analysis to examine the efficacy of oral

NSAIDs as well as glucosamine and diacerein

in osteoarthritis [15]. They identified RCTs and

quasi-experimental observational studies in

patients with osteoarthritis of the knee or hip

that used pain score, function, patient and physi-

cian global assessments, and joint space width

difference as an outcome measure; 31 articles

with 40 active treatment arms were included.

All oral NSAIDs studied were significantly

more efficacious than placebo for pain and were

noted to have similar efficacy to both glucos-

amine and diacerein. van Walsem and colleagues

performed a systematic review and network

meta-analysis to compare the efficacy of oral

NSAIDs for pain in patients with osteoarthritis

[16]. They searched MEDLINE, EMBASE, and

the Cochrane Library in June 2013 to identify

randomized controlled trials (RCTs) in patients

with osteoarthritis of 2 or more weeks in dura-

tion; 138 studies including patients with osteoar-

thritis were included in the analysis. All five oral

NSAIDs studied, diclofenac, ibuprofen,

naproxen, celecoxib and etoricoxib, were signifi-

cantly more efficacious than placebo for pain.

Diclofenac, at a dose of 150 mg per day, had

greater than 90 % probability of being more effi-

cacious than acetaminophen and celecoxib at

both 6 and 12 weeks; note that Novartis Pharma

AG, the manufacturer of diclofenac, funded both

the study and the writing of the manuscript.

Bannuru and colleagues performed a system-

atic review and network meta-analysis to examine
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the efficacy of acetaminophen, oral NSAIDs

including ibuprofen, naproxen, diclofenac, and

celecoxib, as well as intra-articular corticosteroids

and hyaluronates in osteoarthritis of the knee; note

that the results of this study may be more reliable

as it was funded by the Agency for Healthcare

Research and Quality and the National Institutes

of Health [17]. The investigators searched

MEDLINE, EMBASE, Web of Science, Google

Scholar, and the Cochrane Central Register of

Controlled Trials from inception to 15 August

2014 and performed hand searches of conference

proceedings from several professional societies

from January 1990 to August 2014. They

identified 137 RCTs in patients with osteoarthritis

of the knee published between 1980 and 2014 that

involved a total of 33,243 randomly assigned

participants; 129 RCTs with over 32,000

participants contributed to the analysis of pain-

related outcomes and 76 RCTs with over 24,000

participants to physical function outcomes. All

oral NSAIDs studied were significantly more effi-

cacious than both placebo and acetaminophen for

both pain and function; there were no significant

differences in efficacy for pain and function

between the individual NSAIDs in pair-wise

comparisons.

The choice of the individual NSAID by the

individual practitioner is usually based on a com-

bination of relative safety, frequency of adminis-

tration, and cost, as there is no convincing

evidence of superior efficacy for one drug versus

another within the class [18, 19]. Since use of all

oral NSAIDs, even COX-2-selective inhibitors,

is associated with an increased risk for serious

upper GI side effects [3, 4], it is recommended

that concomitant therapy be given with a proton

pump inhibitor especially in patients who are at a

moderate-to-high risk for these events. In

patients at high risk for serious upper GI side

effects who need to receive an oral NSAID, the

best option is the combination of a COX-2-selec-

tive inhibitor with a proton pump inhibitor. For

patients at low risk of a cardiovascular throm-

botic event, the decision regarding choice of an

NSAID depends on the GI risk. For patients at

moderate risk of a cardiovascular thrombotic

event, one would consider using naproxen with

a proton pump inhibitor as naproxen does not

appear to be associated with an increased risk

of cardiovascular thrombotic events compared

with placebo based on indirect comparisons

[4]. For patients at high risk of a cardiovascular

thrombotic event, especially those taking

low-dose aspirin and with a prior history of a

myocardial infarction, cerebrovascular accident,

or known stable coronary heart disease, oral

NSAIDs should be avoided, and alternative anal-

gesic agents should be used to manage the

patient’s pain. In addition, oral NSAIDs should

be avoided in patients with established moderate-

to-severe chronic kidney disease (estimated glo-

merular filtration rate <45 mL/min) and

moderate-to-severe congestive heart failure

(New York Heart Association Class III and IV).

Rheumatoid Arthritis

Kvien reviewed the use of NSAIDs in the treat-

ment of rheumatoid arthritis [20]. He noted that

several meta-analyses have demonstrated effi-

cacy of both traditional and COX-2-selective

NSAIDs in the treatment of rheumatoid arthritis

(RA) without evidence of a difference in

efficacy between these types of NSAIDs (see

also References [21–23]). NSAID-induced effi-

cacy can be demonstrated even when such ther-

apy is superimposed on disease-modifying

therapies [24].

Chen and colleagues performed a systematic

review of randomized controlled trials to deter-

mine the clinical effectiveness and cost-

effectiveness of COX-2-selective NSAIDs for

rheumatoid arthritis [25]. They searched elec-

tronic databases to November 2003 and industry

submissions to NICE in 2003. They found that

COX-2-selective NSAIDs were more efficacious

than placebo and had similar efficacy not only to

each other but also to traditional nonselective

NSAIDs for the symptomatic relief of rheuma-

toid arthritis. Economic analyses suggested that

the use of COX-2-selective NSAIDs was unat-

tractive from a cost-effectiveness standpoint,

although this may change with the availability

of generic celecoxib in the US market.
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Gotzsche searched the following databases to

identify studies: Medline 1966 to September

2009, EMBASE 1980 to September 2009, and

the Cochrane Database of Systematic Reviews

2009, Issue 3 (1966 to date of issue); an addi-

tional search within the Cochrane Library was

carried out for the Database of Abstracts of

Reviews of Effects (DARE) and Health Technol-

ogy Assessment (HTA) [26]. He concluded that

there was high-quality evidence that COX-2-

selective inhibitors were as effective at reducing

signs and symptoms of RA as traditional

NSAIDs and that different traditional NSAIDs

seemed as effective as each other. An earlier

systematic review that included four crossover

studies noted that NSAIDs were preferred more

often than acetaminophen by both patients and

providers [27].

In general, NSAIDs should be used as first-

line therapy for the relief of signs and symptoms

of RA. They should be administered at their full

anti-inflammatory dose (e.g., ibuprofen 800 mg

three times daily, naproxen 500 mg twice daily,

diclofenac 50 mg three times daily or 75 mg

twice daily) in conjunction with a proton pump

inhibitor (e.g., omeprazole 20 mg once daily) to

reduce the risk of upper gastrointestinal

(GI) adverse events. Ibuprofen should be

avoided in patients taking low-dose aspirin for

cardioprophylaxis, and diclofenac should be

avoided in patients taking concomitant metho-

trexate. If the provider chooses to use a COX-2-

selective inhibitor (e.g., celecoxib 200 mg twice

daily or etoricoxib 60 mg once daily but not

available in the United States), then a proton

pump inhibitor is generally not indicated unless

the patient has had a prior history of peptic ulcer

disease or upper GI bleeding or is particularly

elderly or frail. Improvement in pain, stiffness,

and physical function should occur within

2–4 weeks; if there is no clinically important

improvement after 4 weeks, then the provider

should consider switching to another agent.

NSAIDs usually do not reduce acute-phase

reactants nor have they been demonstrated to

modify radiographic progression in patients

with RA [28].

Ankylosing Spondylitis

Prior to the availability of the newer biologic

therapies, the NSAIDs were the mainstay of ther-

apy for the various forms of axial and peripheral

spondyloarthritides. Kroon and colleagues

performed a systematic review and meta-analysis

to determine the benefits and harms of NSAIDs

in axial spondyloarthritis (formerly known as

ankylosing spondylitis [AS]) [29]. The authors

searched CENTRAL, Medline, and EMBASE

through 18 June 2014 to identify randomized

controlled trials (RCTs) or quasi-RCTs of

NSAIDs versus placebo or any comparator in

adults with axial spondyloarthritis and observa-

tional cohort studies studying the long-term

effect (�6 months) of NSAIDs on radiographic

progression or adverse events. The main

comparisons were traditional or COX-2-selective

NSAIDs versus placebo. The major outcomes

were pain, Bath ankylosing spondylitis disease

activity index (BASDAI), Bath ankylosing spon-

dylitis functional index (BASFI), radiographic

progression, number of withdrawals due to

adverse events (AEs), and number of serious

AEs. Two authors independently selected trials

for inclusion, assessed the risk of bias, extracted

data, and assessed the quality of evidence for

major outcomes. They included 39 studies,

35 of which were RCTs, with almost 5000

patients. Traditional NSAIDs were more effica-

cious than placebo at 6 weeks for pain relief,

improving disease activity as measured by

BASDAI and physical function as measured by

BASFI. Similarly, COX-2-selective inhibitors

also were more efficacious than placebo at

6 weeks for these same outcomes. There were

no significant differences in benefits between

traditional and COX-2-selective NSAID classes

for the efficacy endpoints.

In general, NSAIDs should be used as first-

line therapy for the relief of signs and symptoms

of axial spondyloarthritis [30]. They should be

administered at their full anti-inflammatory dose

(e.g., indomethacin 50 mg three times daily or

75 mg sustained release twice daily, naproxen

500 mg twice daily, diclofenac 50 mg three
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times daily or 75 mg twice daily) in conjunction

with a proton pump inhibitor (e.g., omeprazole

20 mg once daily) to reduce the risk of serious

upper gastrointestinal adverse events. If the pro-

vider chooses to use a COX-2-selective inhibitor

(e.g., celecoxib 200 mg twice daily or etoricoxib

90 mg once daily which is not available in the

United States), then a proton pump inhibitor is

generally not indicated unless the patient has had

a prior history of peptic ulcer disease or upper

gastrointestinal bleeding. Improvement in pain,

stiffness, and physical function should occur

within 2–4 weeks; if there is no clinically impor-

tant improvement after 4 weeks, then the pro-

vider should consider switching to another

agent or adding a tumor necrosis factor inhibitor.

NSAIDs may inhibit radiographic progression in

the spine in patients with elevated levels of

C-reactive protein [31]. Importantly, the results

of a recent RCT suggest that continuous treat-

ment with diclofenac at a dose of 150 mg per day

did not reduce radiographic progression com-

pared with on-demand dosing [32].

Acute Gout

Khanna and Fitzgerald recently reviewed

recommendations for the treatment of acute

gout [33]. The American College of Rheumatol-

ogy published evidence-based recommendations

for the treatment of acute gout in 2012 [34]. They

searched PubMed, EMBASE, and the Cochrane

Central Register of Controlled Trials through

31 March 2011 and included a total of

26 manuscripts and two meeting abstracts that

reported results of randomized controlled trials

of treatment of acute gout. They recommended

initiating monotherapy with full-dose oral

NSAIDs, systemic glucocorticoids or colchicine.

The task force did not preferentially recommend

any one specific NSAID as first-line treatment,

although the strongest evidence for efficacy was

present for indomethacin, which had been shown

to be similarly efficacious to glucocorticoids and

was used as the positive control in non-inferiority

trials of etoricoxib and lumiracoxib. The task

force recommended that full-dose oral NSAID

should be continued until the gout attack has

completely resolved. These recommendations

are consistent with those from the British Society

of Rheumatology, EULAR, and the 3e initiative

[35–37]. There appears to be no clinically impor-

tant difference in efficacy between traditional

nonselective NSAIDs, COX-2-selective

inhibitors, and glucocorticoids for the treatment

of acute gout [38–41].

As with osteoarthritis, full-dose NSAIDs

should not be used for treating acute attacks of

gout in patients with a known history of cardio-

vascular thrombotic disease, poorly controlled

hypertension, moderate-to-severe chronic kidney

disease, or moderate-to-severe congestive heart

failure; these comorbidities are particularly com-

mon in this patient population [42].

Conclusion

NSAIDs are known to be analgesic, anti-

inflammatory, and antipyretic and are efficacious

for the management of pain and other symptoms

in patients with rheumatic diseases. Their role in

management of patients continues to be contro-

versial, however, largely because of common

and potentially severe adverse effects as well

as the observation that they are not disease

modifying in patients with rheumatoid arthritis.

Numerous clinical practice guidelines and

recommendations provide help to the practicing

clinician in her decision about their use in the

treatment of the individual patient with rheu-

matic disease; in addition, quality indicators

related to the safe use of NSAIDs in clinical

practice have been published [43, 44].
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Adverse Effects of NSAIDs
in the Gastrointestinal Tract: Risk Factors
of Gastrointestinal Toxicity with NSAIDs

4

Sunny H. Wong and Francis K.L. Chan

Introduction

Non-steroidal anti-inflammatory drugs

(NSAIDs) belong to a class of drugs that has

potent analgesic and anti-inflammatory effects.

They act mainly by inhibiting cyclooxygenase

(COX) enzymes including COX-1 and COX-2,

which are involved in prostaglandin synthesis.

This class of medications includes the traditional,

non-selective NSAIDs that inhibit both COX-1

and COX-2, and the newer selective COX-2

inhibitors. They are highly effective in treating

various painful conditions such as osteoarthritis

and dysmenorrhoea [1]. Unlike other NSAIDs,

aspirin is used primarily for its anti-platelet effect

to reduce cardiothrombotic risks.

Though being commonly prescribed, these

drugs carry a substantial risk of gastrointestinal

toxicity. They can have serious adverse gastroin-

testinal side effects, including peptic ulcers,

bleeding or perforation. Ulcers are found on

upper gastrointestinal endoscopy in up to

one-third of regular NSAID users, and every

year about 1–2 % of these patients develop

symptoms or complications [2]. In addition to

peptic ulcers, NSAIDs can also cause injury to

the lower gastrointestinal tract, and more than

half of chronic NSAID users have endoscopic

evidence of small bowel mucosal injury [3].

With the declining incidence of Helicobacter
pylori in many countries, aspirin and other

NSAIDs have emerged as an important cause of

peptic ulcer and its complications. The magni-

tude of the problem is further contributed by a

changing disease epidemiology, with an ageing

population and an increased usage of aspirin and

other NSAIDs for many various medical

conditions. These have resulted in a different

disease pattern among patients seen in gastroen-

terology units. This chapter focuses on the gas-

trointestinal toxicity and risk factors of NSAIDs.

Epidemiology

NSAIDs are among the most commonly pre-

scribed medications worldwide. It is estimated

that NSAIDs are used by more than 30 million

people every day [4]. More than 111 million

prescriptions were written for NSAIDs annually

in the United States [5], whereas in Europe,

NSAIDs represented more than 7.7 % of all

prescriptions [6].

Many studies have reported the secular trends

of gastrointestinal complications associated

with NSAIDs. In a population-based study in
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Denmark, the proportion of NSAID-related pep-

tic ulcers increased from 39 % in 1993 to 53 %

in 2002 [7]. In Scotland, the rise in the incidence

of upper gastrointestinal bleeding was related to

the increasing use of aspirin and other NSAIDs to

a lesser extent [8]. Studies have shown that

NSAIDs and aspirin have accounted for most

cases of serious complicated gastroduodenal

ulcers [9, 10].

Apart from upper gastrointestinal adverse

events, there is evidence that NSAID-related tox-

icity can also occur in the lower gastrointestinal

tract [11]. A population-based study in Spain

showed a decreasing trend in upper gastrointesti-

nal events; but conversely, there has been an

increasing trend in lower gastrointestinal events

leading to hospitalization between 1996 and

2005 [12]. Though more common among

patients with upper gastrointestinal events,

NSAID use was also recorded in 11.1 % of

patients with lower gastrointestinal events

[12]. Two randomized clinical trials have found

that the rates of upper and lower gastrointestinal

complications were no different among NSAID

users [2, 13].

Pathogenesis

The gastrointestinal toxicity of NSAIDs is

mediated largely through the inhibition of cyclo-

oxygenase (COX) enzyme activity, resulting in a

suppression of prostaglandin synthesis [14]. The

precursor of prostaglandins, arachidonic acid, is

catalysed by two isoenzymes COX-1 and

COX-2. The gene for COX-1 is expressed con-

stitutively, and it helps to maintain the integrity

of the gastric epithelium and the mucous barrier,

whereas the gene for COX-2 contains a cortico-

steroid-responsive repressor element and is

inducible by inflammatory stimuli. As such, the

analgesic and anti-inflammatory properties are

mediated through the inhibition of COX-2,

whereas the gastrointestinal toxicities are

mediated through the inhibition of COX-1

[15]. Conventional NSAIDs inhibit both

isoenzymes, including the irreversible blockage

by aspirin, whereas newer NSAIDs target COX-2

selectively to reduce the gastrointestinal side

effects mediated by inhibition of COX-1.

Apart from the COX inhibition, other patho-

genic mechanisms have been suggested for

NSAID-induced gastropathy. Aspirin and other

NSAIDs can diffuse through the gastric mucus

into surface epithelial cells, where they dissoci-

ate into ionized forms and trap hydrogen ions to

cause mucosal damage [16]. These drugs can

also directly alter cell morphology and mem-

brane permeability to mediate the cytotoxicity

without involving theCOXpathway [17, 18]. Fur-

thermore, mast cells have been shown to have a

critical role in the repair of NSAID-induced gas-

tric injury. Mast-cell-deficient mice have been

found to develop more gastric ulcers after expo-

sure to piroxicam, a non-selective NSAID, com-

pared to wild-type and tumour necrosis factor

(TNF)-deficient mice [19]. These mechanisms

may provide insight for the development of

novel treatments for NSAID-induced

gastropathy.

NSAIDs can also cause significant injury in

the small and large intestines. Similar to the

stomach, the decrease in prostaglandin produc-

tion after NSAIDs can disrupt the intestinal

homeostasis including mucosal blood flow and

permeability [20]. In addition, NSAIDs can

cause direct damage to the enterocytes through

uncoupling of mitochondrial oxidative phosphor-

ylation [21], and the enterohepatic recirculation

of NSAIDs further enhances the cytotoxicity

[22]. The gut microbiota has also been

implicated in the pathogenesis, as germ-free

mice do not develop intestinal ulcers but would

become susceptible when colonized with com-

mensal microbiota [23, 24].

Gastrointestinal Toxicity of NSAIDS

Upper Gastrointestinal Tract

Multiple studies have shown that traditional

NSAIDs increase the risk of upper gastrointesti-

nal ulcers and complications by about fourfold

[25–28]. Gastrointestinal injuries such as
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sub-epithelial haemorrhage, erosions or

ulcerations can occur in 30–50 % of patients

taking NSAIDs, although most lesions are

asymptomatic [2, 29]. Symptomatic peptic ulcers

occur in one of every 20 NSAID users and in one

of seven elderly adults using NSAIDs [30]. The

annual incidence of an NSAID-related upper gas-

trointestinal event is 2.0–4.5 %, and the risk of

severe complications is 0.2–1.9 % [30–32]. The

risk appears to be highest among new users in the

first two months, but remains elevated until two

months after cessation of NSAID treatment

[26]. NSAIDs that have a long half-life and pro-

found inhibition of both COX isozymes, such as

piroxicam and naproxen, are associated with a

greater risk of upper gastrointestinal events

[33]. A clear dose-dependent increase in risk

was observed, with a meta-analysis reporting a

risk ratio of 3.0 for low-dose and 6.9 for high-

dose use of NSAIDs, respectively [26].

Aspirin, like the other traditional NSAIDs,

inhibits the COX enzymes and is associated

with gastrointestinal risks. The use of low-dose

aspirin is associated with a 1.5- to 3.2-fold

greater risk of an upper gastrointestinal event

[34]. The absolute risk is increased by 0.12 %

per year with a number needed to harm of

833 patients [34]. The gastric antrum and

prepyloric area are the most frequent areas of

mucosal injury [35].

Lower Gastrointestinal Tract

Apart from the upper gastrointestinal tract, aspirin

and other NSAIDs can also damage the lower

gastrointestinal tract distal to the ligament of

Treitz, to a similar or even greater extent

[2, 36]. NSAIDs induce small intestinal and

colonic injury with a wide spectrum of

manifestations, from clinically silent mucosal

injury to significant ulcerations with bleeding,

intestinal obstruction or perforation [2, 37]. The

mucosal injuries, collectively known as NSAID

enteropathy, may result in increased intestinal per-

meability, inflammation and chronic blood loss.

The availability of video capsule endoscopy has

allowed studies on the incidence of NSAID-

induced small intestinal injuries. Capsule endos-

copy showed that NSAIDs could induce mucosal

injury in 75 % and macroscopic ulcers in 40 % of

patients [3, 38]. Themucosal injury appeared to be

milder in patients taking low-dose aspirin

[39, 40]. Colonic erosions, ulcers or even

diaphragmatic strictures have also been observed

in NSAID users during colonoscopy studies [41–

44].

To capture clinically significant events in the

gastrointestinal tract, a composite endpoint com-

bining gastroduodenal, small bowel or large

bowel haemorrhage or perforation, gastric outlet

obstruction or clinically significant anaemia of

defined or presumed gastrointestinal origin was

developed [45, 46]. In the 6-month study period

with 2,246 patients receiving diclofenac and

omeprazole, 81 (3.8 %) patients met the compos-

ite endpoint with the majority developing

anaemia of defined or presumed gastrointestinal

origin. This may have explained the increasing

number of hospitalizations due to complications

of the lower gastrointestinal tract, whereas the

corresponding numbers for upper gastrointestinal

complications are decreasing [12].

Other Gastrointestinal Symptoms

Apart from these complications, NSAIDs can

commonly cause gastrointestinal symptoms

like dyspepsia, nausea, vomiting and abdominal

pain in up to 40 % of patients [47]. In another

study involving 986 patients taking low-dose

aspirin, about 15 % reported upper gastrointes-

tinal symptoms [48]. These symptoms are not

predictive of an ulcer or complication, and

about 50–60 % of patients with complications

do not have a warning symptom [49]

(Table 4.1).

Table 4.1 Risk factors for NSAID ulcers

Concomitant use of multiple NSAIDs (including aspirin)

Concomitant use with anticoagulants

Concomitant use with corticosteroids

Helicobacter pylori infection

Past history of complicated ulcers Advanced age
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Risk Factors for Gastrointestinal
Toxicity

The risk of ulcer complications increases by

approximately fourfold in patients taking

NSAIDs [25, 50–54], particularly in patients

with multiple risk factors. These risk factors

include advanced age, concomitant use with

aspirin, anticoagulants or corticosteroids, history

of a complicated ulcer and H. pylori infection

[55]. Advanced age has consistently found to be

a primary risk factor for adverse gastrointestinal

events, and the risk appears to increase linearly at

about 4 % per year of age [50, 52, 56, 57].

Concomitant Use of Aspirin
and Another NSAID

With the increasing use of aspirin for various

cardiovascular indications, concomitant use of

aspirin and another NSAID is common, and this

predisposes to an elevated risk of ulcer

complications. An early study showed that the

odds ratio of ulcer bleeding in patients on con-

comitant aspirin and another NSAID was about

7.7, compared to 3.3 and 4.9 in patients who took

aspirin or an NSAID alone, respectively [58]. A

similar risk profile was observed in a recent

population-based study involving 114,835

patients with upper gastrointestinal bleeding,

with an approximately twofold increase in the

incidence of bleeding among patients taking

aspirin and another NSAID concomitantly [27].

Concomitant Use with Anticoagulants

Although there is no evidence that anticoagulant

increases the risk of developing an NSAID-

related ulcer, concomitant use of an NSAID and

anticoagulant does increase the risk of ulcer

bleeding. Compared to non-users of either drug,

there was a nearly 13-fold increase in the risk of

developing peptic ulcer bleeding in concurrent

users of oral anticoagulants and NSAIDs [59]. In

a recent database analysis of 114,835 patients

with upper gastrointestinal bleeding in Europe,

the combination of anticoagulants with aspirin

and other traditional NSAIDs had an incidence

rate ratio of 8.7 and 6.9, respectively [27].

Over the past decade, novel anticoagulants

including dabigatran, rivaroxaban, apixaban and

edoxaban have gained acceptance in clinical

practice for a variety of cardiovascular

indications. Although these novel anticoagulants

can effectively reduce cardiovascular risk and do

not require typical blood test monitoring, some

of them are associated with an increased risk of

gastrointestinal bleeding [60–62]. A systematic

review and meta-analysis in 2013 showed a

pooled odds ratio of 1.45 for gastrointestinal

bleeding associated with these novel oral

anticoagulants compared with standard therapy

[63]. In particular, dabigatran was consistently

associated with an increased risk of major gas-

trointestinal bleeding, especially in African

Americans and chronic kidney disease patients

[64]. While these novel anticoagulants may not

directly cause mucosal injury or act synergisti-

cally with NSAIDs, these may increase the risk

of gastrointestinal bleeding even more so than

warfarin [65–67]. NSAIDs should be prescribed

with extreme caution in patients undergoing

anticoagulation therapy.

Concomitant Use with Corticosteroids

There is still a debate whether systemic cortico-

steroid alone can cause peptic ulcer directly [68–

70]. In a recent database study, the use of corti-

costeroid alone was associated with upper gas-

trointestinal bleeding at a similar magnitude as

that with non-selective NSAIDs [27]. Concomi-

tant use of NSAIDs and corticosteroids greatly

increases the risk of ulcers and complications.

This might be due to the inhibition of ulcer

healing [71], as direct drug interaction between

the two drugs has not been consistently observed

[72]. In a previous study, concomitant use of

NSAIDs and corticosteroids increased the ulcer

risk by about fourfold, compared with NSAIDs

alone [73, 74]. There was also an increased risk

of major upper gastrointestinal bleeding [27, 72]

and perforation [75, 76].
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Helicobacter pylori Infection

Helicobacter pylori infection is an independent

risk factor for upper gastrointestinal injury. Their

interaction is complex and has been subject to

much controversy. H. pylori can induce inflam-

mation on the gastric mucosa that has already

been injured due to the inhibition of COX-1.

Previous meta-analyses and systematic reviews

have shown that the presence of H. pylori infec-

tion is associated with an increased risk of

NSAID-related gastrointestinal complications

[54, 77]. The presence of H. pylori and NSAIDs

increased the risk of ulcer bleeding by more than

sixfold, whereas H. pylori alone and NSAIDs

increased the risk by about 1.8- and 4.8-fold,

respectively [54]. The risk of ulcer is highest

during the initiation of NSAID therapy, thereaf-

ter, the risk falls substantially but remains pres-

ent with long-term use [25, 50, 52,

53]. Eradication of H. pylori, especially in

NSAID-naı̈ve users, is beneficial in preventing

peptic ulcers and complications [78, 79].

H. pylori may play an even more significant

role in low-dose aspirin users than in other tradi-

tional NSAID users [80]. In a randomized study

of low-dose aspirin users receiving either eradi-

cation therapy or omeprazole for 6 months, erad-

ication of H. pylori was as effective as the

omeprazole eradication group in preventing

recurrent bleeding [81]. The risk of recurrent

bleeding with low-dose aspirin is low after

H. pylori eradication, and these patients may

not require antiulcer prophylaxis in the absence

of other risk factors [82].

Past History of Complicated Ulcers

For reasons not completely understood, having a

history of ulcer complications is the most impor-

tant risk factor for NSAID-related ulcer

complications. The odds of complications were

estimated to be 13-fold compared to NSAID

users with no prior ulcer complications

[51]. There is some indirect evidence that ulcers

tend to recur at their previous locations

[83, 84]. This suggests that local factors,

such as a weakened mucosal barrier at the site

of previous ulceration, might be important.

Stratification by Gastrointestinal Risks

Given the vast number of people taking aspirin

and NSAIDs for various cardiovascular and mus-

culoskeletal conditions, having a proper risk

assessment and risk reduction strategy would be

important in managing these patients. Based on

the MUCOSA trial [85], the gastrointestinal risk

of ulcer complications can be grouped into three

categories: low risk (no risk factors), moderate

risk (one or two risk factors) and high risk (more

than two risk factors, previous ulcer

complications or concomitant use of aspirin,

corticosteroids or anticoagulants). The annual

incidence of NSAID-related ulcer complications

was 0.8 % in patients with low risk but more than

7.6 % in patients with high risk. Furthermore,

apart from the gastrointestinal risk, it is impor-

tant to consider the cardiovascular risk as these

medications can alter the cardiovascular risk.

Strategies to Reduce NSAID-
Associated Ulcers

Two main strategies have been developed to

prevent the development of gastrointestinal

mucosal injury in NSAID users: co-therapy

with a gastro-protective agent or substitution of

a traditional NSAID with a COX-2 inhibitor.

These gastro-protective agents may include a

histamine-2 receptor antagonist (H2RA), miso-

prostol or a proton-pump inhibitor (PPI). System-

atic reviews have shown that these strategies are

variably effective to reduce the risk of NSAID-

related ulcers and complications [86, 87].

Histamine-2 Receptor Antagonist

In a pooled analysis of five randomized con-

trolled trials of H2RAs for the prevention of

NSAID-induced peptic ulcers, standard doses of

H2RA reduced the incidence of duodenal ulcers
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but not gastric ulcers [86]. Other randomized

trials also found a low rate of endoscopic ulcers

in NSAID users taking a high-dose H2RA regi-

men [88–90]; nevertheless, whether high-dose

H2RAs prevent ulcer complications is not clear.

A meta-analysis showed that H2RAs might not

significantly reduce the risk of symptomatic

ulcers among patients receiving NSAIDs

[91]. As for aspirin-related injury, a study

showed that famotidine is effective in preventing

gastric and duodenal ulcers in patients taking

low-dose aspirin [92].

Misoprostol

The efficacy of misoprostol in preventing

NSAID-induced ulcers has been evaluated in

several randomized trials [32, 93, 94]. A meta-

analysis indicated that all doses of misoprostol

(400–800 μg per day) could reduce the risk of

NSAID-induced ulcers on endoscopy

[86, 95]. Misoprostol appears superior to H2RA

in reducing gastric ulcers, with a lower rate of

endoscopic ulcers in NSAID users receiving

misoprostol than those receiving ranitidine [96].

Furthermore, full-dose misoprostol (800 μg
per day) has been shown effectively to reduce

ulcer complications [32]. In a randomized trial

with rheumatoid arthritis patients receiving

NSAIDs, misoprostol lowered the rate of ulcer

complications by 40 % [32]. Despite its efficacy,

up to 30 % of patients who received misoprostol

experienced gastrointestinal upset, causing limi-

tation to its clinical use. Even though endoscopic

studies had suggested that lower doses of miso-

prostol (400–600 μg per day) could prevent

NSAID-induced ulcers with fewer side effects

[94], such low doses of misoprostol failed to

prevent ulcer complications in high-risk

patients [93].

Proton-Pump Inhibitors

The risk of peptic ulcer in long-term NSAID

users can be significantly reduced by PPIs

[86, 95]. In two previous randomized studies

comparing omeprazole 20 mg daily with either

standard-dose ranitidine (150 mg twice daily)

and half-dose misoprostol (200 μg twice daily),

omeprazole was more effective than standard-

dose ranitidine and comparable with half-dose

misoprostol in preventing endoscopic ulcers,

especially with duodenal ulcers [97, 98]. A

randomized trial compared two doses of

esomeprazole (40 and 20 mg once daily) with

standard-dose ranitidine for the healing of gastric

ulcers in patients who continued to receive

NSAIDs. Both doses of esomeprazole were supe-

rior to ranitidine [99]. Although full-dose miso-

prostol (200 μg 4 times daily) appeared to be

more effective than lansoprazole in preventing

gastric ulcers in long-term NSAID users without

H. pylori infection, it offered no practical advan-

tage over lansoprazole due to the high with-

drawal rate in the misoprostol group [100].

In two multicentre randomized studies involv-

ing at-risk patients taking non-selective NSAIDs

and COX-2 inhibitors, esomeprazole was highly

effective in preventing ulcers. The overall

6-month ulcer rates were 17.0 %, 5.2 % and

4.6 % in patients receiving placebo,

esomeprazole 20 mg and esomeprazole 40 mg,

respectively [101]. Other PPIs appeared to be

similarly effective, with ulcer-free rates of

91–95 % observed in long-term NSAID users

receiving pantoprazole or omeprazole for ulcer

prevention in another endoscopic study [102].

One randomized study has investigated the

role of PPIs in reducing the risk of NSAID-

related ulcer bleeding. In the study, long-term

omeprazole therapy was compared to H. pylori

eradication therapy for the prevention of recur-

rent ulcer bleeding in H. pylori-infected patients

with a recent history of NSAID-related ulcer

bleeding who continued to use naproxen

[84]. Recurrent ulcer bleeding occurred in

18.8 % of patients undergoing eradication ther-

apy, compared with only 4.4 % of patients

receiving omeprazole. The efficacy of PPIs was

further supported by an observational study, in

which PPI therapy was found to be associated

with a significant reduction in the risk of upper

gastrointestinal bleeding among chronic NSAID

users [103].
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The fact that PPIs reduce, but do not elimi-

nate, the risk of NSAID-induced ulcer

complications suggests that acid-peptic injury

may not be the only mechanism involved in

ulcer pathogenesis. Though rarely discussed,

NSAIDs can produce ulcers in achlorhydric

patients [104]. It is uncertain whether PPIs

remain effective in achlorhydric patients or

patients with an altered anatomy due to previous

gastric surgery. Furthermore, while PPIs can

reduce peptic ulcers and complications in

patients taking aspirin or other NSAIDs, their

beneficial effect is not expected beyond the duo-

denum [105]. The use of omeprazole could not

prevent NSAID-induced intestinal damage,

either in healthy individuals [38, 106, 107] or

patients [3] evaluated by video capsule or faecal

calprotectin measurement. A previous study

suggested that PPIs might even worsen the

NSAID-induced intestinal damage, through dis-

ruption of the small bowel microbial

ecology [108].

COX-2 Inhibitors

The discovery of the two COX isoforms and

understanding of their functions have allowed

development of highly selective COX-

2 inhibitors to achieve their therapeutic effects

while minimizing gastrointestinal toxicity. Pre-

vious randomized controlled trials [30, 109] and

a systematic review [87] showed that when com-

pared to non-selective NSAIDs, the COX-2

inhibitors led to significantly fewer gastroduode-

nal ulcers and ulcer complications, as well as

fewer withdrawals caused by gastrointestinal

symptoms. The relative risk was 0.26 for gastro-

duodenal ulcers and 0.39 for ulcer complications

[87]. The COX-2 inhibitors appeared as effective

as a combination of non-selective NSAIDs with a

PPI in patients at risk for ulcers. In a randomized

study comparing diclofenac plus omeprazole

versus celecoxib for secondary prevention of

ulcer bleeding, a similar proportion of patients

had recurrent bleeding at 6 months [110]. Never-

theless, neither treatment can eliminate the risk

of recurrent bleeding in high-risk patients.

Concomitant use of low-dose aspirin can

also increase the gastrointestinal risks of

COX-2 inhibitors to a rate similar to that of

NSAIDs alone [109, 111]. In another randomized

trial comparing celecoxib alone versus celecoxib

plus esomeprazole in patients with a history of

NSAID-induced ulcer bleeding, 8.9 % of the

celecoxib-alone group had recurrent ulcer bleed-

ing compared with none of the combined therapy

group [110]. The combination of a COX-2 inhib-

itor and a PPI or misoprostol probably offers the

best gastrointestinal protection for very high-risk

patients, although this approach remains to be

proven in prospective trials.

As with non-selective NSAIDs, COX-2

inhibitors can damage the lower gastrointestinal

tract, although the frequency appears to be lower.

A systematic review suggested that COX-2

inhibitors might cause significantly less adverse

effects than non-selective NSAIDs in the lower

gastrointestinal tract [34], as well as several other

controlled trials [2, 45]. Other studies suggested

that COX-2 inhibitors might be beneficial, even

when compared to a PPI added to a non-selective

NSAID [106, 107].

Furthermore, the gastrointestinal benefits of

COX-2 inhibitors over non-selective NSAIDs

seem to remain for patients requiring aspirin.

Fewer people taking COX-2 inhibitors and aspi-

rin had ulcers and complications than those tak-

ing non-selective NSAIDs and aspirin [76, 112,

113]. These benefits are supported by large epi-

demiological studies, showing aspirin with either

celecoxib or rofecoxib reduced adverse gastroin-

testinal events by about 50 % compared with

non-selective NSAIDs [114].

Cardiovascular Risks of NSAIDS

Despite the improved gastrointestinal safety

profile of COX-2 inhibitors, the cardiovascular

risk of this medicinal class has been a subject of

concern [112, 115, 116] (Table 4.2). In a previ-

ous randomized study evaluating the gastroin-

testinal outcomes of a COX-2 inhibitor, the

incidence of acute myocardial events was four

times higher among patients receiving rofecoxib
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than patients receiving naproxen [30]. Further

data regarding the cardiovascular safety of

rofecoxib were derived from a colorectal polyp

prevention study [117], in which patients

receiving rofecoxib had nearly twice the risk

of suffering a heart attack or stroke compared

to patients receiving a placebo. This has led to

the voluntary withdrawal of rofecoxib from the

worldwide market in 2004. Other studies have

also found higher risks of cardiovascular events

for other COX-2 inhibitors, including parecoxib

and valdecoxib [116]. The cardiovascular risk

for celecoxib appears to be dose-dependent in

two meta-analyses [28, 118], with the cardio-

vascular effects of celecoxib 200 mg daily being

statistically insignificant. In contrast to

non-selective NSAIDs, celecoxib does not

impair the anti-platelet activity of low-dose

aspirin [119, 120].

Emerging evidence suggests that not only

COX-2 inhibitors but also non-selective

NSAIDs can increase the cardiovascular risk

[28, 121, 122]. A meta-analysis evaluating the

cardiovascular and gastrointestinal effects of

NSAIDs, including COX-2 inhibitors and

non-selective NSAIDs, showed comparable car-

diovascular risks with high-dose diclofenac,

ibuprofen and COX-2 inhibitors, but a lower

risk with naproxen [28]. The favourable cardio-

vascular profile of naproxen is consistent with

experimental studies showing its capability to

inhibit COX-1 to result in platelet inhibition

[123]. Major cardiovascular events were

increased by about a third by a COX-2 inhibitor

or diclofenac, primarily due to an increase in

coronary events, but also vascular events to a

lesser extent. All NSAID regimens increased

upper gastrointestinal complications, with a

rate ratio of 1.81 for COX-2 inhibitors and up

to 4.22 for naproxen [28].

Balancing Cardiovascular
and Gastrointestinal Risks

NSAIDs are very effective drugs, but they

carry significant cardiovascular and gastrointes-

tinal risks along with toxicities to the liver and

kidneys. The clinical challenge for the physicians

is to maintain the therapeutic effects of NSAIDs

while minimizing the adverse events. The choice

of medications can be guided by taking individ-

ual patient’s cardiovascular and gastrointestinal

risks into account [55].

For patients with low cardiovascular risk, the

management plan can be made primarily

according to the gastrointestinal risk. For patients

with a low gastrointestinal risk, rational use of a

less toxic NSAID at a lowest effective dose is a

reasonable approach. For patients at moderate

gastrointestinal risk, co-therapy with a gastro-

protective agent such as a PPI or misoprostol or

substitution with a COX-2 inhibitor would be

appropriate. For patients with high gastrointesti-

nal risk, the combination of a COX-2 inhibitor

and either a PPI or misoprostol offers the best

gastrointestinal protection, although this

approach remains to be examined in a prospec-

tive trial.

The cardiovascular risk associated with many

NSAIDs mandates a careful clinical assessment

especially when prescribing to patients with

a high background cardiovascular risk. Patients

known to have a high cardiovascular risk should

receive low-dose aspirin irrespective of NSAID

use [124]. Because of the potential

Table 4.2 Balancing gastrointestinal (GI) and cardiovascular (CV) risks in prescribing analgesics

CV risk\GI

risk Low Moderate High

Low NSAID at lowest effective

dose

NSAID plus either PPI or

misoprostol

COX-2 inhibitor plus either PPI or

misoprostol

High Naproxen plus PPI or

misoprostol

Naproxen plus PPI or

misoprostol

Avoid NSAID or COX-2 inhibitor if

possible

Low GI risk denotes no risk factors; moderate GI risk denotes 1–2 risk factors; high GI risk denotes �3 risk factors.

High CV risk denotes the requirement for prophylactic aspirin for primary or secondary prevention of serious CV events
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cardiovascular hazards of COX-2 inhibitors and

most non-selective NSAIDs, patients with high

cardiovascular risk should avoid using these

drugs if possible. Ibuprofen can attenuate the

cardio-protective effect of aspirin, possibly

through competitive binding to platelet COX-1

and interfering the inhibition of TXA2 synthesis

[125–127]. Concomitant use of ibuprofen and

low-dose aspirin should therefore be avoided. If

an NSAID is deemed necessary in patients at

high cardiovascular risk, naproxen is a safer

option as it does not appear to increase the

cardiothrombotic risk. However, it remains

uncertain whether the cardio-protective effect of

naproxen will persist at lower doses or when

naproxen is co-prescribed with low-dose aspirin.

One major drawback of concomitant use of

NSAIDs and low-dose aspirin is that the combi-

nation will markedly increase the risk of ulcer

complications. Thus, co-therapy with a PPI or

misoprostol is necessary even if patients do not

have other gastrointestinal risk factors. Despite

some controversies, celecoxib is another option

for patients receiving low-dose aspirin for car-

diovascular prophylaxis [128] as it does not seem

to impair the anti-platelet activity of aspirin

[119, 120]. Other forms of analgesics such as

paracetamol, opioids or corticosteroids may be

considered.

Conclusions

While the risk factors and strategies for the pre-

vention of NSAID-induced upper gastrointesti-

nal toxicity have been studied extensively, our

knowledge about lower gastrointestinal toxicity

of NSAIDs remains limited. To date, there is no

effective preventive treatment for lower gastro-

intestinal complications associated with NSAID

use. Emerging data suggest that profound acid

suppression may not be beneficial in terms of

NSAID-induced lower gastrointestinal damage

and that we probably need a trade-off of different

strategies to protect the entire gastrointestinal

tract. Another dilemma is about the

cardiothrombotic risks of NSAIDs. Physicians

have to make individualized decisions to balance

gastrointestinal and cardiothrombotic risks when

prescribing NSAIDs.
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The Need for NSAID Therapy
in Patients with Cardiovascular
Disease

The risk of developing cardiovascular disease

(CVD) is largely (75–90 %) explained by the

presence or absence of traditional CVD risk

factors. Age is a well-known traditional risk

factor, which is generally considered non-

modifiable for obvious reasons. Indeed, even

after adjusting for traditional risk factors in a

multivariable CVD prediction model, age

remains a fundamental predictor of CVD risk

( for review see [1]).

It is intuitive that—if age is an independent

risk factor for developing CVD—it is also a risk

for other age-related diseases, like, for instance,

musculoskeletal disorders. It is a primary risk

factor for the development of osteoarthritis

(OA), likely due to aging changes in cells and

tissues that make the joint more susceptible to

damage and less able to maintain homeostasis

[2]. It is widely accepted that arthritis is the

leading cause of disability among old adults

[3]. Also, acute and chronic pain is a major

clinical problem of OA [4] and represents a com-

mon reason for patients to visit their family

physician [5].

Pain-activated spinal reflexes cause the acti-

vation of the sympathetic nervous system, which

increases peripheral vascular resistance, heart

rate, and stroke volume. The response also

involves the neuroendocrine system and, in

particular, the hypothalamic-pituitary-adrenal

axis, in addition to further activation of the sym-

pathetic system by adrenal glands [6]. All these

pathophysiological changes are related to the

intensity of pain, which represents a significant

predictor of hypertensive status, independent of

the effects of age, thus suggesting that chronic

pain is associated with an increased risk of hyper-

tension [6]. In addition, pain-related disability

and restriction of mobility may subsequently

increase the thromboembolism risk [7]. More-

over, the reduced efficacy of endogenous analge-

sic systems described in the elderly, together

with a decreased tolerance to pain and the slower

resolution of post-injury hyperalgesia, can make

it more difficult for the older adult to cope with

pain. Older persons are therefore likely to be

particularly vulnerable to the negative impacts

of pain and pain-associated pathophysiological

changes [8]. It is therefore evident that persistent

pain in patients with CVD may be hazardous and

should be proactively managed.

Thirty eight percent of patients with CVD also

have OA as a comorbid condition, which—in

71 % of cases—is associated with physical

disabilities [9]. Conversely, patients with OA

suffer from at least one comorbid disease, with

cardiac disease being among the most prevalent

[10]. Comorbidities can affect how patients

experience pain associated with chronic disease.

Indeed, comorbidity is closely associated with

significantly worse pain and increases the likeli-

hood of disability among OA patients regardless

of age and gender [11].

Pain management should be multimodal and

tailored to the individual patient, and it will

likely include a combination of both

non-pharmacological and pharmacological

interventions. The use of any pharmacological

agent in patients with CVD, especially the

elderly, should be tempered with caution with

particular attention to increased sensitivity to

medications, drug-drug interactions, and

associated comorbidities. Therefore, these

patients will often require down-adjustment of

dosage and careful attention to the risk/benefit

ratio of treatment [12]. There is no single ideal
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pain medication for management of rheumatic

pain. The four broad categories of drugs, namely,

simple analgesics (i.e., paracetamol), nonsteroi-

dal anti-inflammatory drugs (NSAIDs), stronger

analgesics (i.e., opioids), and adjuvant drugs,

each have unique and particular concerns regard-

ing their adverse effect profiles.

Over the recent years, guidelines on pain man-

agement issued by professional organizations

have paid attention mainly to safety concerns,

especially for chronic conditions (such as OA)

that require long-term treatment. Hence, there is

consensus that paracetamol should be the first

choice agent due to its putative, favorable safety

profile despite its lower analgesic effectiveness

than NSAIDs ( for review see [13]). A recent

meta-analysis of randomized, placebo-controlled

trials [14] has shown that paracetamol is ineffec-

tive in the treatment of low back pain and

provides minimal short-term benefit for patients

with OA. Despite being recommended by the

American Heart Association (AHA) [15], para-

cetamol may not be as safe as traditionally

believed. Indeed, a systematic review of obser-

vational studies [16] showed that the dose-

response estimated for most endpoints (cardio-

vascular, CV, renal, and gastrointestinal, GI,

adverse events) suggests a considerable degree

of paracetamol toxicity, especially at the upper

end of standard analgesic doses. All the above

results support the reconsideration of recommen-

dation by clinical practice guidelines to choose

paracetamol as a first-line treatment.

Although initially considered as cartilage

driven, OA is much more complex than previ-

ously believed and low-grade (local and sys-

temic) inflammation is the hallmark of this

chronic and progressive condition [17]. In this

connection, cyclooxygenase-2 (COX-2) selec-

tive or nonselective (ns) NSAIDs, which display

both analgesic and anti-inflammatory properties,

represent a pathophysiologically and pharmaco-

logically sound approach. Although NSAIDs are

very effective drugs, their use is associated with a

broad spectrum of adverse reactions. GI adverse

effects are the most common and include a wide

clinical spectrum ranging from dyspepsia, heart-

burn, and abdominal discomfort to more serious

events such as peptic ulcer with life-threatening

complications of bleeding and perforation. The

appreciation that CV risk is also increased further

complicates the choices for physicians prescrib-

ing anti-inflammatory therapy in patients with

CVD [18, 19].

Cardiovascular Adverse Effects
of NSAIDs

Myocardial Infarction

The best-characterized mechanism of action of

NSAIDs is the inhibition of COX activity of

prostaglandin H (PGH) synthase-1 and PGH

synthase-2 (also referred to as COX-1 and

COX-2). Given the role that prostanoids, such

as prostaglandin (PG) E2, PGI2, and thrombox-

ane A2, play in the local modulation of many

important cellular functions, this mechanism

of action is probably sufficient to explain

the pharmacologic (i.e., the anti-inflammatory,

analgesic, and antipyretic) effects of NSAIDs

[20]. There are, however, a number of other

COX-independent actions, often molecule-

related and not shared by all the members of

this class of drugs [21].

With exception of low-dose aspirin,

(acetylsalicylic acid, ASA) which—for both

pharmacokinetic and pharmacodynamic

reasons—can be considered COX-1 selective

[22], traditional NSAIDs are all nonselective

toward COX isoenzyme inhibition. However,

after the discovery of selective COX-2 inhibitors

[23], some old compounds (such as nimesulide,

meloxicam, and etodolac) have been found to be

preferential COX-2 inhibitors [24].

Soon after the introduction of the selective

COX-2 inhibitors into the market, concerns

were raised that coxibs might be prothrombotic

and increase the risk of acute myocardial infarc-

tion (AMI) [25]. This issue arose because,

theoretically, these compounds may affect

the balance between prothrombotic and

antithrombotic PGs [26]. And indeed, the CV

safety of these agents has, since then, repeatedly

been questioned. A sub-analysis of the VIGOR

trial [27], performed in rheumatoid arthritis

(RA) patients to asses GI safety, demonstrated a
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significant increase in the risk of AMI for

rofecoxib users as compared to naproxen users.

The absence of a placebo group in this trial and

the low event rate in this subgroup analysis make

the interpretation of these findings difficult. Pos-

sible explanations for these observations include

an increased risk of AMI for rofecoxib, a

cardioprotective effect of naproxen, or both.

Alternatively, the findings of the VIGOR trial

with respect to AMI may have simply occurred

by chance and neither rofecoxib nor naproxen

truly affects the risk of‘ AMI. A thoughtful

review discussing these issues was published by

Baigent and Patrono [28].

The increase in CV risk with rofecoxib was

further reported in the APPROVe trial [29], a

placebo-controlled study, designed to evaluate

the efficacy of this selective COX-2 inhibitor in

preventing adenomatous polyp recurrence. An

extended analysis [30] showed that data were

compatible with an early increase in CV risk

that persisted for one year after stopping treat-

ment. However, the CLASS study [31], carried

out in OA patients to evaluate GI tolerability of

celecoxib, was unable to find any increase in the

rate of AMI with this agent, compared to ibupro-

fen or diclofenac. However, a meta-analysis of

Mukherjee et al. [25] extended the CV safety

concerns to celecoxib and, potentially, to all the

selective COX-2 inhibitors.

On September 23, 2004, just 2 months before

the APPROVe trial was scheduled to end, Merck

withdrew Vioxx® from all markets worldwide

without consulting the Food and Drug Adminis-

tration (FDA). It did so because rofecoxib

appeared unique among selective COX-2

inhibitors in its CV risk profile. On February

16–18, 2005, the FDA convened a joint meeting

of its advisory committees on arthritis and on

drug safety and risk management [32]. The

members unanimously concluded that CV risk

was a class effect, affecting all members to

some extent. Surprisingly, the panel not only

voted in favor of maintaining celecoxib and

valdecoxib on the market but also in favor of

allowing the reintroduction of rofecoxib back to

the market. In each case, the panel recommended

the FDA’s strongest warnings (“black box”

warnings) about CV risk, along with “other

measures” to limit the drugs’ use. The panel

also recommended new warnings for traditional

NSAIDs and physicians’ caution in prescribing

traditional NSAIDs [33, 34], which—with the

exception of naproxen—were subsequently

found to share the same CV risk [35, 36]. On

February 17, 2005, European Medicines

Agency (EMA) introduced a contraindication

for all the selective COX-2 inhibitors in

patients with ischemic heart disease or stroke

and a warning for physicians to exercise cau-

tion when prescribing selective COX-2

inhibitors to patients with CV risk factors

[37, 38]. Two adenoma prevention trials (APC

and PreSAP) [39] showed a nearly twofold-

increased CV risk. The trend for a dose-related

increase in CV events and blood pressure

(BP) raised the possibility that lower doses or

alternative dosing intervals might be associated

with less CV risk. Taking into account both

clinical data and regulatory decisions, the

American Heart Association (AHA) issued a

position paper [15] that discouraged the use of

selective COX-2 inhibitors in patients at

CV risk.

Randomized Trials and Meta-analyses
Focused on Cardiovascular Events
Although the above mentioned trials did raise

awareness about the CV risk of selective

COX-2 inhibitors, it is worth emphasizing that

none of them was specifically designed to assess

the risk of CV events, which were then evaluated

in post hoc analyses.

The only published, large, randomized trial on

the CV risk comparing a selective COX-2 inhib-

itor with a ns-NSAID is the MEDAL program

[40]. In this setting, etoricoxib (60 or 90 mg

daily) or diclofenac (150 mg daily) were given

to more than 34.000 patients for an average of

18 months. The primary end point (i.e., occur-

rence of thrombotic CV events) was similar

between the two groups, but etoricoxib was

associated with a lower rate of GI events (albeit

not of GI complications due to the allowance of

free PPI use). This study was criticized for the

use of diclofenac as comparator and for its exper-

imental design, which included the results from

three different trials (EDGE I, EDGE II, and
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MEDAL), although they were all randomized

and had the same prespecified CV end point

(thrombotic CV events). Notwithstanding these

limitations, the study demonstrated a similar CV

risk of both etoricoxib and diclofenac, whose CV

toxicity has been recently pointed out by the

CNT Collaboration meta-analysis [41] as well

as a review of RCTs and observational studies

[42]. Like for COX-2 selective NSAIDs [43], the

increase in CV risk with diclofenac appears to be

dose-dependent [44, 45]. However, at doses

below the maximal over the counter (OTC)

dose and for durations recommended for OTC

use, this NSAID (and ibuprofen as well) seem not

to be associated with an increased CV risk [45].

A trial that might shed light on the safety of

COX-2 selective and ns-NSAIDs is the PRECI-

SION study [46]. This is the first study evaluating

more than 20,000 RA/OA patients with high CV

risk, chronically treated with anti-inflammatory

agents, and will define the relative CV safety

profile of celecoxib (100–200 mg bid), ibuprofen

(600–800 mg tid), and naproxen (375–500 mg

bid), providing data to help guide NSAID use

for pain management in this population. While

the results of this trial are eagerly awaited, to

gain insights into the relative CV safety of cur-

rently available drugs, we must rely on a num-

ber of meta-analyses, performed on the topic.

Meta-analyses
The first meta-analysis of published and unpub-

lished RCTs, with indirect estimates of the

effects of traditional NSAIDs, was published by

Kerney et al. [36]. This showed that selective

COX-2 inhibitors are associated with a moderate

increase in the risk of CV events, as are high-
dose regimens of ibuprofen and diclofenac, while

high-dose naproxen is not associated with such

an excess risk (Fig. 5.1). Similar results were

provided by a meta-analysis of observational

studies, published in the same year [35] and

later updated [47] (Fig. 5.2).

Further insights into the CV risk of both

COX-2 selective and ns-NSAIDs were gained

from the network meta-analysis of Trelle

et al. [48]. These authors selected all large-

scale, RCTs comparing any NSAID with other

NSAIDs or placebo. The primary outcome was

AMI. Secondary outcomes included stroke, death

from CV disease, and death from any cause. This

analysis provided risk estimates for all the selec-

tive COX-2 inhibitors and many traditional

NSAIDs evaluated in comparative trials,

showing that none of the drugs studied is safe

in CV terms, with naproxen being the least

harmful.

The most recent and authoritative meta-anal-

ysis is that performed by the so-called CNT

Collaboration [41]. The authors assembled over

600 clinical trials that included more than

300,000 participants and used direct and indirect

meta-analysis techniques to add certainty and

precision to estimates of NSAID-associated CV

and GI adverse events. Their results indicate that

high doses of all the selective COX-2 inhibitors,

diclofenac and ibuprofen increase the risk of

major CV events (nonfatal AMI, nonfatal stroke,

or CV death) and that high-dose naproxen is not

associated with either an increased risk or signif-

icant aspirin-like protection for these outcomes.

When compared to naproxen, the currently avail-

able COX-2 selective inhibitors (namely,

celecoxib and etoricoxib) behaved differently,

with only etoricoxib showing a significant

increase in the risk of major CV events

(Fig. 5.3). In addition, in this analysis, all

NSAIDs (both COX-2 selective and

ns-NSAIDs, including naproxen) double the

risk of congestive heart failure (CHF) and

increase the risk of peptic ulcer complications

and other GI bleeding. Less information was

available on other NSAIDs, but there is presently

no evidence that any compound is safer than the

more studied drugs in the class. In line with these

results, a recent meta-analysis of observational

studies, performed by the investigators of the

SOS1 project [49], showed that the most fre-

quently used NSAIDs (except naproxen) are

associated with an increased risk of AMI, at
high doses or in patients with coronary heart

1 SOS project¼ Safety Of non-Steroidal anti-inflammatory

drugs project http://www.sos-nsaids-project.org.
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Fig. 5.1 (a) Comparison of the effects of different selec-

tive COX-2 inhibitors versus placebo on myocardial

infarction (from Kearney et al. [36]). Event numbers and

person years of exposure, with corresponding mean

annual event rates in parenthesis, are presented for

patients allocated to selective COX-2 inhibitor or

placebo. Event rate ratios for subtotals, with 95 % confi-

dence intervals (CIs), are indicated by a diamond; rate

ratios for individual selective COX-2 inhibitors, with

99 % CIs, are indicated by a square and horizontal line.
Diamonds to the right of the solid line indicate hazard

with a selective COX-2 inhibitor compared with placebo,

but this is conventionally significant only if the diamond

does not overlap the solid line. (b) Comparison of effects

of different selective COX-2 inhibitors versus ns-NSAIDs

on myocardial infarction (from Kearney et al. [36]).

Symbols and conventions are as in Fig. 5.1(a)
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disease (CHD). For diclofenac and rofecoxib, the

risk was increased both at low and high doses.

It should be emphasized, however, that the

intrinsic patient’s CV risk factors are of para-

mount importance. While confirming that fre-

quent NSAID use significantly increases the CV

risk in a dose-dependent fashion, Chan et al. [50]

also found that the elevated risk was particularly

evident among current smokers and was absent

among those who had never smoked (Table 5.1).

Therefore, the lower the risk factors, the lower

the propensity for NSAIDs to cause CV adverse

events. Drugs are indeed only one of the several

concomitant risk factors and likely not the most

important. The interaction of the expected base-

line CV and thrombotic risk with components of

drug exposure and duration of treatment with a

selective COX-2 inhibitor is illustrated in

Fig. 5.4 [51]. In this connection, the preliminary

results of the SCOT Trial [52] showed that–in

patients with arthritis but without known

CVD–CV event rates were low and the CV
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Fig. 5.3 Effects of different regimens of the currently available COX-2 selective inhibitors on major CV events: trials

of celecoxib or etoricoxib versus naproxen (from the CNT Collaboration meta-analysis [41])
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outcomes did not differ significantly between

celecoxib and ns-NSAIDs.

Time Dependence of NSAID-Associated
CV Risk
Although it might appear intuitive that the

shorter the duration of drug exposure, the lower

the risk, there is little information on this critical

issue.

Brief (3–5 days) perioperative use of

NSAIDs was not associated with increased

risk for postoperative AMI after total hip and

knee replacement [53]. However, this patient

population, albeit relatively old (mean age

65), was not at high CV risk since only 12 %

of the subjects had a history of coronary heart

disease. In addition, NSAIDs were given

on the top of patient-controlled epidural

analgesia.

In a random population of 125,000 Canadian

NSAID users [54], it was shown that a small

proportion of patients using rofecoxib for the

first time had their AMI shortly after starting

the drug (a median of 9 days after the first expo-

sure). This risk did not increase with the length of

treatment and returned to baseline shortly after

treatment was discontinued (Fig. 5.5). On the

contrary, Nussmeier et al. [55] reported that

orally administered valdecoxib (preceded by

either placebo or parecoxib) resulted—during

the 10 days of treatment—in an increased risk

of CV events, which persisted for additional

30 days. This was, however, a peculiar patient

population undergoing cardiac surgery, in whom

the extent of inflammation and endothelial stress

is very high.

A recent systematic review [56], evaluating

specifically the evidence regarding the adverse

effects of NSAID short-term use, concluded

that—when prescribed at the most effective dose

for 10 days or fewer—these drugs may be consid-

ered relatively safe. Along the same lines, another

systematic review of RCTs and observational stud-

ies [42] found little or no increase in CV risk,

associated with exposures shorter than 30 days.

Solomon et al. [57]–in a case-control study of

54,475 patients 65 years of age or older–evidenced

Table 5.1 CV risk in NSAID and paracetamol users:

effect of smoking and frequency of drug intake (from

data in Chan et al. [50])

Treatment RR 95 % CIs

NSAIDs 1.44 1.27–1.65

• Current smokers 1.82 1.38–2.42

• Past smokers 1.58 1.28–1.95

• Never smokers 1.11 0.88–1.41

• >15 tables/week 1.86 1.27–2.73

Paracetamol 1.35 1.14–1.59

• >15 tablets/week 1.68 1.10–2.58

VIGOR

C
ar

di
ov

as
cu

la
r

ha
za

rd

Baseline cardiovascular/
thrombotic risk

Exp
osu

re

(dose
, d

uratio
n of a

cti
on,

duratio
n of tr

eatm
ent)

High

Low
High

High

Low Low

APC
(400 mg/bid)

CABG studies

APPROVe

APC
(200 mg/bid)

Fig. 5.4 Illustration of the

expected interaction of

baseline CV an thrombotic

risk with components of

drug exposure including

dose, duration of action,

and duration of treatment

with a selective COX-2

inhibitor (from Grosser
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that rofecoxib, but not celecoxib, was associated

with a significant increase in the risk of AMI,

which remained constant during the first 90 days

and vanished thereafter.

The above studies, albeit heterogeneous,

seem to challenge the EMA, FDA, and

AHA recommendations, according to which

physicians should prescribe the lowest effective

dose for the shortest possible duration of treat-

ment. Indeed, the risk does appear to increase

early after starting treatment, but can decrease

even with continuous treatment, perhaps owing

to development of tolerance.

CV Risk of NSAID Use After First-Time
Myocardial Infarction
The risks of CV mortality and morbidity are

well-known complications after AMI. This ele-

vated CV risk is most prominent soon after the

AMI but declines with time, reaching the risk

level of the background population after

5–10 years [58]. However, knowledge about the

CV safety of NSAIDs in the years following

AMI is limited.

To determine whether a history of past AMI

modified the risk of AMI recurrence associated

with the use of NSAIDs, Gislason et al. [59]

analyzed the risk of rehospitalization for AMI

and death related to NSAID use in patients with

prior AMI, and found that selective COX-2

inhibitors at all dosages and ns-NSAIDs at high

dosages increase mortality.

In a population-based cohort study of 122,079

elderly people with and without previous AMI

and newly treated with an NSAID, only

rofecoxib use was associated with an increased

risk of AMI in those without a previous event

[60]. However, both rofecoxib and celecoxib

were associated with an excess risk of AMI for

current users with a history of AMI. On the

contrary, no increased risk was observed for

celecoxib users in a population-based cohort of

Canadian patients aged 66 years and older, who

survived a hospitalization for AMI [61]. A large

cohort study [62] examined patients recently

discharged from hospital with CHD, tabulating

the rates of subsequent serious CV events with

ns-NSAIDs and COX-2 selective agents. In this

patient population, naproxen showed better CV

safety than did diclofenac and ibuprofen as well

as high doses of celecoxib and rofecoxib. When

the incidence of serious CHD was assessed

according to the duration of NSAID therapy,

the adjusted rates for any drug (with the excep-

tion of naproxen) were increased with durations

of use <90 days (Fig. 5.6). In contrast, there was

no significant increase in the risk for use of

longer duration [62].

A large observational study (44,095 patients

from theREACH2 registry) found that—in patients

with established atherothrombosis (CHD, cerebro-

vascular disease, or peripheral artery disease) or

multiple (>3) risk factors for atherothrombotic

disease)—NSAID use is associated with a higher

0-7 days

8-30 days

>30 days

0 1 2

Adjusted Rate Ratio

Rofecoxib
Celecoxib

Fig. 5.5 Risk of

myocardial infarction

among elderly users of

rofecoxib and celcoxib.

Adjusted rate ratios as a

function of time after

treatment is discontinued

(modified from reference

[54])

2 REACH ¼ REduction of Atherothrombosis for

Continued Health
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risk of AMI (as well as stroke) and hospitalizations

for both ischemia and heart failure when compared

to nonusers [63].

Despite the fact that NSAIDs are

contraindicated among patients with established

CV disease, many receive NSAID treatment for a

short period of time. However, even short-term

treatment with most NSAIDs was associated

with increased risk of death and recurrent AMI

in patients with prior AMI [64]. Actually, ongo-

ing treatment with NSAIDs, particularly selec-

tive COX-2 inhibitors and diclofenac, is

associated with worsened prognosis in patients

admitted with first-time AMI [65], by increasing

the risk of CV death [66].

All the above studies definitely show that even

short-term treatment with most NSAIDs is

associated with an increased CV risk in patients

with AMI. Furthermore, NSAID use among

patients with first-time AMI is associated with

persistently increased risk of all-cause mortality

and of a composite end point of coronary death or

nonfatal recurrent AMI, respectively, for at least

5 years thereafter. NSAIDs have therefore no

apparent well-tolerated treatment window

among patients with AMI.

CV Risk of NSAIDs in Special Patient
Populations

Inflammatory Arthritides

Cardiovascular disease (CVD) comorbidity is a

significant issue for the inflammatory arthritides

(IA). There is a wealth of mortality studies

showing an increased CV mortality in RA and

the evidence suggests that the same is likely to be

true for psoriatic arthritis (PsA) and ankylosing

spondylitis (AS) [67, 68]. The pathophysiologi-

cal understanding of the mechanisms that pro-

mote the development of vascular disease has

changed over the last few decades, leading to

the recognition that inflammation is a major

player, involved both in the impairment of the

classic CV risk factors and as directly in the

process of endothelial injury, dysfunction, and

ultimately atherosclerosis [69]. The use of

NSAIDs could therefore be beneficial. In this

connection, Lindhardsen et al. [70] showed—in
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a nationwide cohort study—that the CV risk

associated with overall NSAID use was signifi-

cantly lower in RA patients than in controls (HR,

1.22; 95 % CIs, 1.09–1.37), despite the finding

that a few NSAIDs (namely, rofecoxib and

diclofenac) did confer an increased risk. Along

the same lines, a case-control study [71], while

confirming that AS patients display an increased

CV risk, showed that long-term (>12 months)

use of both COX-2 selective and nonselective

NSAIDs can decrease the risk up to 10 times.

However, short-term (6 months) use of NSAID

was found to increase the CV risk, as it happens

in the general population.

Osteoarthritis

Initially considered cartilage driven, OA, the

prototypic age-related disease [72], is much

more complex than previously thought and

low-grade (local and systemic) inflammation is

the hallmark of this chronic and progressive con-

dition [17]. However, despite the prevalence of

CVD in patients with OA is significant, the rela-

tionship between OA and CVD is not straightfor-

ward [73]. Indeed, a nested, case-control study

[74] found no significant increased risk

associated with the current use of NSAIDs as a

group. A dose effect was not identified, but there

was a significant increased risk associated with

long-term use (>1 year) (Odd ratio, OR, 1.43;

95 % CIs, 1.11–1.83). While in patients at low or

intermediate background risk NSAIDs did not

show any association with AMI, the analysis

revealed a moderate positive association among

those at high background CV risk. The strongest

association with AMI was obtained in patients at

high background CV risk exposed to NSAIDs for

long term (OR, 1.80; 1.26–2.58). However, in

high-risk population, even short-term treatments

were associated with an increased AMI risk (OR,

1.32; 1.01–1.71).

Diabetes Mellitus

It is well known that CVD is a major cause of

mortality in patients with diabetes mellitus. CV

risk factors and diabetes overlap, leading to the

hypothesis that both share an inflammatory basis.

Therefore, targeting CV risk factors, including

the subclinical inflammatory status, is critical to

minimize the long-term CV complications of the

disease [75]. Despite this, NSAID use in diabetic

elderly patients increased the CV risk, which was

higher in those with CHD or heart failure and in

users of anticoagulants or antiplatelet agents,

likely because of the higher probability of devel-

oping myocardial infarction or stroke among this

patient population [76]. The same holds true for

diabetic patients with OA [74].

CV Adverse Effects of NSAIDs: Is There
a Genetic Predisposition?
In an attempt to provide a reliable mechanistic

explanation for the increase in CV adverse events

observed in patients treated with selective COX-2

inhibitors in clinical trials, several authors have

advocated the so-called “COX-2 hypothesis,”

according to which the selective blockade of

COX-2 would result in an imbalance between

the impaired intravascular COX-2-dependent pro-

duction of antithrombotic prostacyclin, without

any interference with the COX-1-dependent bio-

synthesis of prothrombotic thromboxane in

platelets [51].

The imbalance hypothesis, supported by

human studies, has received renewed attention

due to the relevance that vascular prostacyclin

may have in the regulation of normal CV functions

and fostered intensive research on pathophysiolog-

ical mechanisms linking prostacyclin to CV dis-

ease, with particular regard for the underlying

genetic polymorphisms that might hamper the

biological activities of this prostanoid and its IP

receptor [77]. Much information in this context

have been retrieved from mice lacking the IP

receptor (IP�/�), which have substantiated the rel-
evance of prostacyclin activity in the CV system

and supported a strong correlation of altered IP

receptor activity with several atherothrombotic

CV disorders, including stroke, myocardial

infarction, and hypertension. Of greater impor-

tance, IP�/� mice have provided convincing evi-

dence that prostacyclin counteracts the in vivo

actions of thromboxane A2, thus lending credibil-

ity to the notion that adverse CV events

5 Adverse Effects of Nonsteroidal Anti-inflammatory Drugs on the Cardiovascular System 71



associated with selective COX-2 inhibitors might

depend, at least in part, on the inhibition of pros-

tacyclin biosynthesis [77].

Findings in IP�/� mice have prompted the

implementation of genetic studies to test the

hypothesis that polymorphisms in the human IP

(hIP) gene, causing a loss of receptor response to

prostacyclin, might behave as a sort of “endoge-

nous COX-2 inhibition” or “functional human IP

receptor knockout.” Consistently with this expec-

tation, in a cohort study on high-risk CV patients

(n ¼ 1063), both the disease severity and fre-

quency of adverse CV events were found to be

significantly increased over a 3-year follow-up in

patients with a hIP polymorphism (Arg212Cys)

associated with a loss of receptor function, as

compared with age- and risk factor-matched

controls with normal alleles. Of note, in the same

study, patients carrying the hIP Arg212Cys poly-

morphism displayed also a significant impairment

of platelet aggregation [78]. A subsequent case-

control study, that compared the results of coro-

nary angiographies from patients with hIP

polymorphisms associated with defective

(Arg212Cys, Arg215Cys, Leu104Arg) or normal

(Val15Aal, Val25Met, Pro226Thr, Ser319Trp,

Gly181Ala) receptor function, showed more

severe coronary artery obstruction in patients

with dysfunctional hIP receptor mutations [79].

Overall, the consistency of evidence from sev-

eral lines of research, including early trials on

the safety and efficacy of selective COX-2

inhibitors, investigations on mice with genetic

deletion of the prostacyclin IP receptor (IP�/�),
and human studies on hIP receptor gene

polymorphisms, taken together with the results

of a number of recent meta-analyses, point out

the important concept that a decrease in intra-

vascular prostacyclin activity, arising from a

blockade of its biosynthesis (as a consequence

of pharmacological COX-2 inhibition) and/or a

dysfunctional hIP receptor activity (as a con-

sequence of receptor gene polymorphism or

deletion), can support an increased risk of

adverse CV outcomes. This body of knowl-

edge, if adequately substantiated, might foster

the advent of CV pharmacogenetics pursuing

the personalized management of NSAID

therapy. For example, it might be envisaged

that in the clinical management of patients

with known genetic variants affecting the

activity of prostacyclin pathway, the use of

selective COX-2 inhibitors should likely be

avoided [77].

CV Adverse Effects of NSAIDs: Is COX-2-
Mediated Immunomodulation
Responsible?
The view that a prothrombotic effect explains

the increase in MI, associated with both

COX-2 selective and ns-NSAIDs, has been in-

creasingly questioned, with the renal effects,

especially increase in BP, gaining more accep-

tance as CV risk factors (see below).

COX inhibition is associated with an

established anti-inflammatory action, which is

systemic and neither site nor organ specific.

Reduced vessel wall inflammation is likely to

result in an improvement in arterial wall compli-

ance but with the potential for destabilization of

plaque and increased risk of fragmentation,

detachment, and embolization. None of these

pathophysiological events involve an increase

in thrombosis per se. Rather, they suggest that

the observed drug effects are based on the nature

of the inflammation of the arterial wall, stem-

ming from the Th1 type immune response,

which may be patient-dependent. Indeed, inhibi-

tion of PG synthesis results in augmentation of

the Th1 response by limiting prostanoid synthe-

sis. Although the role of prostanoids as mediators

of inflammation in the periphery is well under-

stood, the systemic immunomodulatory role of

prostanoids shifting the immune response away

from a Th1 type is less appreciated [80]. It is well

established that atherosclerosis is an inflamma-

tory arterial disease driven by a Th1 type immune

response. However, while the vulnerable pheno-

type of atheroma is associated with the cellular

Th1 immune response, the stable plaque pheno-

type is associated with a Th2 type response. By

interpreting all above evidences, Padol and Hunt

[80] proposed the augmentation of Th1-mediated

atherogenesis/production of pro-atherogenic

cytokines associated with detrimental

plaque remodeling, instability, rupture, and
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embolization as a plausible explanation for the

increased CV events observed with COX-2

selective and ns-NSAIDs.

Stroke

The same mechanisms responsible for the

increased risk of AMI and CV death

associated with COX-2 selective and

ns-NSAID use could also be responsible for

the risk of ischemic stroke. However, the

available data show that the risk of stroke

conferred by these drugs is much smaller, if

any, than the risk of AMI.

In the meta-analysis by Kearney et al. [36],

neither selective COX-2 inhibitors nor

ns-NSAIDs did increase the risk of stroke when

compared to placebo. However, selective COX-2

inhibitors were associated with a significantly

lower incidence of stroke than any

non-naproxen traditional NSAID (rate ratio

0.62, 0.41–0.95; p ¼ 0.03). The lack of increase

in stroke risk by both classes of anti-

inflammatory drugs, when compared to placebo,

has recently been confirmed by the large indi-

vidual data meta-analysis, performed by the

CNT Collaboration [41]. However, the network

meta-analysis of Trelle et al. [48] found a trend

toward an increase in the risk for all the drugs

studied, with a significant effect for ibuprofen

(RR: 3.36, 1.00–11.6), diclofenac (RR: 2.86,

1.09–8.36), and lumiracoxib (RR: 2.81,

1.05–7.48). The adverse effect of diclofenac

(but not that of ibuprofen) was confirmed by

Garcia-Poza et al. [81] in a population-based,

case-control study, in which NSAID dose, dura-

tion of treatment, and baseline CV risk appeared

to modulate the risk.

It is difficult to reconcile the different results

of the above analyses, none of which provides

proof of causality but only (presence or lack of)

association. However, it is worth emphasizing

that the network meta-analysis, finding an

increased stroke risk for NSAIDs, used indirect
treatment comparisons and some modeling

assumptions. Although interesting, its results

should be considered complementary to

traditional meta-analyses and interpreted with

caution. In addition, the different studies selected

in the different meta-analyses might have

included patients with different kinds of stroke

(thrombotic, cardio-embolic, or hemorrhagic),

with the majority of strokes being ischemic

[82]. Since the mechanisms are different, one

would infer that the risk of stroke with NSAIDs

should be differentiated by subtype. As the over-

all numbers of events have been limited within

the prospective trials, the majority of stroke

events quoted in various studies were not

differentiated with respect to stroke subtypes. A

study by Johnsen et al. [83] found no increased

risk of intracranial hemorrhage with NSAID

exposure when subjects were stratified by gen-

der, age, and history of hypertension. Addition-

ally, two other studies [84, 85] found no

association between either ischemic or hemor-

rhagic stroke, with any NSAID.

Non-ischemic CV Adverse Effects
of NSAIDs

Although the major safety issues for NSAIDs

have mainly been the GI tolerability and ische-

mic CV risk, a number of other adverse effects,

largely affecting directly or indirectly the vascu-

lar system, have been described.

Congestive Heart Failure

The renal and vascular effects of NSAIDs (see

below) may explain the increased risk of CHF

associated with their use. All studies that have

analyzed this issue have consistently found an

increase in CHF risk, which was roughly doubled

when compared to non-exposure.

It has been long known that users of NSAIDs

have an increased risk of hospitalization for CHF

and that this effect is larger among patients with

preexisting CV disease [for review see [86]).

Initiation of NSAID therapy may double the

risk of developing heart failure in susceptible

individuals [87]. Patients with renal failure, dia-

betes, or hypertension when taking NSAIDs
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might be at a greater risk of developing CHF than

patients without those conditions. It is less likely,

however, that these drugs could also induce heart

failure in otherwise healthy individuals [86]. The

large CNT Collaboration meta-analysis [41] con-

firmed that all NSAIDs (be they COX-2 selective

or not) doubled the risk of CHF (rate ratio

1.85–2.28).

Although, as a class, selective COX-2

inhibitors share the same CHF risk of tradi-

tional (i.e. ns) NSAIDs, some comparative stud-

ies have shown differences among individual

drugs. Indeed, a large population-based retro-

spective cohort study [88] found a higher risk of

admission for CHF in users of rofecoxib and

ns-NSAIDs, but not celecoxib compared to

nonusers (Table 5.2). These results are in line

with the findings of the celecoxib trial database,

in which no statistically significant increases in

CHF incidence were observed among high-risk

patients, such as those receiving concomitant

diuretics [89], as well as among the patient

population from the large ACCEPT study,

performed in Japan [90].

An echocardiographic investigation [91]

evaluated the effect of NSAIDs on cardiac func-

tion in elderly people, who recently started drug

intake. Current NSAID use for <14 days was

associated with a significantly higher left ventric-

ular end-systolic dimension (+1.74 mm; 95 %

CI, 0.20–3.28), left ventricular end-diastolic

dimension (+3.69 mm, 95 % CI, 1.08–6.31),

and significantly lower fractional shortening

(�6.03 %, 95 % CI, -9.81–2.26 %), compared

with nonusers. Current NSAID use for

>14 days was associated with a higher left

end-diastolic dimension (+1.96 mm, 95 % CI,

0.82–3.11), but there was no change in the other

Table 5.2 Risk of hospitilization for CHF in patients taking COX-2 selective or ns-NSAIDs (from data in Mandani

et al. [88]))

Study cohort

Non-NSAID

users

Colecoxib

users

Rofecoxib

users

ns-NSAID

users

Stratified CHF analysis

Patients without a recent history of CHF-related admission

Sample size 98,409 18,517 14,317 11,424

Number of admissions 248 84 111 30

Days of follow-up (mean, SD) 139 (77) 170 (97) 147 (90) 94 (69)

Total follow-up (person-years) 37,507 8642 5749 2944

Crude CHF rate per 1000 person-years 6-6 9-7 19-3 10-2

Model-based risk ratios

Unadjusted rate ratio (95 %CI) 1-0 (reference) 1.5 (1.2–1.9) 3.0 (2.4–3.7) 1.5 (1.1–2.3)

Adjusted rate ratio (95 %CI) 1-0 (reference) 0.9 (0.7–1.2) 1.8 (1.4–2.3) 1.1 (0.7–1.6)

Numbers needed to treat to harm n/a n/a 434 n/a

Patients with a recent history of CHF-related admission

Sample size 1591 391 266 182

Number of admissions 100 32 32 17

Days of follow-up (mean, SD) 136 (78) 148 (96) 133 (86) 97 (77)

Total follow-up (person-years) 593 159 97 49

Crude CHF rate per 1000 person-years 169 202 330 350

Model-based risk ratios

Unadjusted rate ratio (95 % CI) 1-0 (reference) 1.2 (0.8–1.8) 2.0 (1.3–2.9) 2.0 (1.2–3.3)

Adjusted rate ratio (95 % CI) 1-0 (reference) 1.2 (0.8–1.7) 1.8 (1.2–2.7) 2.2 (1.3–3.7)

Numbers needed to treat to harm n/a n/a 19 12

The estimated numbers needed to harm in patients with a history of recent admission for heart failure were significantly

lower than those of individuals with no previous history
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echocardiographic parameters. This study

provides for the first time an objective evaluation

of the NSAID effects on cardiac function.

Atrial Fibrillation

Inflammation is strongly associated with cardiac

dysrhythmia, either as a cause or a consequence.

Anti-inflammatory drugs are widely prescribed,

and some of them, including corticosteroids and

NSAIDs, have been associated with an increased

CV risk. Therefore, the eventual pro- or anti-

arrhythmic effect of these drugs is of high inter-

est for clinical practice. While anti-inflammatory

drugs have demonstrated anti-arrhythmic

properties in postoperative atrial fibrillation

(AF), NSAIDs increase the risk of AF [92].

A nested case-control study [93] showed that

current use of NSAIDs is associated with an

increased risk of chronic AF (RR, 1.44; 95 %

CI, 1.08–1.91). Such risk was further increased

among long-term users with treatment duration

longer than 1 year (RR, 1.80; 95 % CI,

1.20–2.72). The increased risk of chronic AF

was not explained by the presence of heart fail-

ure. These findings were further confirmed by a

population-based case-control study [94], which

also showed that the use of non aspirin NSAIDs

was associated with an increased risk of atrial

flutter. Compared with nonusers, the association

was strongest for new users, with a 40–70 %

increase in RR (lowest for ns-NSAIDs and

highest for selective COX-2 inhibitors). A more

recent population-based study [95] found that

new NSAID use may predispose patients to AF,

and the risk is almost doubled in CHF patients.

Also, recent use (within 30 days after discontin-

uation of NSAIDs) was associated with an

increased risk of AF compared with those who

had never used these drugs (HR, 1.84; 95 % CIs,

1.34–2.51) [96]. However, in one such study

[95], use of selective COX-2 inhibitors was not

significantly related to AF occurrence, except in

patients with chronic kidney or pulmonary

diseases.

A recent meta-analysis of the available studies

[97] confirmed that – overall – NSAID use is

associated with a 12 % increased risk of

AF. The risk appeared larger for new users (RR,

1.53; 95 % CIs, 1.37–1.70) compared with long-

term users (RR, 1.09; 95 % CIs, 1.04–1.14) and

in presence of CHF and CKD.

These studies thus add evidence that AF (and

flutter) need to be added to the CV risks to be

considered when prescribing NSAIDs.

Effects on Renal Function and Blood
Pressure

Several studies have reported that NSAID use is

associated with adverse effects on renal function,

estimated glomerular filtration rate (eGFR) alter-

ation, fluid and electrolyte disturbances, and BP

elevation.

The renal effect of COX-2 selective and

ns-NSAIDs was evaluated in a retrospective,

nested, case-control study, involving 1,459,271

new users [98]. Acute kidney failure (AKF) was

defined as a creatinine increase greater than

50 %. A higher risk of AKF was found in new

users of any single NSAID (OR, 1.82; 95%CI,

1.68, 1.98) compared to nonusers, without recent

use. The risk of AKF varied among different

NSAIDs, with risk generally increasing with

decrease in COX-2 selectivity (rofecoxib <

celecoxib < meloxicam < etodolac < diclofenac

< piroxicam < salsalate < sulindac < ibuprofen

< naproxen < high-dose aspirin < indomethacin

< ketorolac). Those using multiple NSAIDs

appeared to have the highest risk (OR, 2.90;

95 % CIs, 2.62, 3.22).

In patients with RA, the prevalence of [99]

and/or risk of developing [100] CKD is high. In

this population, therefore, the risk for renal

adverse effects of NSAIDs could be higher.

However, a prospective, cohort study [101]

showed that eGFR was not significantly altered

by NSAID use, unless a baseline impairment of

renal function (i.e., eGFR<30 mL/min) was

present.

A longitudinal cohort study [102] evaluated

the risk of CKD in hypertensive patients taking

NSAIDs. After controlling for confounding

factors, the analysis showed that – compared

with nonusers – NSAID use was associated

with a 1.18-fold increased risk of CKD in
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subjects taking NSAIDs for 1 to 89 days and a

1.32-fold increased risk of CKD in those taking

NSAIDs for �90 days.

The effect of NSAID therapy on CKD pro-

gression was specifically investigated in a sys-

tematic review [103]. Regular-dose NSAID use

did not significantly affect the risk of accelerated

CKD progression, but high-dose NSAID use sig-

nificantly increased the risk (OR, 1.26 (95%CI,

1.06–1.50). Therefore, avoidance of NSAIDs in

the medium term seems unnecessary in patients

with moderate to severe CKD, if not otherwise

contraindicated. Since the definition of high-dose

of NSAID use remains unclear, the lowest effec-

tive dose of NSAIDs should be prescribed where

indicated.

An association between NSAID therapy and

elevated BP has been found in several epidemio-

logic studies. This BP effect, which is consistent

with the important role of endogenous

prostanoids (namely, PGs and thromboxanes) in

BP homeostasis [104], appears to be of particular

relevance in patients with preexisting hyperten-

sion. These arachidonic acid-derived mediators

exert a wide range of biological actions, includ-

ing regulation of vasomotor tone and renal

sodium excretion as well as renin secretion [104].

A large meta-analysis of 54 studies including

1234 patients [105] showed that NSAID use is

associated with increase in BP, an effect found

solely in hypertensive subjects. Of the drugs stud-

ied, indomethacin and naproxen were associated

with the largest increases in BP. The average

effects of piroxicam, aspirin, ibuprofen, and

sulindac were negligible. These findings were

confirmed in a subsequent meta-analysis [106],

which also showed that NSAIDs antagonize the

BP-lowering effect of antihypertensive

medications to an extent that may potentially

increase hypertension-related morbidity [107].

Amore recent systematic review [108] confirmed

this trend, but found a consistent effect only for

ibuprofen. Among the antihypertensive drugs, it

appears that dihydropyridine calcium channel

blockers are more effective at lowering and

maintaining BP control (Table 5.3) and should

therefore be the preferred medication in NSAID

users [107, 109, 110].

Table 5.3 Interaction between NSAIDs and different classes of anti hypertensive medications (modified from

Kalafutova et al. [107])

Antihypertensive

classes

NA+ and

H2O

excretion RAAS

Brady-

kinen

Decrease

of anti-

hypertensive

effects of

NSAIDs

Δ systolic

BP after

NSAIDs Studies

Diuretics " – – +/++ 6.11a Ishiguro et al. (2008)

2.1 MacDonald et al. (2010)

Beta-blocker " # – +/++ 6.2 Johnsen et al. (1994)

2.8 Macdonald (2010)

Ace inhibitors " # " +++ 10.3 Morgan and Anderson (1993)

6.8 Palonia et al. (1995)

3.7 MacDonald et al. (2010)

4.6 Conlin et al. (2009)

11.7a Morgan and Anderson (1993)

Angiotensin II

blockers
" " " +/+++ 4.6a MacDonald et al. (2010)

3.8a Conlin et al. (2009)

Calcium channel

blockers
" – – – 0.3 Palonia et al. (1995)

1.3 Morgan and Anderson (1993)

1.1 Morgan and Anderson (2003)

RAAS renin-angiotensin-aldosterone system, ACE angiotensin-converting-enzyme, + ++ +++ measure of antihyper-

tensive effect. The quoted publications are all reported in the Ref. [107]
aSignificant effect
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An original meta-analysis [111], subsequently

updated [112], showed that selective COX-2

inhibitors appear to produce greater hypertension

than either ns-NSAIDs or placebo (Fig. 5.7).

However, this response was heterogeneous,

with markedly raised BP associated with

rofecoxib and etoricoxib, whereas celecoxib,

valdecoxib and lumiracoxib appeared to have

little effect on BP.

Among the different mechanisms by which

COX-2 selective and ns-NSAIDs may increase

CV risk, the BP effects of these medications

appear relevant [30]. However, the significant

correlation in placebo-controlled trials among

the five agents’ elevations in BP values and

their rate ratios for CV events strongly suggests

that the BP effects of NSAIDs are an important

determinant of the increase in CV risk (see
below) [113]. The best current evidence comes

from the centrally adjudicated placebo-

controlled trials of celecoxib for colorectal ade-

noma prevention (APC and PreSAP trials): if

the blood pressure was not raised at 1 or

3 years after randomization, CV risk was not
significantly increased [39]. Further insights

into this puzzle will be gained when the full

results of the PRECISION trial [46] become

available.

NSAID-Induced Fluid and Electrolyte
Disturbances

Fluid retention is the most common renal mani-

festation of NSAID therapy [114]. Renal PGE2

regulates sodium homeostasis by decreasing

sodium reabsorption in the ascending limb of

the loop of Henle [115]. NSAIDs inhibit the

synthesis of PGE2 leading to an increase in

sodium reabsorption. Although sodium balance

is altered during NSAID treatment in most

patients, the effects are generally mild and not

clinically relevant [114, 116]. However, a small

percentage of patients develop clinical sequelae

including weight gain, peripheral edema, hyper-

tension, and, rarely, pulmonary edema

[114, 116–118]. In most NSAID studies, the

incidence of these renal effects is 3–5 %

[114, 116]. Because changes in sodium balance

occur rapidly, clinical manifestations of sodium

retention tend to occur shortly after initiating or

increasing NSAID therapy [114, 116].

Clinically significant fluid retention is

more likely to develop in patients with under-

lying renal disease, CHF, hepatic insuffi-

ciency, or in patients receiving diuretics

[114, 116]. As a result, NSAIDs should be

used with caution in these patients. It is
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advisable to monitor body weight when

treating high-risk patients with NSAIDs.

There is some evidence that longer-acting

NSAIDs (half-life >4 h) may be associated

with more sodium retention as compared with

shorter-acting NSAIDs [119].

Hyperkalemia is a rare, but potentially life-

threatening, consequence of NSAID therapy

[114, 116]. NSAIDs inhibit renal prostacyclin

formation blunting renin release, aldosterone

formation, and potassium excretion. Patients

at risk for hyperkalemia include those taking

potassium supplements, potassium-sparing

diuretics, and ACE inhibitors or those with

underlying renal insufficiency (e.g., diabetic

nephropathy) [114, 116]. Hyperkalemia tends

to occur early in the course of therapy and

is reversible with discontinuation of the

NSAID.

Animal experiments and clinical trials with

preferential and selective COX-2 inhibitors

revealed that COX-2 is the critical enzyme for

sodium excretion, renin release, and likely

antagonism of antidiuretic hormone. Both

COX-2 selective and ns-NSAIDs upregulate

the Na-K-2Cl cotransporter type 2 (NKCC2) in

the thick ascending limb of Henle’s loop and

aquaporin-2 in the collecting duct [120]. For

renal hemodynamics, evidence points to

COX-1 as the predominant enzyme [121]. As a

consequence, the gain in renal safety by use of

selective COX-2 inhibitors is small or negligi-

ble with respect to sodium retention or

hyperkalemia.

Peripheral Edema

Peripheral edema is an occasional adverse effect

associated with all NSAIDs [114, 116]. The

degree of edema is typically moderate and

reversible with discontinuation of the drug.

Ns-NSAIDs and selective COX-2 inhibitors

have similar effects on sodium retention-

mediated processes, such as edema, because the

increased sodium retention that has been

associated with all NSAIDs appears to be

mediated mainly by COX-2 [114, 116]. Similar

frequencies of edema, as an adverse event

reported in several studies of NSAIDs and selec-

tive COX-2 inhibitors, support this hypothesis

[114, 116].

The incidence of edema in four large studies,

comparing either rofecoxib or celecoxib with

several ns-NSAIDs, was within the same range.

It is worth mentioning, however, that the occur-

rence of edema in these large multicenter studies

was an investigator-reported outcome, and there-

fore the definition of edema differed between the

rofecoxib studies and the celecoxib studies, limit-

ing the utility of comparisons among data.

Celecoxib (200 mg daily) and rofecoxib

(25 mg daily) were compared with each other

as regards the rates of edema in two trials

[122, 123] performed in elderly OA patients

with drug-controlled hypertension. After

6 weeks of coxib treatment, the incidence of

edema was significantly higher in the rofecoxib-

treated patients than in those receiving celecoxib

(9.5 % versus 4.9 % in the first study and 7.7 %

versus 4.7 % in the second one). These data are

in line with the findings from an analysis of more

than 50 clinical studies [89] with celecoxib

showing a low (i.e., 2.1 %) overall incidence of

peripheral edema. However, in a study [124]

performed in healthy elderly subjects on a

sodium-replete diet, no subject reported edema

after either rofecoxib or celecoxib.

Although, in the etoricoxib program database

[125], the incidence of lower extremity edema

with the drug (60–120 mg daily) was similar to

that observed with comparator NSAIDs, discon-

tinuation rates because of edema (as well as

hypertension) were higher [126].

A meta-analysis by Zhang et al. [127] exam-

ined data from 114 RCTs, including 127 trial

populations (40 rofecoxib, 37 celecoxib,

29 valdecoxib + parecoxib, 15 etoricoxib, and

6 lumiracoxib). Compared with control,

rofecoxib was associated with an increased risk

of composite renal events (RR, 1.53; 95 % CI,

1.33–1.76); adverse renal effects increased with

greater dose and duration of treatment (both

p�0.05). For all individual renal endpoints,

rofecoxib was associated with increased risk of

peripheral edema (RR, 1.43; 95 % CI,
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1.23–1.66), hypertension (RR, 1.55; 95 % CI,

1.29–1.85), and renal dysfunction (RR, 2.31;

95 % CI, 1.05–5.07). In contrast, celecoxib

was associated with lower risk of both renal

dysfunction (RR, 0.61; 95 % CI, 0.40–0.94)

and hypertension (RR, 0.83; 95 % CI,

0.71–0.97) compared with controls. The risk

for peripheral edema was also not significant

(RR, 1.09, 091–1-31). Other agents were not

significantly associated with risk. While belong-

ing to the same class, the different selective

COX-2 inhibitors differ in terms of potency

and COX-2 selectivity as well as in their

respective pharmacokinetics and metabolism

[128]. These differences may explain their dif-

ferent renal and CV adverse event profiles [129]

(Fig. 5.8).

Despite the relevant CV and renal risks

associated with the use of NSAIDs, as mentioned

above, there is a largely inappropriate use of

these drugs in patients with CVD both in Italy

[130] and elsewhere [63, 131–133]. To reverse

this alarming trend, a specific project (namely,

CardioPain™) was started in a region of South-

ern Italy with the aim of reducing the inappropri-

ate use of NSAIDs, by indicating clearly in the

hospital discharge letter that this class of drugs is

contraindicated in patients with CVD

[134]. CardioPain™ was highly appreciated by

the Italian Medicines Agency (AIFA), which

recommended this initiative be implemented

also by other Italian regions.

Prevention of Cardiovascular Adverse
Events in Patients with Single or Dual
Antiplatelet Therapy

Aspirin, a prototypic NSAID, acts also as an

antiplatelet agent when administered at low

dose (75–325 mg once daily), by virtue of its

inhibitory effect on thromboxane A biosynthesis

Rofecoxib

Hypertension

Celecoxib

Valdecoxib

Lumiracoxib

1•55 (1•29–1•85)*

0•83 (0•71–0•97)

1•28 (0•88–1•84)

0•94 (0•42–2•12)

0•2 0•5 1 2 5

0•20•1 0•5 1 2 5 10
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Renal Dysfunction Arrythmia
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Valdecoxib

Lumiracoxib
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Celecoxib
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Fig. 5.8 Meta-analysis of RCTs by RR (95 % CIs) of adverse events hypertension, peripheral oedema, renal

dysfunction, and arrythmia (from Strand [129])
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by COX-1 isoenzyme. It represents a standard

antithrombotic treatment in CV diseases, with

particular regard for ischemic heart disease

[135]. The benefits of low-dose aspirin in sec-

ondary prevention clearly outweigh the risk

[136]. However, this is not the case for primary

prevention [137], where recommendations for

aspirin use should be individualized, taking into

account the balance between benefits and risks,

as well as individual patient values and

preferences [138]. Given that aspirin is a life-

saving drug, discontinuing it or not adhering to

the correct administration schedule enhances the

risk of CV and cerebral events more than three-

fold [139–141]. This risk can be magnified by up

to 90-fold in patients with intracoronary

stents [139].

The majority of NSAIDs are known to inter-

fere negatively with the antiplatelet action of

aspirin, and therefore combined therapy with a

selective COX-2 inhibitor plus a PPI should be

offered to patients with high levels of both GI

and CV risk, as discussed below in detail. Cur-

rent evidence suggests that this interaction is

attributable to COX-1 inhibition, since selective

COX-2 inhibitors do not possess antiplatelet

activity. The binding sites for ASA and NSAIDs

on COX-1 are located in a relatively narrow

hydrophobic channel. ASA initially acetylates

COX-1 with a reversible binding and then irre-

versibly acetylates a Ser residue. NSAIDs, on the

other hand, bind reversibly within the hydropho-

bic channel or at the active site of the enzyme.

NSAIDs can compete with ASA for these bind-

ing sites and, in doing so, they, protect platelet

COX-1 from permanent inactivation by

ASA-induced acetylation [142]. Thus, the inhibi-

tion of aspirin antiplatelet activity cannot be

considered a class effect for all NSAIDs. For

example, docking studies provide evidence that

only NSAIDs that form hydrogen bonds with

Ser530, Arg120, Tyr385, and other amino acids

associated with the COX-1 hydrophobic channel

will interfere with aspirin antiplatelet activity

[142].

While the pharmacodynamic, negative interac-

tion between ns-NSAIDs and low-dose aspirin has

been clearly established by studies in healthy

volunteers and patients, the clinical consequences

of such interaction remain unclear [143]. Indeed,

epidemiological studies have provided conflicting

results, with only three out of six reports showing

a reduction of the cardioprotective effect of aspi-

rin. However, the few available RCTs are consis-

tent in their findings that ns-NSAID use does

worsen the CV outcome in patients taking

low-dose aspirin. In the Physician Health Study

[144], aspirin was effective for primary preven-

tion except in patients taking NSAIDs. A recent

epidemiological study [145] found that–in

patients taking antithrombotic therapy–NSAID

use increased the rate of CV events (CV death,

nonfatal AMI, and stroke), regardless of the

antiplatelet drug, types of NSAID, or duration of

use. Celecoxib (as well as other selective COX-2

inhibitors) does not affect platelet aggregation and

interfere with the anti-aggregant activity of

low-dose aspirin, alone or in combination with

clopidogrel (Fig. 5.9) [18, 146].

This lack of interference with the

antithrombotic action of antiplatelet drugs–

together with a better tolerability throughout the

entire GI tract–would make this COX-2 selective

agent a suitable anti-inflammatory drug for

patients receiving low-dose aspirin for CV or

cerebrovascular prevention [129], despite the

contrary opinion of the EMA [37, 38]. However,

at the time when the Committee for Medicinal

Products for Human Use (CHMP) issued its

recommendations, much of the current evidence

was not yet available.

Although data support the conclusion that

COX-2 inhibitors are preferable to ns-NSAIDs

in patients with chronic pain and CV risk, requir-

ing low-dose aspirin, the RRs and benefits should

be assessed in the individual patient. Celecoxib,

given in low doses (200 mg once daily) with

low-dose aspirin, can provide the same pain and

inflammatory relief as ns-NSAIDs, with less

upper and lower GI and CV risk [147]. The

lower GI [148] and CV [41] safety profile of

etoricoxib seems to be less favorable.

Several epidemiologic studies and meta-

analyses have shown that naproxen appears to
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be the least CV harmful NSAID (Fig. 5.10)

[36, 149], but this advantage has to be weighed

against GI toxicity. It must also be considered

that the absence of an increased CV risk, as

observed in RCTs and meta-analysis with

naproxen when compared to placebo, was based

on a high naproxen dose (500 mg b.i.d) [36],

which displays an antiplatelet activity, similar,

albeit reversible, to that of low-dose aspirin.

Are There Safer Alternatives
to NSAIDs in Patients with CVD?

NSAIDs exert–as a class–analgesic, anti-

inflammatory, and antipyretic activities [150].

Taking into account their wide range of adverse

events, especially those at the level of GI tract

and CV system, opioids could be used instead

Favours naproxen Favours control1 100.1

Jick [2000]
Rahme et al. [2002]
Ray et al. [2002 a]
Ray et al. [2002 b]
Schlienger et al. [2002]
Solomon et al. [2002]
Watson et al. [2002]
Mamdani et al. [2003]
Kimmel et al. [2004]
Graham et al. [2004]
Garcia Rodriguez et al. (2004)

Combined: 0.86 (95% CI 0.75-0.99)

Rate ratio or odds ratio (95% CI)

Fig. 5.10 Meta-analysis of observational studies (8 case-control studies and 3 retrospective cohort studies) of

naproxen and risk of myocardial infarction (from Jüni et al. [149])
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Fig. 5.9 Reductions in platelet aggregation (pretreatment inhibition %�post-treatment inhibition %) by antiplatelet

agents (alone or in combination), with or without addition of celecoxib (from Lee et al. [146])
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when only the analgesic action is sought

[151, 152]. As matter of fact, guidelines issued

by both the American Geriatric Society [153]

and the British Geriatric Society [154] empha-

size that–in carefully selected and monitored

old patients, who generally hold CV

comorbidity–opioids may be preferable to

NSAIDs. However, intersecting with the

upward trajectory in opioid use [155] are the

increasing trends in opioid-related adverse

effects, especially prescription drug abuse,

addiction, and overdose deaths. And indeed,

despite limited evidence and variable develop-

ment methods, recent guidelines on chronic

pain agree on several opioid risk mitigation

strategies, including upper dosing thresholds,

cautions with certain medications, attention to

drug-drug and drug-disease interactions, and use

of risk assessment tools [156].

When the anti-inflammatory action is sought

and NSAID treatment is contraindicated, short-

term use of glucocorticoids (GCs) may be an

alternative therapeutic option [157]. GCs have,

in addition, a significant analgesic effect in neu-

ropathic and bone pain [158]. And indeed, they

are considered adjuvant analgesics [159] within

the pain World Health Organization (WHO)

ladder [160].

Safe NSAID Therapy in CVD:
Conclusions

Navigating through the different GI and CV risk

factors in patients with CVD and balancing them

with the potential benefits of NSAID therapy is a

difficult task. Like any pharmacologic therapy,

appropriateness is a must. Being analgesic and

anti-inflammatory drugs, NSAID prescribing is

mainly indicated when both pharmacologic

activities are required. When pain relief is the

main target of therapy, the choice will depend on

its nature (acute versus chronic as well as noci-

ceptive versus neuropathic) and severity and

should take into account the relative efficacy

and safety of each class of drugs (NSAIDs,

weak opioids, strong opioids, or their combina-

tion), together with underlying risk factors. In

this connection, the knowledge about the

benefit/risk ratio of opioids in CVD should be

improved and their use not dogmatically

discouraged. Along the same lines, provided

there are no absolute contraindications, a short

course of GCs could be an alternative to NSAID

therapy when the desired pharmacologic activity

is the anti-inflammatory one.

A recent Cochrane systematic review [161]

evaluated the scientific evidence on the efficacy

and safety of using pain pharmacotherapy in

patients with RA and CV or renal comorbidities.

There were no trials that specifically compared

the efficacy and safety of pain pharmacotherapies

for patients with RA, with and without comorbid

CV or renal conditions. In the absence of specific

evidence, current guidelines suggest that pain

management drugs (be they NSAIDs, opioids,

or adjuvant steroids) should be used with caution.

Further research is therefore required to guide

clinicians when treating pain and/or inflamma-

tion in patients with CVD.
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Halonen P, Takala J. Pain as a reason to visit the

doctor: a study in Finnish primary health care. Pain.

2001;89:175–80.
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Safe Prescription of NSAIDs in Clinical
Practice 6
Mohammad Yaghoobi and Richard H. Hunt

Introduction

NSAIDs are among the most frequently pre-

scribed medications around the world and are

given for many different medical conditions,

including but not limited to osteoarthritis, rheu-

matological diseases, and pain syndromes such

as migraine headache. Their clinical utility has

continued despite known gastrointestinal adverse

effects including mucosal damage throughout the

gastrointestinal tract and more recently cardio-

vascular adverse events. NSAIDs can cause dam-

age in both the upper and lower gastrointestinal

tracts including the small intestine and colon.

Selective COX-2 inhibitors have a safer gastro-

intestinal profile than nonselective NSAIDs, but

the cardiovascular adverse effects are similar.

Adverse events carry a significant health and

economic burden on patients and the healthcare

system. Therefore, clinicians should familiarize

themselves with the approach to safe prescription

of NSAIDs in clinical practice. Over recent

years, there has been significant improvement in

our knowledge of the pharmacological and

non-pharmacological characteristics to improve

the safety profile of NSAIDs. These approaches

are effective and based on strong evidence from

randomized controlled trials (RCTs) and meta-

analyses. The mechanism of action of NSAIDs

and aspirin and the pathophysiology of the

adverse events caused by these drugs are

discussed in other chapters and therefore will

not be further explored here.

Proposing safer prescription of NSAIDs

would not be possible without understanding

the mechanisms of mucosal defenses and how

they act to protect the gastrointestinal mucosa

against the toxic effects of NSAIDs and the

pathophysiology of damage resulting from

NSAID use. There are several known

mechanisms by which the human body is

protected against the adverse effects of NSAIDs.

Maintaining gastric blood flow and secretion of

bicarbonate as well as inhibition of the adhesion

of leukocytes in the microvasculature of the

stomach and duodenum have been recognized

as critically important mechanisms of the natural

mucosal defense mechanisms against damage

caused by NSAIDs [1].

Physicians should be aware of the risk factors

for toxicity and adverse events when prescribing

NSAIDs. The prescribers should explain the

potential risk to their patients when advising or

prescribing NSAIDs. (This is fully discussed in
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Chap. 4.) These risk factors are much better

understood for the upper than for the lower gas-

trointestinal tracts and are summarized in

Table 6.1.

**The mechanisms by which NSAIDs cause

lower gastrointestinal damage are less well

understood and are deemed to differ from the

circumstances in the upper gastrointestinal tract.

Bjarnason and colleagues proposed that NSAIDs

first solubilize lipids of the phospholipid layer on

mucosal surface cells and trigger mitochondrial

damage [2]. This depletes intracellular energy,

releases intracellular calcium, and generates free

radicals, leading to a decrease of adhesion

between epithelial cells which increase the per-

meability of the small intestinal epithelium. This

increased permeability allows toxins and luminal

contents, including bacteria and their degrada-

tion products, bile acids, and pancreatic

secretions, to enter the mucosa and induce

inflammation by activation of neutrophils [2].

This then leads to intramural damage and

reduced mucosal blood flow.

The risk factors for enterotoxicity are less

well explored but hypertension and obesity are

known to be important. Interestingly, while PPIs

and H2-receptor antagonists (H2-RAs) decrease

adverse events by NSAIDs in the upper gastroin-

testinal tract, they might increase the rate of

damage in the lower gastrointestinal tract

[3]. However, clinicians should be cautious in

interpreting the data on the role of PPI and

H2-RAs in the lower gastrointestinal tract since

this is an observed association and there is insuf-

ficient evidence from RCTs or cohort studies to

show causality. One study in rats showed that

PPIs might change the intestinal microbial popu-

lation [4]. The investigators transferred jejunal

bacteria from PPI-treated rats to germ-free mice

and observed increased NSAID-induced damage

in the small intestine as compared to controls.

The results need to be confirmed in human stud-

ies, but it implies the potential benefits of

probiotics in reducing the rate of NSAID-

induced enteropathy in patients receiving PPI

[5]. In 113 patients with rheumatoid arthritis

who were taking NSAIDs, a cross-sectional

video-capsule endoscopy study using multivari-

ate regression analysis showed that the use of a

PPI (RR 5.22), the age over 65 years (RR 4.16),

and the use of an H2-RA (RR 3.95) were the main

risk factors for significant intestinal damage and

a fall in hemoglobin [3]. Most patients in this

study used loxoprofen, which is not widely used,

and therefore, one should be cautious in

generalizing the results to the clinical practice.

On the other hand, the cross-sectional design of

the study did not allow excluding baseline

enteropathy in included patients. Although the

quality of evidence from this study is not strong,

one possible explanation might be that PPIs

alter the nature of the bile, the gut microbiota,

and the enterohepatic circulation of NSAIDs

[1]. The rate of lower gastrointestinal events

with NSAIDs has been increasing over the

recent years. Lanas and colleagues showed that

the rate of upper gastrointestinal adverse events

due to NSAIDs decreased between 1996 and

2005 in Spain, while the rate of adverse events

in the lower gastrointestinal tract increased

[5]. A study in the USA showed similar results

between 1998 and 2006 [6]. Possible explanations

for these findings include increased physician

awareness of adverse events and the

strategies to avoid them. During this period

in the USA, however, hospital admissions for

lower GI bleeding increased by 8 %, while

the number of upper GI bleeding events fell

by 14 % [6].

Table 6.1 Risk factors for NSAID-induced adverse

events

Upper gastrointestinal

tract

Lower gastrointestinal

tract

History of peptic ulcer

disease

Hypertension

Older age Obesity

Helicobacter pylori
infection

Older age

Smoking Proton pump inhibitors

Alcohol H2-RAs

Coadministration of

aspirin, antiplatelet agents,

or corticosteroids
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Strategies to Improve the Safety
Profile of NSAIDs

Substituting NSAIDs with an Alternative
Treatment

The best strategy to avoid NSAID-induced tox-

icity is to avoid prescribing NSAIDs or

substituting them with a less toxic medication

such as acetaminophen or a low-dose opioid.

Although this might not be possible in every

patient, physicians should explore alternatives

to NSAIDs and inform patients of available

interventions and medications. This should be

particularly emphasized in patients who carry

significant risk factors for NSAID toxicity. It is

not uncommon to see patients who carry multiple

risk factors, and clinicians should specifically

discuss the additive risk of adverse events in

this situation and emphasize on the use of the

protective measures. The additive effect of risk

factors was proven in a randomized, double-

blind, placebo-controlled trial in 8843 patients

in the USA and Canada. Patients receiving con-

tinuous therapy with NSAIDs were randomized

to receive misoprostol or placebo [7]. The logis-

tic regression model showed that at 6 months,

patients with no risk factors had a 0.4 % risk of

gastrointestinal complications, while this number

was 1 % for those with one of the risk factors

including age over 75, history of peptic ulcer or

gastrointestinal bleeding, or history of cardiovas-

cular disease and was 9 % for patients with all

four risk factors. Non-pharmacological treatment

including exercise, appliances, and weight reduc-

tion for overweight patients should be considered

for patients with osteoarthritis [8]. Alternatives

to NSAID therapy include other non-pharma-

cological pain reliefs such as cognitive behav-

ioral therapy, acupuncture, alternative medicine,

and more recently transcutaneous electrical

nerve stimulation (TENS), which activates native

opioid receptors, or pharmacological pain relief

such as acetaminophen (paracetamol) which is

less effective but safer than NSAIDs when

taken within the recommended dose range

[8]. However, one might argue that acetamino-

phen carries its own risk of adverse events

especially related to hepatotoxicity. Acetamino-

phen has been shown also to carry some cardio-

vascular risk and caused an increase in blood

pressure in a randomized crossover study when

compared to placebo [9].

Another alternative is to choose an opioid

analgesic with or without paracetamol. The effi-

cacy of opioids is similar to that of paracetamol

but is less effective than NSAIDs alone

[10]. However, the adverse effects of opioids

exceed those of NSAIDs or paracetamol, partic-

ularly in elderly patients, and include constipa-

tion, central nervous system reactions, increased

risk of falls, and death [10]. Slow-acting drugs

for OA including glucosamine sulfate, chondroi-

tin sulfate, diacerein, avocado/soybean

unsaponifiable, and hyaluronic acid provide

symptomatic relief and have reasonable safety

profile, but the indication for using these agents

is not well defined and the effect sizes are small.

On the other hand, the evidence supporting these

agents in rheumatological diseases and specifi-

cally in osteoarthritis is not strong, and most

trials provided inconclusive results [8]. Intra-

articular steroid injections, topical NSAIDs,

osteotomy, and joint-preserving or joint-

replacing surgical procedures may also be con-

sidered [8]. However, most patients will eventu-

ally require an NSAID at some time during the

clinical course of their disease. The use of alter-

native pain relief should be individualized based

on the patient’s characteristics, risk factors, indi-

cation, duration of use, previous exposure, and

availability.

Choosing an NSAID with the Least
Gastrointestinal Toxicity

There are three subclasses of NSAIDs each with

a different gastrointestinal toxicity profile.

Nonselective (ns)-NSAIDs
These medications inhibit both isoforms of the

COX enzyme and are the most toxic to the gas-

trointestinal tract. Cardiovascular adverse events

of NSAIDs should be considered at the same

time as the gastrointestinal safety profile is
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discussed with the patient. Renal adverse effects

of nonselective NSAIDs are rarely seen in

patients without renal risk factors [11] but can

reach 20 % in at-risk patients [12] and include

edema, hypertension, hyperkalemia, decreased

GFR, and acute renal failure [13]. NSAIDs raise

blood pressure in both normotensive and hyper-

tensive individuals [14]. The cardiovascular and

non-GI adverse events of NSAIDs are discussed

extensively in chapter 2c.

A systematic review and meta-regression

analysis of randomized controlled trial (RCT)

studies and controlled cohort studies showed a

significantly higher risk of gastrointestinal

complications related to NSAID use than for

nonusers: indomethacin, RR ¼ 2.25 (1.00,

5.08); naproxen, RR ¼ 1.83 (1.25, 2.68);

diclofenac, RR ¼ 1.73 (1.21, 2.46); piroxicam,

RR ¼ 1.66 (1.14, 2.44); tenoxicam, RR ¼ 1.43

(0.40, 5.14); meloxicam, RR ¼ 1.24 (0.98,

1.56); and ibuprofen, RR ¼ 1.19 (0.93, 1.54)

[15]. Meta-regression analysis showed that the

significant risk factors were age, drug dose, and

rheumatoid arthritis or osteoarthritis as the indi-

cation for taking NSAIDs.

Selective COX-2 Inhibitors
According to a meta-analysis, any dose of

celecoxib was associated with significantly less

clinical ulcers and gastrointestinal bleeds than

ns-NSAIDs [16]. One should remember that

selective COX-2 inhibitors may have some

degree of COX-1 inhibitory activity. The SUC-

CESS I study also confirmed a better safety pro-

file with celecoxib (200–400 mg/day) when

compared with diclofenac and naproxen in

13,274 patients with osteoarthritis. There were

significantly less upper gastrointestinal

complications in the celecoxib-treated patients

(0.1/100 patient-years) compared with the nonse-

lective NSAIDs (0.8/100 patient-years)

[17]. Celecoxib versus omeprazole and diclofenac

in patients with osteoarthritis and rheumatoid

arthritis (CONDOR) was a multicenter

randomized double-blind trial comparing

celecoxib and diclofenac in combination with

omeprazole in patients with osteoarthritis and

rheumatoid arthritis in 4484 patients with arthritis

for 6 months [18]. The risk of clinically significant

adverse events in the gastrointestinal tract was

lower in patients treated with celecoxib than in

those treated with diclofenac combined with

omeprazole. Most complications were observed

in patients who experienced a drop in hemoglobin

level.

Newer coxibs including rofecoxib (now with-

drawn) and etoricoxib (Arcoxia) which have

greater selectivity for COX-2 also show a better

gastrointestinal profile compared with nonselec-

tive NSAIDs [19–21].

Etoricoxib is a selective cyclooxygenase

inhibitor, which is not approved in the USA but

is used in many countries. A randomized, paral-

lel-group, double-blind study where upper gas-

trointestinal endoscopy was performed at

intervals over 12 weeks was conducted in 680

patients taking etoricoxib 120 mg once daily,

ibuprofen 800 mg three times daily, or placebo

[21]. The cumulative incidence of ulcers >3 mm

at 12 weeks in the ibuprofen group (17 %) was

significantly higher than in the etoricoxib group

(8.1 %, p ¼ 0.007) or placebo (1.86 %,

p < 0.001); similar results were seen for ulcers

>5 mm.

Post hoc analysis of serious lower gastrointes-

tinal clinical events in a prospective, double-

blind, randomized trial was performed in 8076

rheumatoid arthritis patients who were randomly

assigned to naproxen 500 mg twice daily or

rofecoxib 50 mg daily [22]. Bleeding with

>2 g/dL drop in hemoglobin or hospitalization

for perforation, obstruction, ulceration, or diver-

ticulitis per 100 patient-years was 0.41 for

rofecoxib and 0.89 for naproxen (relative risk,

0.46; 95 % CI, 0.22–0.93; p ¼ 0.032).

The risk of lower gastrointestinal damage in

association with selective COX-2 inhibitors and

their role in reducing enterotoxicity is less well

studied than that in the upper gastrointestinal tract.

In the Vioxx Gastrointestinal Outcomes Research

(VIGOR) trial, the incidence of severe lower gas-

trointestinal events including bleeding, perfora-

tion, obstruction, and complicated diverticular

disease was lower in patients using rofecoxib

than in those taking naproxen [23]. However, the
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MEDAL trial showed no difference in adverse

events between etoricoxib and diclofenac [24].

Celecoxib was associated with significantly

less small intestinal mucosal damage than

naproxen or ibuprofen combined with a PPI

in healthy volunteers [20, 25]. There is some

evidence that the selective COX-2 inhibitors

may have a better profile in the lower gastro-

intestinal tract. Lumiracoxib 100 mg once

daily induced less damage to the small bowel

than naproxen 500 mg twice daily and omep-

razole 20 mg once daily [26]. However, in

another study, no differences were found

in the proportion and type of small bowel

lesions in patients taking nonselective NSAIDs

in comparison with selective COX-2

inhibitors [27].

A recent network meta-analysis included

randomized controlled trials comparing newer

coxibs including celecoxib, etoricoxib,

parecoxib, and lumiracoxib with relatively selec-

tive COX-2 inhibitors including nabumetone,

meloxicam, and etodolac with a study duration

of 4 weeks [28]. The primary outcomes were

ulcer complications and symptomatic ulcer. The

authors included 36 trials with a total of 112,351

patients. The analyses indicated no significant

difference between relatively selective COX-2

inhibitors and coxibs regarding ulcer

complications, symptomatic ulcer, or endoscopic

ulcer. There was no change in the results after

adjusting for potential influential factors includ-

ing age, sex, previous ulcer disease, and follow-

up time. However, this study did not take into

account clinical efficacy with respect to reduc-

tion of pain and inflammation.

To our knowledge, there is no study to inves-

tigate the preventive measures for the colonic

adverse events with NSAIDs. The renovascular

effects of nonselective NSAIDs and coxibs are

also similar [29, 30].

In summary, there is strong evidence that the

selective COX-2 inhibitors are associated with

less adverse events in the upper gastrointestinal

tract, but controversy remains about their role in

reducing adverse events in the lower gastrointes-

tinal tract, although most evidence supports some

benefit.

Other Newer NSAIDs

The newer NSAIDs include nitric oxide (NO)-

releasing and hydrogen sulfide (H2S)-releasing

NSAIDs which possess improved safety profiles

in the upper gastrointestinal tract and also a bet-

ter cardiovascular profile. Both NO and H2S

have potent vasodilator, antioxidant, and anti-

inflammatory effects which are believed to pro-

tect the mucosal microvasculature and maintain

mucosal integrity in the gastrointestinal tract

[31]. These drugs remain under investigation

but early clinical studies indicate promising

results.

The COX inhibiting NO-releasing class

provides a multipathway mechanism of action

of COX inhibition and controlled nitric oxide

donation. Nitric oxide mediates many processes

that contribute to gastric mucosal integrity by

protection from the adverse consequences of

COX inhibition [32]. A randomized double-

blind study of an NO-releasing NSAID evaluated

the gastrointestinal safety and efficacy of

AZD3582 in 970 patients with hip or knee osteo-

arthritis. Patients were randomized to AZD3582

750 mg twice daily, naproxen 500 mg twice

daily, or placebo twice daily [33]. At six weeks,

the incidence of endoscopic gastroduodenal

ulcers with AZD3582 was 9.7 % versus 13.7 %

with naproxen, but the difference was not statis-

tically significant. One might argue that the

release of NO occurs very shortly after consump-

tion and thus the protective effect might be lim-

ited due to short half-life of the NO component.

The medication has not gained regulatory

approval mainly because the safety advantage

over naproxen has not been well established [34].

The effects of an H2S-releasing derivative of

naproxen (ATB-346) have been evaluated in sev-

eral models of arthritis, obesity, and hyperten-

sion. In one study, ATB-346 did not cause

significant gastrointestinal damage in rats

[35]. In addition, its coadministration with

low-dose aspirin and/or PPI did not show detect-

able small intestinal damage, whereas naproxen

alone or in combination with low-dose aspirin

and PPI caused severe small intestinal ulceration
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and bleeding [35]. Although these results are

promising, studies in human are needed to con-

firm effectiveness and safety of administration.

Using Minimal Effective Dose of NSAIDs
The evidence from randomized clinical trials and

observational studies shows that both short-term

and long-term use of NSAIDs carry the same risk

of gastrointestinal complications. Therefore,

even a short course of NSAID therapy, especially

in patients with high gastrointestinal risk, should

be considered for strategies to prevent gastroin-

testinal complications [36].

Avoiding Combination Therapy
The combination of ASA and a nonselective

NSAID, such as naproxen, increases the small

bowel toxicity with a synergistic effect

[34, 36]. Furthermore, special attention should

always be paid to taking a detailed medication

history, since NSAIDs may interact with other

medications causing increased adverse effects.

A common example includes angiotensin-

converting enzyme (ACE) inhibitors,

angiotensin-type receptor antagonists,

diuretics, and selective serotonin reuptake

inhibitors (SSRIs). SSRIs are associated with

an increased risk of gastrointestinal bleeding

[37], leading to hospital admission

[38]. Impairment of platelet aggregation

through depletion of serotonin is the likely

mechanism [39]. A systematic review reported

an RR of 1.3–3.6 for UGIB for SSRIs alone and

12.2–15.6 for combination of SSRIs and nonse-

lective NSAIDs [37].

Self-Medication
About 38 % of NSAID-related complications

and dyspeptic symptoms occur in patients who

self-medicate with NSAIDs [39, 40]. It is impor-

tant to take a careful medication history at every

visit to properly identify at-risk patients.

Gastroprotective strategies should be advised in

high-risk patients even when considering short

periods of treatment.

Non-pharmacological Prevention

Treatment of H. pylori Infection

H. pylori infection and NSAIDs are both inde-

pendent risk factors for gastroduodenal toxicity,

and the current evidence supports an additive

effect in patients who carry both risk factors

[41, 42]. Eradication ofH. pylori infection before

NSAID therapy significantly reduces the rate of

complicated and uncomplicated peptic ulcers

[43]. The effect of eradication is established in

naı̈ve users of NSAIDs but has not been shown

effective in those who have been using NSAIDs

for the long term [44–47]. Eradication of

H. pylori infection should not replace using a

PPI or misoprostol to prevent gastrointestinal

toxicity. A meta-analysis has shown that eradica-

tion of H. pylori infection is not as effective as

PPI treatment in preventing gastrointestinal

complications [48]. The majority of randomized

controlled trials show that eradication of

H. pylori infection is associated with a significant
reduction in the incidence of endoscopic ulcers in

patients commencing NSAIDs [43–45, 49,

50]. This benefit is not sufficiently evident in

patients who are already on long-term NSAIDs

or in those with an ulcer history or history of

ulcer complications, where co-therapy with a

PPI is necessary [47–49]. Based on the current

evidence, the Maastricht IV/Florence Consensus

Report for the management of Helicobacter
pylori recommends testing for and treating

H. pylori infection if found before prescribing

NSAIDs for short- or long-term treatment. How-

ever, it suggests individualizing this decision in

those who are already on NSAIDs [50, 51]. A

recent expert consensus also recognized infec-

tion with H. pylori as a risk factor for the devel-

opment of NSAID-induced gastropathy and

supported the recommendation by the Maastricht

IV/Florence Consensus Report [52].

Patient Education

Physicians need to educate their patients before

prescribing the medications to ensure their adher-

ence to the instructions. One report analyzed
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several strategies to increase PPI prescription

rates in patients considered to be at increased

risk for NSAID-related gastrointestinal

complications after admission to a cardiology or

intensive cardiac unit and who were receiving

ulcerogenic medication at discharge [53]. The

authors reported that a 10-min physician educa-

tional intervention, a computer alert, or a combi-

nation of both could improve the use of

appropriate gastroprotection treatment. After

the intervention, the use of gastroprotection treat-

ment increased from 43 to 61 %.

Nonadherence to either NSAIDs (taking

higher than prescribed dose or dose creep) or a

gastrointestinal protective agent (not taking it

properly) increases the risk of adverse events

[54]. Inadequate or suboptimal prevention puts

patients at increased risk and is thus expensive

[55]. In a prospective, multicenter, observational,

longitudinal study, patients attending rheumatol-

ogy/orthopedic clinics who had risk factors for

gastrointestinal complications and were pre-

scribed an NSAID and a gastroprotective agent

for at least 15 days were followed by a telephone

call to assess their adherence and the rate of

side effects. More adverse events occurred in

patients with suboptimal adherence to the

gastroprotective drugs than in those with optimal

adherence to gastroprotection (22.1 % versus

1.9 %, p < 0.0001) [56]. Patient education and

monitoring for adherence to gastroprotection

strategies/treatments should therefore be

undertaken by the physician at every visit.

Pharmacological Prevention

Reducing the rate of gastrointestinal adverse

events has major economical advantage in addi-

tion to a reduction of the sickness burden since

over 80 % of the total costs attributable to

NSAID use are related to the treatment or pre-

vention of gastrointestinal complications

[55]. Pharmacological prevention has gained

significant attention in clinical practice, and

the following treatment strategies have been

proposed for gastrointestinal protection

purposes.

Proton Pump Inhibitors (PPIs)

PPIs are the mainstay of pharmacological pre-

vention of the gastrointestinal adverse events of

NSAIDs. In a multinational, randomized,

blinded, parallel-group, placebo-controlled

(OBERON) trial, 2426 H. pylori-negative

patients taking daily low-dose ASA

(75–325 mg) were randomized to once-daily

esomeprazole 40 mg (n ¼ 817), 20 mg

(n ¼ 804), or placebo (n ¼ 805) for 26 weeks

[56]. The primary outcome was the occurrence of

endoscopy-confirmed peptic ulcers. Esomeprazole

40 and 20 mg significantly reduced the rate of

peptic ulcers [1.5 % with esomeprazole 40 mg

and 1.1 % with esomeprazole 20 mg, compared

with 7.4 % on placebo ( p < 0.0001)]. Another

randomized, placebo-controlled trial evaluated

omeprazole 20 mg daily in preventing NSAID-

induced endoscopic ulcers [57]. The main out-

come measure was the development of gastric

or duodenal ulcers detected endoscopically,

the development of multiple erosions in the

stomach or duodenum, or the onset of moder-

ate or severe dyspeptic symptoms. The

estimated probability of remaining free of

ulcer or erosions for 6 months in patients tak-

ing omeprazole was 0.78 compared to 0.53 for

placebo ( p ¼ 0.004). Fourteen patients receiv-

ing placebo (16.5 %) developed 15 ulcers (nine

gastric and six duodenal ulcers), compared to

three patients (3.6 %) receiving omeprazole (all

gastric ulcers). A similar randomized, placebo-

controlled trial assessed omeprazole 20 mg

once daily in preventing NSAID-induced PUD

in patients with a history of dyspepsia or

uncomplicated peptic ulcer disease and with a

need for continuous NSAID treatment

[58]. The outcome measure was the develop-

ment of gastric or duodenal ulcers, erosions,

and dyspeptic symptoms at 1 and 3 months.

At 3 months, 4.7 % of omeprazole-treated

patients developed peptic ulcer, compared

with 16.7 % of those treated with placebo.

This effect was independent of previous peptic

ulcer history or H. pylori status. The develop-

ment of dyspeptic symptoms requiring active
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treatment, either alone or in combination with

ulcer(s) or erosions, occurred in 15.3 % (15 of

85) of patients treated with omeprazole and

35.6 % of those who received placebo. In 2049

cases of upper gastrointestinal bleeding and

20,000 controls, a further study reported that

co-prescription of PPI and nonselective NSAIDs

significantly reduced the risk of UGIB (RR 0.51,

95 % CI 0.34–0.78) [59]. A meta-analysis of all

studies which included arms comparing PPI and

placebo for the prevention of NSAID-induced

upper gastrointestinal ulcers found that PPIs sig-

nificantly reduced the risk of endoscopic duodenal

ulcers [n ¼ 840, OR 0.18 (0.10–0.34)] between

3 and 12 months [60]. More controversial, how-

ever, is the role of PPIs in preventing

enterotoxicity. PPIs inhibit gastric acid secretion

by binding to the H+/K+-ATPase and are signifi-

cantly more effective than H2-RAs in the treat-

ment of NSAID-related upper gastrointestinal

ulceration and the prevention of gastric and duo-

denal mucosal damage with NSAIDs

[61, 62]. Despite this, the protection afforded by

antisecretory treatment against NSAID injury in

the upper gastrointestinal tract does not extend to

the small intestine. Omeprazole did not prevent

small intestinal lesions induced by short-term

administration of naproxen or ibuprofen

[20]. However, in another study, lansoprazole

did reduce small intestinal lesions induced by

indomethacin [63]. In summary, there is not

enough evidence to clarify the role of PPIs in

decreasing the rate of the lower gastrointestinal

complications of NSAIDs.

Several authorities have expressed concerns

on the potential interaction between PPI and

clopidogrel in patients with cardiovascular

comorbidities based on observational studies

[64]. Metabolism through cytochrome P-450

was presumed to be the theoretical pathway that

could affect the response to clopidogrel

[65]. Two observational retrospective studies

showed increased rate of adverse cardiac effect

in patients taking clopidogrel and PPI

[64, 66]. Both studies were criticized on their

methodology and their retrospective nature

which limited the assessment of compliance to

clopidogrel and genetic variability regarding the

cytochrome P-450. However, the Clopidogrel

and the Optimization of Gastrointestinal Events

Trial (COGENT) showed no clinically signifi-

cant cardiovascular interaction between omepra-

zole and clopidogrel [67]. 3873 patients who

were candidates for dual antiplatelet therapy

were randomized to receive omeprazole or pla-

cebo. The rate of major cardiovascular events

defined as death, myocardial infarction, and

stroke was not significantly different in two

groups (hazard ratio with omeprazole, 0.99;

95 % CI, 0.68–1.44; p ¼ 0.96), while the rate

of overall gastrointestinal events including

bleeding was significantly higher in the placebo

group. The benefits of PPIs in the prevention

of gastrointestinal complications in patients

taking low-dose aspirin and clopidogrel

outweigh the damage caused by increased

cardiovascular risk.

Histamine H2-Receptor Antagonists (H2-RAs)

The use of H2-RAs has significantly decreased

after the introduction of PPIs. It is unclear if

H2-RA could substitute for a PPI in preventing

adverse events. So far, only famotidine twice

daily has been shown to reduce the rate of both

duodenal and gastric ulcers [60, 61]. Investigators

in one RCT compared omeprazole 20 mg daily

with ranitidine 150 mg twice daily in 425 patients

[68]. In this study, PPI was superior to standard-

dose ranitidine for the prevention of both gastric

and duodenal ulcers [RR 0.32 (0.17–0.62) and

0.11 (0.01–0.89), respectively]. However, clini-

cally significant ulcer-related events and

dropouts due to adverse effects were comparable

for both the PPI and H2-RA [RR 3.07

(0.13–74.97) and 1.90 (0.77–4.67), respectively].

Misoprostol

Misoprostol is a synthetic prostaglandin E1 ana-

logue. Although the side effects which include

abdominal cramps, diarrhea, and electrolyte loss

make it difficult and a less desirable treatment for

patients especially the elderly, misoprostol is

associated with a lower rate of gastric and duo-

denal ulcer by 74 % and 53 %, respectively, in

NSAID users [60]. Misoprostol also reduced gas-

trointestinal complications by 40 %. The
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recommended dose of misoprostol is 800 mg

daily, a dose at which significant reduction in

peptic ulcer complications is seen (odds ratio

0.598, p ¼ 0.049) although adverse events are

higher [60]. There is insufficient evidence to

determine the effect of misoprostol in the pre-

vention of NSAID-associated small intestinal

damage although this represents an important

question which should be prospectively studied,

although the adverse effects would likely still

limit its use [69, 70].

Misoprostol compared with PPI treatment.

A study comparing low-dose misoprostol

(400 μg daily) with omeprazole (20 mg daily)

showed a nonsignificant trend toward greater

benefit with misoprostol over omeprazole for

the prevention of gastric ulcer [71]. A compari-

son of high-dose misoprostol (800 μg daily) with
lansoprazole (15 or 30 mg daily) showed no

significant difference in the prevention of gastric

ulcer, but the PPI was statistically better than

misoprostol in preventing duodenal ulcer

[RR 0.29 (0.15–0.56)] [72].

A systematic review found PPIs to be superior

to placebo and H2-RAs in reducing the risk of

NSAID-induced endoscopic gastric and duode-

nal ulcer [60]. PPIs are also superior to misopros-

tol in the prevention of duodenal ulcer, but there

is no evidence for this in preventing gastric

ulcers [60]. Therefore, in the absence of contra-

indication, PPIs should be chosen over H2-RA or

misoprostol in preventing the adverse events of

NSAIDs in the gastrointestinal tract.

There are several newer agents currently

under investigation to protect the gastrointestinal

tract against the potential adverse events of the

NSAIDs.

Rebamipide

Rebamipide or (2-(4-chlorobenzoylamino)-3-[2

(1H)-quinolinon-4-yl]propionic acid) is a

cytoprotective antiulcer agent that enhances

defense of the gastric mucosa by increasing gas-

tric mucus and stimulating the production of

endogenous prostaglandins [73]. It also has

anti-inflammatory properties and stimulates gas-

tric mucus and the production of prostaglandins

[73]. Rebamipide decreases the rate of

diclofenac-induced small intestinal mucosal

injury compared with placebo in a prospective

RCT [73]. However, further studies are needed

since the evidence is not enough to recommend

its use in routine practice.

DA-9601 (Stillen)

DA-9601 is an antioxidant which prevents the

formation of reactive oxygen species and is a

new agent under investigation to prevent

NSAID-associated gastrointestinal com-

plications [74]. DA-9601 and misoprostol were

studied as protection from NSAID-associated

gastroduodenal injury in healthy volunteers in a

randomized, double-blinded, multicenter

non-inferiority study [75]. No placebo was

used. DA-9601 was not inferior to misoprostol

in terms of endoscopic gastroduodenal protection

rates. However, the adverse event rate with

DA-9601 was higher than with misoprostol.

These adverse effects included diarrhea, abdom-

inal pain, bloating, and nausea. In another multi-

center, double-blind, stratified randomized

non-inferiority study by the same group,

520 patients who were taking an NSAID

(aceclofenac, 100 mg, twice daily) over a

4-week period were randomly assigned to

receive either DA-9601 (60 mg, TID)

(n ¼ 236) or misoprostol (200 g, TID)

(n ¼ 242) [76]. The primary endpoint was the

gastric protection rate, and the secondary

endpoints were duodenal protection and ulcer

incidence. At week 4, the gastric protection

rates with DA-9601 and misoprostol were

81.4 % and 89.3 %, respectively. DA-9601 was

not inferior to misoprostol. Adverse event rates

were not different between the two groups. How-

ever, it is too early to conclude if DA-9601 could

be introduced into clinical practice as a preven-

tive agent before more studies prove safety and

efficacy and compare it with the current

strategies.

β-D-Glucuronidase Inhibitors

One study has shown that pretreatment of rats

with an inhibitor of β-D-glucuronidase signifi-

cantly protected the small intestine against dam-

age induced by diclofenac, indomethacin, or
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ketoprofen [77]. However, when the new agent

was given after the administration of NSAIDs, it

did not show clinical benefit.

Recommendations from Guidelines

Some guideline or consensus statements have

addressed strategies in preventing adverse events

with prescription of NSAIDs. The Maastricht

IV/Florence Consensus Report for the manage-

ment of Helicobacter pylori provides the follow-
ing statements [67]:

• “H. pylori infection is associated with an

increased risk of uncomplicated and compli-

cated gastroduodenal ulcers in NSAID and

low-dose aspirin (acetylsalicylic acid (ASA))

users. Evidence level: 2a Grade of recommen-

dation: B

• Eradication reduces the risk of complicated

and uncomplicated gastroduodenal ulcers

associated with either NSAID or low-dose

ASA use. Evidence level: 1b Grade of recom-

mendation: A

• H. pylori eradication is beneficial before

starting NSAID treatment. It is mandatory in

patients with a peptic ulcer history. Evidence

level: 1b Grade of recommendation:

A. However, H. pylori eradication alone does

not reduce the incidence of gastroduodenal

ulcers in patients already receiving long-term

NSAID treatment. They require continued PPI

treatment as well as eradication treatment. Evi-

dence level: 1b Grade of recommendation: A

• Testing for H. pylori should be performed in

ASA users with a history of gastroduodenal

ulcer. The long-term incidence of peptic ulcer

bleeding is low in these patients after receiv-

ing eradication even in the absence of

gastroprotective treatment. Evidence level:

2b Grade of recommendation: B”

A joint expert consensus document by the

American College of Gastroenterology, Ameri-

can Heart Association, and American College of

Cardiology Foundation Task Force on Reducing

the Gastrointestinal Risks of Antiplatelet

Therapy and NSAID Use in 2008 made the fol-

lowing recommendations [78]:

• PPIs are the preferred agents for the therapy

and prophylaxis of NSAID- and

ASA-associated GI injury.

• Testing for and eradicating H. pylori in

patients with a history of ulcer disease is

recommended before starting chronic

antiplatelet therapy.

Conclusions

Strategies to reduce the rate of complications

when prescribing NSAIDs in clinical practice

include non-pharmacological interventions

including patient education, monitoring the

adherence to the protective measures, and alter-

native pain management strategies.

Administering the lowest effective dose,

choosing selective COX-2 inhibitors and consid-

ering the gastrointestinal and cardiovascular sta-

tus of each patient should be the standard of care.

Test and treat strategy for infection with

H. pylori is required before initiating therapy

with NSAIDs. Pharmacological treatments

including coadministration of PPIs, H2-RAs,

and misoprostol should be used especially in

patients with previous gastrointestinal risk

factors. A new treatment to protect small bowel

injury due to anti-inflammatory drugs is much

needed. Further research should focus on newer

classes of NSAIDs or novel medications since

there is insufficient data to recommend these in

clinical practice.
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Aspirin Pharmacodynamics

General Aspects

Aspirin (acetylsalicylic acid or ASA) is in clini-

cal use for over 100 years. As a salicylate deriv-

ative, it possesses the three properties of

nonsteroidal anti-inflammatory drugs (NSAIDs):

analgesic, antipyretic, and anti-inflammatory.

Regarding the mode of action, it was originally

believed that aspirin was only the inactive

prodrug of the active metabolite salicylate

[1]. At the high doses which were used at the

time, i.e., 3–4 g per day and more, there was

clearly a significant contribution of salicylate to

the overall anti-inflammatory action of the com-

pound. However, after the detection by John

Vane that aspirin inhibits prostaglandin biosyn-

thesis, being much more potent than salicylate

[2], this view has changed in favor of a primary

role of aspirin itself. Another important discov-

ery was that aspirin unlike salicylate also inhibits

platelet function and the demonstration that acet-

ylation of platelet cyclooxygenase (COX) is

required for this effect [3]. This finding not only

has broadened the spectrum of clinically relevant

pharmacological actions of aspirin but also

introduced a new target: the blood platelet.

Today, different and at least partially indepen-

dent pharmacodynamic actions of aspirin and its

primary metabolite salicylate are generally

appreciated and will act in concert by improving

the acetylation reaction and adding the direct

(anti)metabolic actions of salicylate (Fig. 7.1)

(for details see Schrör, Wiley 2016).

After recognition of acetylation as a primary

mode of action of aspirin, the question arose

whether the high doses of the compound, used

initially by analogy with the “active metabolite”

concept of salicylate, are really necessary. It

became increasingly clear that clinically relevant

aspirin actions, i.e., antithrombotic, analgesic,

antipyretic, and partially the anti-inflammatory

effects of aspirin, can be obtained at much

lower doses, i.e., 1–2 g per day or even less and

are mainly due to target-specific acetylation. A

recent proteomic analysis of living (tumor) cells

has identified 120 acetylated proteins, most of

them not previously reported to be acetylated

by aspirin [4]. Currently, more than 500 target

proteins of aspirin-induced acetylation have been

identified [5]. The biological consequences of

these transacetylations are only incompletely

understood but might be considerable. Figure 7.2

provides an overview of major pharmacological

actions of aspirin.
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Reactive Acetyl Group and Salicylate:
Two Synergistically Acting Components
of Aspirin

The different pharmacodynamic actions of aspi-

rin require different doses. Antiplatelet doses of

aspirin (75–325 mg) result in peak acetylsalicy-

late levels of 1–3 μg/mL, i.e., about 6–20 μM
[6]. There is a clear dose dependency for plasma

levels of both, unmetabolized aspirin and salicy-

late, and an expected doubling of these levels to

about 10–12 μg/mL (60–70 μM) at a 1 g aspirin

analgesic dose. Because of the longer half-life,

concentrations of the salicylate metabolite in

plasma are about four- to eightfold higher and

will further increase at repeated dosing because

of saturation of several capacity-limited phase-II

metabolic pathways. This results in a markedly

prolonged half-life [7]. In the low millimolar

range, i.e., concentrations of 2–5 mM, salicylate

will uncouple oxidative phosphorylation with

numerous follow-up effects, most importantly

nonspecific kinase inhibition [8]. At therapeutic

doses, i.e., the low-to-medium μmolar range, the

pharmacodynamic effects of aspirin on COX-1

and COX-2, and their biological consequences

for pain, fever, and inflammation are primarily

acetylation mediated [9]. However, salicylate

will contribute at higher doses as evidenced for

example by “sweating,” i.e., production of extra

heat, a typical side effect of anti-inflammatory

and antipyretic treatment.

Aspirin and COX-1
The molecular mode of antiplatelet action of

aspirin is acetylation of platelet COX-1, resulting

in reduced generation of PG-endoperoxides and

thromboxane A2. Salicylate may contribute to

these effects by putting the acetyl group into the

right position for binding to and acetylation of

serine530 in the substrate channel of COX-1.

Inhibition of thromboxane formation will also

eliminate any further autocrine and paracrine

actions of thromboxane on cells in the neighbor-

hood. This also includes inhibition of multiple

inflammatory actions exerted by non-lipid

mediators as outlined in detail elsewhere

[10, 11].

COX-2 acetylation at the functionally identi-

cal serine (serine512) follows a similar pattern.

Transacetylation of cyclooxygenases by aspirin

is nonselective and is seen in vitro for both

enzymes at comparable potency, being complete

at about 100 μM. The somewhat higher in vivo

concentrations for inhibition of COX-2 are prob-

ably due to the enhanced turnover rate of the

COX-2 protein—the half-life being a few

hours—as opposed, for example, to the COX-1

of blood platelets where the enzyme is apparently

stable throughout the lifetime of the platelet. The

acetylation of platelet COX-1 by aspirin does not

require metabolic conversion and depends on the

half-life of unmetabolized aspirin in blood,

amounting to 20–30 min. However, the duration

of action of aspirin is not determined by the

plasma half-life but by the biological half-life

of the acetylated target, i.e., a few hours for

endothelial cells, a few days for platelets, but

about 20 days for albumin. This long protein

survival will probably allow for cumulative acet-

ylation with repeated dosing as originally

demonstrated for the platelet COX-1 more than

30 years ago [12].

Acetylation by aspirin of the platelet COX-1

has to reduce its enzymatic activity by >95 % in

order to inhibit platelet function. The reason is

the nonlinearity of the concentration-response

curve [13], resembling an all-or-none type of

response. Compounds, such as some NSAIDs

(ibuprofen, indomethacin) and dipyrone

(metamizole), which interact with aspirin (salic-

ylate) binding inside the channel of COX-1

might, therefore, prevent the antiplatelet effect

of aspirin because of their about three orders of

magnitude higher affinity to the hydrophobic

binding sites of arachidonic acid inside the

COX-1 channel [14, 15]. Interactions between

aspirin and NSAIDs have been shown to have a

clinical impact in subjects taking regular ibupro-

fen or related NSAIDs because of chronic pain

who also need to take regular aspirin for preven-

tion of myocardial infarction [16]. Thus, several

NSAIDs such as ibuprofen and diclofenac in

contrast to aspirin not only bear an increased

vascular risk by themselves [17], but might also

negatively interact with aspirin.
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Aspirin and COX-2: “Aspirin-Triggered
Lipoxin”
Acetylation of COX-2 by aspirin reduces COX-

2-dependent prostaglandin production. This inhi-

bition in clinical conditions is mostly incomplete

[18], but nevertheless associated with biological

responses, such as reduced inflammation [19],

analgesic [20] and antipyretic effects

[21]. Thus, there is no all-or-none reaction type

as with the platelet but rather a graded response.

Possible explanation for this might be the more

rapid turnover rate of the enzyme in nucleated

cells as well as the lower peroxide tone [22]. In

addition, there might be accumulation of salicy-

late and an increased proportion of the

nonionized form at the acid pH of an inflamed

area. This will enhance the anti-inflammatory

action of aspirin.

Acetylation of COX-2 by aspirin not only

inhibits prostaglandin production but also

changes the steric structure of the enzyme

and its functionality in direction of a

15-lipoxygenase. This enzyme generates a new

product, 15-(R)-HETE, at least tenfold higher

amounts than the COX-metabolite PGE2 [23, 24].
15-(R)-HETE is the precursor of 15-epi-lipoxin A4

or “aspirin-triggered lipoxin” (ATL), resulting

from synergistic interaction of acetylated COX-2

(15-(R)-HETE) with lipoxygenases from white

cells [25]. Lipoxins operate during self-limited

acute inflammatory responses that enable the

return to homeostasis by resolution of the inflam-

matory reaction [26]. Interestingly, ATL forma-

tion subsequent to aspirin has been shown

already at antiplatelet doses of 75 mg/day in

man. The result was inhibition of leukocyte accu-

mulation at a local inflammatory site (skin blis-

ter). This involved both stimulation of

ATL-production as well as local upregulation of

lipoxin receptors [27]. Thus, low-dose aspirin is

able to interact with the lipoxin system, and

this possibly involves both COX-1 (inhibition

of thromboxane) and COX-2 (generation of

15-(R)-HETE). These actions differ qualitatively

from those of traditional NSAIDs and selective

COX-2 inhibitors: Both classes of compounds

only competitively, i.e., reversibly, inhibit

COX-2 and COX-1 activities and are unable to

synthesize lipoxins.

Aspirin, eNOS, Hemeoxygenase-1,
and Oxidative Stress
Finally, aspirin has been shown to protect from

low-grade inflammation-related oxidative stress

via enhanced endothelial NO synthase activity

(eNOS) and subsequently enhanced NO produc-

tion [28]. Mechanistically, this is can be

explained by posttranslational lysine acetylation

in endothelial cells and platelets [29]. The

required concentrations of aspirin are in the low

μmolar range, in the in vitro study of Taubert and

colleagues between 0.01 and 1 μM, the EC50

being 50 nM [28]. Interestingly, the aspirin ana-

log 2-(acetoxyphenyl)hept-2-ynyl sulfide

(APHS), a 60-fold more potent and 100-fold

more selective COX-2 inhibitor than inhibitor

of COX-1 [30], was found to be at least as potent

as aspirin. NO stimulates the expression of

downstream enzymes, among them

hemoxygenase-1 (HO-1), thus improving oxygen

defense and suggesting a connection between

antithrombotic and anti-inflammatory actions of

aspirin [31–33]. Recently, two randomized clini-

cal trials have demonstrated that aspirin

(81–1300 mg/day) significantly increased

hemoxygenase-1 (HO-1) activity by about 50 %

and at the same time reduced asymmetrical

dimethylarginine, an inhibitor of NO synthase,

by 30 %. Both changes were highly significant

and independent of the aspirin doses, suggesting

HO-1 as another downstream target of aspirin

[34, 35].

Translation of Pharmacodynamics
Actions of Aspirin into Clinical Effects

These multiple pharmacodynamic actions of

aspirin translate into clinical effects. Most of

them are caused by acetylation of COX-1 and

COX-2, respectively. At high doses, salicylate

will contribute to these actions as well. In addi-

tion, aspirin might also affect other mediator

systems, for example, in pain control and
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inflammation. The following are few examples

for this interplay.

Anti-inflammatory Actions
The anti-inflammatory actions of aspirin are

mechanistically more complex. They involve

acetylation of COX-1 but also COX-2 and inhi-

bition of prostaglandin production, most impor-

tantly PGE2 as a key proinflammatory and pain

receptor-sensitizing mediator. Generation of

“aspirin-triggered lipoxin” (ATL) will contribute

to the anti-inflammatory and inflammation

resolving action of aspirin [26]. In this context,

enhanced endothelial NO production and

improved oxygen defense by upregulation of

hemeoxygenase-1 will be important additive

effects to preserve endothelial function

[36]. Salicylate will contribute to these actions

by uncoupling of oxidative phosphorylation, by

retarding the inflammatory process, as well as by

enhancing the local levels of adenosine, another

anti-inflammatory mediator, specifically for inhi-

bition of white cell functions [37, 38]. There is a

wide range of effective doses, dependent on the

kind of inflammatory response and the affected

tissue. Antiplatelet doses were found to be effec-

tive in control of ATL formation and other

platelet-related inflammatory reactions, includ-

ing innate immune signaling via inhibition of

lipoxin-mediated inhibition of proinflammatory

cytokine production [39, 40].

Analgesic Actions
The modes of analgesic actions of aspirin are

also complex and involve both peripheral and

central mechanisms of pain control. Interest-

ingly, they appear to be less dependent on the

nature of the painful stimulus [41]. Nevertheless,

inflammatory pain, the most common peripheral

pain, is an integrative event because of the mul-

tiple pain mediators, present in the “inflamma-

tory soup” [42]. Inhibition of prostaglandin

biosynthesis is the key mechanism in the analge-

sic action of aspirin on inflammatory—and ische-

mic—pain. Inhibition of both COX-1 and COX-2

appear to be involved as well as ATL formation,

at least in inflammatory pain [43]. Inhibition of

prostaglandin formation at a site of injury

subsequently reduces sensitization of nociceptive

nerve terminals and afferent pain signaling. Inhi-

bition of neuronal COX-2 which is upregulated

in situations of inflammatory pain [44] might

also contribute to reduced nociception.

Central analgesic actions of aspirin involve

additional classes of pain mediators. Most inter-

esting are endocannabinoids, such as ananda-

mide, which are high-affinity substrates for

COX-2. Interestingly, desensitization of canna-

binoid receptors by long-term treatment with

cannabis abolished the analgesic action of aspirin

in an experimental model of visceral pain,

suggesting a tight interaction of aspirin with

this endogenous system of pain control

[45]. Enhanced serotonin formation in selected

areas of the CNS by aspirin with subsequent

downregulation of serotonin receptors might

also mediate central antinociceptive actions of

aspirin, possibly acting in concert with

endocannabinoids [46]. These central actions of

aspirin are probably of major significance in

treatment of headache, i.e., tension-type head-

ache [47] and migraine [48].

Antipyretic Actions
The antipyretic action of aspirin involves several

components, for example, inhibition of COX-2

and COX-2-dependent PGE2 production which

are both upregulated by pyrogenic cytokines

[49]. In addition, salicylate itself also contributes

to the antipyretic action, by uncoupling of

oxidative phosphorylation, i.e., heat loss by

sweating [50].

Antithrombotic Actions
Inhibition of platelet-derived thromboxane for-

mation is the key explanation for the

antithrombotic effects of aspirin in prevention

of arterial thromboembolism, such as myocardial

infarction and (ischemic) stroke. These actions

are most likely due to COX acetylation and do

not require any direct effects of salicylate. There-

fore, optimum doses are antiplatelet doses of

around 75–100 mg/day. As mentioned before,

several NSAIDs, most notably ibuprofen, will

interact with aspirin binding inside the COX-1

channel and might prevent the antiplatelet effect
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of the compound [14] as well as its

cardioprotective action [16, 51]. Interestingly,

no such effect is seen with diclofenac [52].

Aspirin Pharmacokinetics

Absorption

Stomach
Dissolution of a plain standard aspirin tablet by

50 % in 0.1 N HCl in vitro is quite slow and

requires 30–60 min. Thus, the acidic pH in the

stomach favors the stability of aspirin and

prevents hydrolytic cleavage to the gastric irri-

tant salicylate. Standard doses of 500 mg plain

aspirin will result in millimolar concentrations of

the compound in 50–100 mL gastric juice. Only

about 10 % of a pre-dissolved aspirin is absorbed

from/in the stomach. In addition to the poor

solubility of the compound at strong acidic pH,

another reason is also the small absorption sur-

face of the stomach mucosa amounting to only

0.2–0.3 m2 or 0.1 % of the resorptive surface of

the small intestine. The use of pre-dissolved

preparations or water-soluble sodium-salts will

improve absorption and increases systemic bio-

availability [53]. Similar results are seen with

disintegrating preparations [54].

The penetration of plain aspirin into and out of

epithelial cells of the stomach mucosa is strongly

controlled by luminal pH. As a consequence of

the different pH between stomach juice and cyto-

sol of the mucosa cells, there is significant intra-

cellular accumulation with subsequent erosive

actions on the mucosa epithelial cells [55, 56]. -

pH-dependent distribution kinetics for aspirin

between the extra- and intracellular space is not

only relevant for the stomach—though it is here

most impressive—but is also true for all other

compartments of the body, thus as kidney (tubu-

lar) epithelial cells but also for local accumula-

tion of salicylates at sites of inflammation with a

more acidic pH.

Intestine
Like most other drugs, aspirin is mainly absorbed

in the upper intestine by passive diffusion of the

nonionized form. The pH in the duodenum is

about 2–4 and then increases gradually toward

7–8 in the distal small intestine and colon. The

large surface of the (small) intestine, amounting

to 100–200 m2, as well as the steadily and mark-

edly increasing solubility of aspirin with increas-

ing pH finally results in a complete intestinal

absorption of the compound, despite of a higher

proportion of the dissociated, ionized fraction.

Bioavailability

There is a significant “first-pass” metabolism of

aspirin to salicylate during intestinal uptake and

subsequent passage to the liver [57, 58]. Thus,

the duration of passage through the intestine, i.e.,

the duration of exposition of aspirin to esterases

of the intestinal wall and presystemic circulation,

is critical for systemic bioavailability of the

uncleaved compound. These factors are less

important for the bioavailability of the primary

metabolite salicylic acid.

Distribution Volume
The apparent distribution volume of salicylates is

dose dependent. At antiplatelet and analgesic

doses, it amounts to about 0.2 L/kg. This is

equivalent to a predominant distribution in the

extracellular space, probably because of the

80–95 % high-affinity (kD: 25 μM) binding to

plasma albumin This does not affect the pharma-

codynamic potency of aspirin-induced acetyla-

tion as assessed from COX inhibition, but

reduces that of salicylate by about one order of

magnitude [59]. At high aspirin doses or salicy-

late poisoning, the apparent distribution volume

is increased to about 0.5 L/kg. This is due to the

saturation of salicylate-binding sites to plasma

albumin, subsequent diffusion of salicylate into

the intracellular space, and increasing binding to

tissue proteins with falling tissue pH. These

events are additionally enhanced by saturation

of phase-II metabolic pathways of salicylate.

Biotransformation
Aspirin hydrolysis after oral intake starts already

in the stomach mucosa and continues in the
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intestinal mucosa, portal vein blood, and liver.

The deacetylation process follows a dose-

independent, zero-order kinetics and reduces

the systemic bioavailability of standard plain

aspirin to about 50 % at single doses between

40-1300 mg [57, 58, 60, 61]. This applies for

standard preparations of plain aspirin but not

for formulations with delayed release, e.g.,

enteric-coated formulations.

Aspirin Esterases
There are (at least) three “aspirin” esterases in the

systemic circulation that hydrolyze aspirin to ace-

tate and salicylic acid: the aspirin esterase of red

cells and the two aspirin esterases of plasma

[62]. The red cell enzyme activity explains the

much faster aspirin hydrolysis in vitro in whole

blood as opposed to plasma. The aspirin esterase

activity in plasma is due to two different

enzymes: butyrylcholinesterase (pseudo-

cholinesterase) [63] and a recently detected

homomeric platelet activating factor

acetylhydrolase (PAFAH1b2). Overall, changes

in aspirin esterase activity appear not to have a

major impact for the analgesic/anti-inflammatory

actions of standard aspirin tablets. This is not

surprising, since in these indications, aspirin and

salicylate act synergistically and both inhibit

COX-2, though at different pharmacological

potencies in vivo.

Salicylate is the primary metabolite of aspirin.

Its biotransformations involve the generation of

multiple products. The spectrum of metabolites is

dose dependent as is the excretion rate. The speed

of renal excretion ultimately determines the

plasma level and half-life of salicylate. This

amounts to about 3 h at analgesic doses

[64]. The major product formed from salicylic

acid via conjugation with glycine is salicyluric

acid. Salicylic acid can also be conjugated with

glucuronic acid to form acyl and phenolic

glucuronides, respectively. Glucuronidation of

salicylate occurs via polymorphic

UDP-glucuronosyltransferases (UGT) [65].

The variant UGT1A6*2 may confer more rapid

glucuronidation of salicylic acid than the

wild-type UGT1A6 *1/*1, allowing for faster

excretion [66]. These genomic variations in

enzyme expression have been brought into con-

nection with the chemopreventive effect of aspi-

rin in colorectal cancer since the UGT1A6

genotype was found to strongly increase the risk

of colorectal cancer [67]. The formation of the

main metabolite salicyluric acid by conjugation

with glycine is capacity limited and becomes

saturated already at doses of >300 mg

[68]. Higher doses lead to accumulation of salic-

ylate because of marked prolongation of the half-

life which may increase up to 20 h and more in

case of salicylate poisoning. Possible reason are

depletion of the glycine pool in the liver

and depletion of ATP-levels, i.e., reduced

formation of “activated” salicylic acid because

of uncoupling of oxidative phosphorylation

[69, 70]. There is also an increased proportion of

free salicylic acid because of reduced albumin

binding at higher plasma level. Thus, salicylate

can easily penetrate into tissues, in particular at

the acidic pH during inflammation and/or intoxi-

cation with metabolic acidosis.

Elimination

The elimination of aspirin occurs completely

(>98 %) as salicylic acid and salicylic acid

metabolites in urine. Similar to biotrans-

formations, the excretion of salicylates is also

largely dose dependent. After saturation of the

major metabolic routes, unchanged salicylate

becomes also the main metabolite in urine. At

a single dose of 0.5–1 g aspirin, the approxi-

mate recovery rates of salicylate and its

metabolites in urine are as follows: 70–75 %

salicyluric acid, including glucuron-conjugated

products, 10 % salicylic acid, 1–2 % gentisic

acid, and <1 % gentisuric acid [70–72]. The

interindividual pattern of salicylate metabolites

is highly variable whereas the intraindividual

variation is low and is probably genetically

defined [73].
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Aspirin Formulations
for Inflammation, Pain, and Fever

General Aspects

Aspirin was first synthesized in 1897 and sold as a

tablet for many decades for conditions of inflam-

mation, pain, and fever. At single doses of

500–1000 mg and daily doses of up to 4000 mg,

it is used in self-medication to symptomatically

treat acute mild to moderate pain, such as tension-

type headache [74–76], migraine headache

[48, 77–82], sore throat [83], primary dysmenor-

rhea [84], and dental pain [85–88], as well as fever

[89]. Over the years, various pharmaceutical

formulations have been developed. These

formulations include plain tablets, disintegrating

tablets, chewable tablets, effervescent tablets,

granules, and granules in suspension. All these

different pharmaceutical forms have particular

pharmacokinetic characteristics and provide

choices for patients. These galenic preparations

impact the pharmacokinetic and pharmacody-

namic actions of aspirin for the given indication

and therefore have an impact on efficacy and

safety. For instance, modifications to a plain tablet

by increasing the rate of tablet dissolution can

reduce the time of absorption and therefore shorten

the time to onset of a clinical effect [54, 90].

Whereas published product-specific pharma-

cokinetic information on aspirin products for

pain and fever is limited, the originator of

aspirin-containing products, Bayer AG, Germany,

owns a clinical trial database containing numerous

reports of the pharmacokinetics of various aspirin

formulations. Although in a few countries aspirin

products with a dose of 300–325mg are available,

globally the dose of 500 mg is the most important

and mostly investigated aspirin strength used for

the treatment pain and fever.

Specific Bioavailability for Pain
and Fever Formulations

Important parameters for the treatment of pain

and fever typically include bioavailability

(total exposure of drug measured as area under

the plasma concentration time curve [AUC]),

maximum plasma concentration (Cmax), and

time to reach maximum plasma concentration

(Tmax). Tables 7.1 and 7.2 summarize the

Table 7.1 Summary pharmacokinetic data of acetylsalicylic acid for 500 mg dose-strength aspirin formulations [90]

Formulation

No. of

studies Cmax (mg/L) AUC (mg � h/L) Tmax (h)

Aspirin tablet 10 Mean: 5.43 � 1.38 Mean: 6.21 � 1.24 Median: 0.50 � 0.16

95 % CI: 4.66–6.21 95 % CI: 5.51–6.91 95 % CI: 0.40–0.60

Median: 5.69 � 1.38 Median: 6.22 � 1.24

Aspirin effervescent tablet 3 Mean: 10.45 � 1.18 Mean: 5.27 � 0.51 Median: 0.33 � 0.02

95 % CI: 9.12–11.78 95 % CI: 4.69–5.85 95 % CI: 0.30–0.36

Median: 11.08 � 1.18 Median: 5.31 � 0.51

Aspirin granules 6 Mean: 5.42 � 1.03 Mean: 6.18 � 1.36 Median: 0.46 � 0.13

95 % CI: 4.59–6.25 95 % CI: 5.09–7.27 95 % CI: 0.36–0.56

Median: 5.48 � 1.03 Median: 5.97 � 1.36

Aspirin granules in

suspension

6 Mean: 12.77 � 1.94 Mean: 6.77 � 1.63 Median: 0.25 � 0.04

95 % CI: 11.43–14.11 95 % CI: 5.64–7.90 95 % CI: 0.22–0.28

Median: 12.69 � 1.94 Median: 6.02 � 1.63

Aspirin disintegrating tablet 6 Mean: 13.89 � 1.08 Mean: 6.95 � 0.67 Median: 0.30 � 0.02

95 % CI: 13.03–14.77 95 % CI: 6.42–7.48 95 % CI: 0.28–0.32

Median: 13.75 � 1.08 Median: 6.84 � 0.66

Aspirin chewable tablet 2 Mean: 6.25 � 0.24 Mean: 4.67 � 0.03 Median: 0.33 � 0

95 % CI: 5.92–6.58 95 % CI: 4.63–4.71 95 % CI: n/a

Median: 6.25 � 0.24 Median: 4.67 � 0.03
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pharmacokinetics of acetylsalicylic acid and

salicylic acid of currently available aspirin

500 mg formulations manufactured by Bayer

AG, Germany [91]. The data were extracted

from the individual study reports for each study

and cover a range of over a decade.

Overall the various aspirin 500 mg

formulations display are relatively narrow range

of AUC lying generally between 5 and 7 mg �
h/L for acetylsalicylic acid and between 125 and

180 mg � h/L for salicylic acid (Fig. 7.3). Con-

sequently the AUC can be considered as being

not dependent on the formulation. This is

reflecting the high bioavailability of aspirin.

Time to maximum plasma concentration

(Tmax) provides the information when the con-

centration of the active ingredient reaches its

peak. Figure 7.4 reveals a substantial effect of

the formulation on Tmax. Formulations with

pre-dissolved aspirin (effervescent tablet and

granules in suspension) and disintegrating tablets

have a much lower Tmax than solid formulation

tablet and dry granules (overall approximately

0.25–0.35 h versus 0.45–0.50 h for acety-

lsalicylic acid and approximately 0.75– 1;0.85 h

versus 2.0 h). Pre-dissolved aspirin formulations

or formulations which are quickly provided in

a soluble form in the stomach may shorten

the pharmaceutical phase and consequently

reduce Tmax.

The pattern seen for Tmax is inversely

correlated with the maximum plasma concentra-

tion (Cmax). Formulations with lower Tmax show

higher Cmax than formulations with longer Tmax.

This effect is more pronounced for

acetylsalicylic acid (tablet and granules approxi-

mately 5.4 μg/mL versus >10 μg/mL for soluble

and disintegrating formulations) than for

salicylic acid (tablets and granules approxi-

mately 25 mg/mL versus 27.5–32.0 μg/mL

for soluble and disintegrating formulations)

(Fig. 7.5).

Generally, it can be concluded that aspirin

formulations at doses used for treatment of pain

and fever have a major impact on Tmax and Cmax.

A decrease in Tmax is correlated with an increase

in Cmax. These parameters will have clinical

consequences since they determine the efficacy

and safety of aspirin formulations. Rapidly bio-

available formulations such as disintegrating and

effervescent tablets might be the formulation of

choice to manage acute painful conditions, where

Table 7.2 Summary pharmacokinetic data of salicylic acid for 500 mg dose-strength aspirin formulations [90]

Formulation

No. of

studies Cmax (mg/L) AUC (mg � h/L) Tmax (h)

Aspirin tablet 10 Mean: 25.45 � 3.64 Mean: 145.67 � 35.24 Median: 2.00 � 0.54

95 % CI: 23.19–27.71 95 % CI:123.82–167.50 95 % CI: 1.66–2.34

Median: 25.56 � 3.64 Median: 125.76 � 35.24

Aspirin effervescent tablet 3 Mean: 27.54 � 1.18 Mean: 138.07 � 8.89 Median: 0.75 � 0.05

95 % CI: 26.20–28.88 95 % CI: 128.00–148.13 95 % CI: 0.70–0.80

Median: 27.31 � 1.18 Median: 141.90 � 8.89

Aspirin granules 6 Mean: 25.51 � 4.59 Mean: 158.4 � 50.50 Median: 2.00 � 0.54

95 % CI: 21.84–29.18 95 % CI: 118.00–198.80 95 % CI: 1.56–2.44

Median: 25.50 � 4.59 Median: 156.00 � 50.50

Aspirin granules in

suspension

6 Mean: 29.08 � 2.66 Mean: 132.54 � 16.22 Median: 0.83 � 0.15

95 % CI: 27.31–31.95 95 % CI: 121.30–143.78 95 % CI: 0.72–0.94

Median: 29.64 � 2.66 Median: 133.51 � 16.22

Aspirin disintegrating tablet 6 Mean: 31.80 � 1.81 Mean: 179.07 � 15.27 Median: 0.75 � 0.05

95 % CI: 30.35–33.25 95 % CI: 166.85–191.29 95 % CI: 0.71–0.79

Median: 31.00 � 1.81 Median: 182.15 � 15.27

Aspirin chewable tablet 2 Mean: 23.24 � 1.17 Mean: 123.18 � 0.24 Median: 1.25 � 0

95 % CI: 21.62–24.86 95 % CI: 122.85–123.51 95 % CI: n/a

Median: 23.24 � 1.17 Median: 123.18 � 0.24
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rapid onset of action is desirable. For example,

for a disintegrating aspirin, 500 mg tablet has

been shown that the reduction of the time to

maximum plasma concentration leads to a two-

fold faster onset of action in a model of acute

pain [54, 88]. The pharmacokinetics and the use

of this formulation for primary headaches has

been reviewed in an expert opinion by Lecchi

et al. and recommended as first-line therapy [91].

Muir et al. [92] found similar pharmacokinetic

differences when he compared 600 mg aspirin

plain tablet with 600 mg aspirin soluble formula-

tion. The Cmax was 5.23 μg/mL and 10.79 μg/mL,

respectively, with a Tmax of 0.68 h and 0.26 h,

respectively. The AUC was similar for both dos-

age forms (6.49 and 6.83 μg � h/mL). This was

also seen in another study by Muir et al. [93]

compared 600 mg of soluble aspirin with

600 mg of mouth-dispersible aspirin and

650 mg of plain aspirin. Tmax increased from

20.5 min to 28.3 min and 60.4 min, whereas

Cmax decreased from 13.82 to 5.66 μg/mL and

5.51 μg/mL. Pharmacokinetic differences for

various formulations with a dose-strength of

600 and 650 mg have also been described by

Sagar et al. favoring the soluble formulation

Fig. 7.3 Summary of acetylsalicylic acid and salicylic acid AUC for aspirin 500 mg formulations (Mean � SD) [90]
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[94]. The absolute pharmacokinetic data of the

two Muir studies, the Sagar study and addition-

ally the pharmacokinetic data for a 600 mg dose

of aspirin investigated by Brandon et al. [95], are

consistent with the data presented above for the

500 mg dose considering the 20 % dose increase.

Brandon found a Cmax of 7.6 mg/L for

acetylsalicylic acid and 40.2 mg/L for salicylic

acid. The Tmax was 0.59 h and 1.75 h, respec-

tively, and the AUC 8.53 mg � h/L and 293 mg

� h/L, respectively. These findings further illus-

trate the clinical importance of availability of

different aspirin formulations.

Pharmacokinetic studies are usually done in

the fasted state. However, another important fac-

tor for aspirin’s pharmacokinetic is the impact of

the fed state. Stillings et al. [96] investigated

900 mg of soluble aspirin in the fed and the

fasted state. The overall bioavailability of soluble

aspirin was unaffected by food, whereas for max-

imum concentration, a decrease was observed.

AUC was 7.99 μg � h/mL in the fasted state

and 8.47 μg � h/mL in the fed state; Cmax was

16.8 μg/mL in fasted state and 13.7 μg/mL in the

fed state. The 18 % decrease in Cmax corresponds

with a rate of absorption affected by food as

Fig. 7.4 Summary of acetylsalicylic acid and salicylic acid Tmax for aspirin 500 mg formulations (Median � SD) [90]
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shown by the higher Tmax for the fed state (0.50 h)

compared to the fasted state (0.33 h). Unchanged

overall bioavailability and decrease in Cmax was

also observed in an unpublished study

investigating the pharmacokinetics of 500 mg

disintegrating aspirin administered in the fasted

and the fed state [97]. AUC was 7.25 μg � h/mL

and 6.73 μg � h/mL in the fasted and fed state,

respectively; Cmax was 14.76 and 6.33 μg/mL.

However, the change in Tmax was less affected

by food in this study (Tmax fasted versus fed

¼ 0.340 h versus 0.385 h). To further support

that food does not affect the extent of absorption,

both studies calculated the 90 % confidence inter-

val of the point estimate for the fed-fasting ratio

for AUC. This was 0.96–1.17 (fed-fasting) for the

study of Stillings and colleagues [96] and

1.04–1.13 (fasting-fed) for the Bayer study and

fell entirely within the conventional bioequiva-

lence interval (range 0.8–1.25).

In a few countries, an intravenously

administered 1000 mg D,L-lysine-aspirin glycine

equivalent to 500 mg acetylsalicylic acid is avail-

able to treat acute moderate to severe pain and

acute headache of migraine attacks and fever.

The product is a white powder to be reconstituted

Fig. 7.5 Summary of acetylsalicylic acid and salicylic acid Cmax for aspirin 500 mg formulations (Mean � SD) [90]
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with water for injection prior to intravenous

administration releasing aspirin directly into the

systemic circulation and bypass the liver and

other sites of aspirin esterases. Nagelschmitz

et al. compared the pharmacokinetics and phar-

macodynamics of D,L-lysine acetylsalicylate gly-

cine to aspirin 500 mg oral tablets [6]. For

acetylsalicylic acid, AUC and Cmax was much

higher for the intravenous formulation (AUC:

10.3 versus 5.12 mg � h/L; Cmax: 54.2 versus

4.8 mg/L). The median Tmax was 0.017 h versus

0.5 h. The corresponding data for salicylic acid

are AUC 98.5 versus 126 mg � h/L; Cmax 21.58

versus 22.85 mg/L; Tmax 0.667 versus 1.5 h. It is

obvious that intravenous aspirin leads to higher

acetylsalicylic acid AUC and Cmax and to lower

Tmax than orally administered formulations, but

that for salicylic acid AUC and Cmax differences

are diminishing, whereas for Tmax a difference is

still present. This formulation is of particular

interest in clinical situations where immediate

pharmacodynamic action is required, e.g., acute

coronary syndrome [6, 98]; oral administration is

not indicated, e.g., because of unconsciousness,

difficulties in swallowing, and impaired absorp-

tion in acute myocardial infarction [6] and

because of vomiting in migraine [99–102] or in

severe migraine attacks to be treated in the emer-

gency setting [99–102].
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Introduction

In the face of rising costs of patented, prescription

medications and doctor visits, more and more of

the world’s population are turning to over-the-

counter (OTC) nonprescription drugs, for the

treatment of common conditions that are either

painful or inflammatory, or accompanied by

fever, or flu-like, often musculoskeletal

symptoms. Since 2008 the volume of drugs sold

OTC has risen at a faster rate than that of drugs

sold on prescription. The reasons are not hard to

find: in general, these drugs are inexpensive, eas-

ily and widely available, and effective in most

mild or moderate conditions, and are very safe

when used short term or in low dosage. The dose

legally approved for OTC use varies from country

to country, but generally is half of the minimum

prescription dose of the same compound approved

by the relevant Regulatory Agency, after safety

and efficacy have been established in that popula-

tion. Data from five European countries estimate

that, in most cases, the duration for which these

drugs are used on average is 2.2 � 4.4 days and

that the average number of tablets used each day is

2.2 � 1.8. Users are told to limit use to a maxi-

mum of 4 days per episode and, if the illness lasts

more than this, despite using OTC medications,

that the advice of a health-care provider should be

sought. The major compounds for discussion are

aspirin, diclofenac, ibuprofen, paracetamol (acet-

aminophen), and naproxen: among these,

diclofenac appears to enjoy major worldwide

sales, but, because of some concerns about safety

and regulatory costs, some of the drugs are not

approved in all countries. Not discussed here are

less widely used compounds like dipyrone

(metamizole), or a considerable number of mixed

OTC compounds, for example, aspirin-

phenacetin-codeine or ibuprofen-paracetamol,

that often improve efficacy with little or no

added risk [1].

Efficacy

These drugs are principally used for the relief of

pain but in addition have anti-inflammatory, anti-

pyretic, analgesic, and platelet inhibitory actions:

as a broad generalization, all of these OTC

compounds are similarly effective, except per-

haps in treating inflammatory pain where the

nonsteroidal anti-inflammatory drugs (NSAIDs)

are superior to paracetamol (acetaminophen).

Diclofenac, ibuprofen, naproxen, and aspirin are

NSAIDs. Paracetamol, while classified as an

NSAID by some regulatory agencies, and

possessing weak cyclooxygenase-2 inhibitory

actions [2], is generally not considered by
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clinicians to be an NSAID and possesses signifi-

cantly weaker anti-inflammatory action. Results

from a recent careful study from Australia, where

quality of evidence was critically assessed,

showed that for spinal (acute lower back) pain,

paracetamol was no better than placebo, and

while there was a statistically significant benefit

from using it to treat the pain of osteoarthritis of

the knee or hip, it was not of a clinically useful

magnitude [3]. Paracetamol, however, is quite

effective and widely used to relieve most-mild-

to-moderate pains, reduce fevers, relieve flu-like

symptoms, and treat tension-type headaches,

dysmenorrhea, and milder osteoarthritis.

After use in over a billion subjects, the effi-

cacy of diclofenac in OTC doses has been

established in relieving post-extraction dental

pain, tension-type headache, and menstrual pain

and in reduction of the severity of the symptom

complex of fever, sore throat, and flu-like mal-

aise, including muscle/joint aches and pains

[4]. The efficacies of ibuprofen [5] and aspirin

[6] in OTC doses are also well documented.

Other OTC compounds enjoy broadly similar

indications approved for their use. Nevertheless,

actual patterns of their use may vary slightly. For

instance, naproxen, a potent drug, tends to be

used mainly for inflammatory pain, particularly

the pain of mild-to-moderate arthritis, including

rheumatoid arthritis, ankylosing spondylitis and

gout, and also dysmenorrhea. Aspirin, ibuprofen,

naproxen, and paracetamol, alone or combined

with other agents, are all OTC drugs commonly

used for migraine, tension-type headaches, minor

musculoskeletal injuries, milder arthritis, fever,

cold, sore throat, and muscle and joint aches and

pains. They are also effective in dysmenorrhea

and toothache. In migraine, aspirin and ibuprofen

are similarly effective [7] and both are superior

to paracetamol, but all three are similarly effec-

tive in tension-type headache [8]. Naproxen,

while superior to placebo, is of limited clinical

use in migraine [9]. In general, naproxen or ibu-

profen is preferable to aspirin or paracetamol for

treating chronic lower back pain, sciatica, or

osteoarthritis, though the doses required for relief

of more severe pains often exceed those

approved in OTC guidelines.

Diclofenac is usually marketed as the potas-

sium salt in doses of 12.5 or 25 mg of drug

[4]. These doses are superior to placebo for 6 h

in most trials, with onset within 30 min and with

the higher dose being generally more effective.

With flexible dosing the initial dose of 25 mg

may be followed by either a 12.5 or 25 mg dose

as needed, up to a maximum OTC dose of 75 mg/

day. Although a one-time 50 mg dose is effective

in migraine in providing relief from pain and

other symptoms, only a minority of patients

achieve total relief of pain [4]. The therapeutic

gain above placebo is least in the treatment of

low back pain [4]. In contrast, the lower dose of

12.5 mg PRN may be sufficiently effective in the

treatment of dysmenorrhea or of sore throat-

fever-flu-like symptoms. Approved maximal

daily doses of other OTC drugs that are compa-

rable to 75 mg/day of diclofenac are 1200 mg/

day of ibuprofen (starting dose 400 mg),

3000–4000 mg of paracetamol (acetaminophen)

with a starting dose 650 or 1000 mg,

3000–4000 mg of aspirin (starting dose

550–1000 mg), or 660–825 mg of naproxen

(starting dose 220–275 mg): the duration of

action of naproxen is close to 12 h, allowing

less frequent administration than may be required

with the other compounds. Before using the drug,

users need to check the approved OTC dose for

their country of residence. All of the OTC drugs

can often be used in doses lower than these

maximum recommended doses. All should be

used in the lowest effective dose for the least

possible time.

Despite the fact that sale of diclofenac is not

approved in several countries, its prominent

place in world sales of OTC anti-inflammatory

drugs argues strongly in favor of its effectiveness

in the clinical conditions for which it is generally

used. In North America, ibuprofen and naproxen

dominate the market, regardless of indication,

with aspirin and paracetamol falling well behind.

However, recognized by pharmacists but poorly

studied, the efficacies of these drugs vary

between subjects: an individual patient often

chooses to use a particular drug for a specific

clinical indication, based on their previous expe-

rience with using various members of this class
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of compounds. For instance, from 16 systematic

reviews of published papers on the efficacy of

ibuprofen and paracetamol in achieving �50 %,

reductions in pain intensity across most acute and

chronic pain conditions, it was concluded that

“neither of the drugs will be effective for every-

one and both are needed” [7]. Some of the

differences in efficacy may hinge on differences

in bioavailability in the individual. Furthermore,

some pharmacists advise patients to take these

drugs “with food,” a vague term, because this

may “lessen gastric irritation.” To my knowl-

edge, this has never been formally studied in

humans, but animal studies suggest that the

advice is poor and that taking the drugs with

food is likely to increase small intestinal injury

and to delay absorption of the drug [10]. For

rapid onset, an important aspect of their effects,

these drugs are probably best taken while fasting.

Rapidity of absorption is an important deter-

minant of the speed of onset of the effects of any

OTC drug. Various manufacturers have devel-

oped fast-acting forms of these drugs, e.g.,

micronized or effervescent aspirin, lysinate and

sodium dehydrate salts, or liquid gelcaps of ibu-

profen, and these new forms of drug are now

available. The effects of most widely available

forms of the drugs are not usually appreciated in

less than 20–30 min. Because of some delay in

onset, OTC drugs may not be sufficiently effec-

tive, for example, in severe migraine, and paren-

teral treatment with prescription doses of drugs

such as intravenous aspirin or subcutaneous

sumatriptan may be required. However, many

migraine attacks are successfully managed with

OTC drugs, including aspirin, ibuprofen, and

paracetamol; naproxen may be less effective

[9]. There were clear significant differences

over paracetamol, favoring NSAIDS as a class

(notably ibuprofen, for which there is the largest

number of comparisons) in relieving migraine,

dental pain, postoperative pain, dysmenorrhea,

musculoskeletal pain, and other common

conditions, despite any statistically significant

differences favoring paracetamol over placebo

[1]. Beyond choice of drug, a common reason

for lack of efficacy of any OTC analgesic is

failure to take the prescribed dose.

Safety

Given the absence of supervision of how the

purchaser will use the drug, there is great respon-

sibility faced by regulatory authorities to ensure

that any compound licensed for sale OTC with-

out a prescription will be very safe. This creates a

need for the accompanying instructions for use to

provide a wide margin of safety, to allow for

risks that arise, not only when the drug is used

as directed but also when directions are not

followed. The OTC analgesics discussed here,

used as directed, are all very safe, and no serious

adverse events have attended their use. However,

because OTC compounds, despite the

recommendations and warnings posted in the

label, are often used in higher doses and for

longer durations than stipulated, some inferences

about safety issues that arise because the drugs

are so readily available must also be considered.

In this context, it must be recognized that the

safety of a particular OTC product is sometimes

inferred partly from the results of its use in long-

term trials that employed higher doses of drug for

longer periods: applying these data to the

outcomes of short-term use of the drug in OTC

doses is scientifically invalid. However, drugs

approved for OTC sale are often used in ways

not in accordance with OTC guidelines. Safety of

OTC analgesics as discussed here applies to use

of the drug when no other risk factor is present.

Such risk factors include co-use of other drugs,

or presence of a condition likely to be compli-

cated by the therapy, for example, using

naproxen in the presence of an active duodenal

ulcer, or actively drinking >3 drinks/day when

using acetaminophen. Finally, the apparent mag-

nitude of the overall public health risk of the sale

of these compounds is affected by the assump-

tion that all pharmacists or druggists are acting as

gatekeepers in ensuring compliance with OTC

guidelines: this reliance may be misplaced. A

recent study in the Netherlands revealed that

only 16.7 % of pharmacists, in 228 stores tested,

followed the correct guidelines in dispensing

OTC drugs [11].
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Paracetamol (Acetaminophen)

Paracetamol is the world’s most widely used

analgesic drug, but there is increasing concern

about the danger to the liver [12, 13], kidney

[14], and lung [15] and about an increase in

all-cause mortality attending the use of doses

higher than 4000 mg/day, especially over longer

periods [16]. In contrast, in extremely wide-

spread use, either on its own or as a component

of over 200 other OTC compounds, there have

been no serious adverse events unequivocally

attributable to the short-term use of OTC para-

cetamol. The incidences of nausea, vomiting, or

dyspepsia are not different from placebo. Use does

not damage the gastric mucosa and is not

accompanied by gastric erosions, despite rare

reports of an association of paracetamol use with

GI bleeding, an association now thought to be due

to confounding. In the investigation by Lewis and

colleagues, of the contributions of nonaspirin

NSAIDS, obtained OTC, to the occurrence of

serious GI bleeding in the community, no use of

paracetamol could be identified [17] (see Fig. 8.1).

Use of paracetamol is generally regarded as very

safe, as long as OTC guidelines are followed.

Ibuprofen

Following on from paracetamol, which is

regarded as a very safe OTC drug, a large number

of clinical trials show no clear differences in

gastrointestinal safety between ibuprofen and

paracetamol, when used in OTC doses for the

recommended durations [18, 19]. These data are

supported by similar findings in one large 7-day

clinical trial involving 8633 patients [20] and in a

large independent meta-analysis of all

randomized controlled clinical trials of aspirin

use [21]. This lack of difference from paraceta-

mol is supported by the results of two Cochrane

analyses that looked at the effects of single doses

of ibuprofen and found no differences from pla-

cebo [22, 23].

The only other possible risk attending the use of

ibuprofen is that of an increase in cardiovascular

risk, including precipitation of heart failure: this

has not been seen with OTC use. In two large

studies, baseline NSAID use was associated with

reductions in all-cause mortality and CV mortality

[24, 25]. At prescription doses of ibuprofen, the

drug may reduce the cardioprotective inhibition of

platelets by daily low-dose aspirin, increasing the

risk of myocardial infarction and other thrombotic

events, but there is no evidence of any increased

risk due to this drug interaction in OTC doses are

used for short periods [18]. Given that the platelet

life exceeds 5 days and that the action of ibuprofen

is only about 8 h, occasional use of the drug is

unlikely to have any effect. OTC ibuprofen is

very safe.

Diclofenac

The type and frequency of adverse events in

almost 2400 patients given low-dose diclofenac

potassium 12.5 mg in single or multiple doses for

up to 7 days were similar to those of ibuprofen

200 mg and placebo [4]. In short-term low-dose

trials using up to 75 mg/day, there were no seri-

ous GI, hepatic, neurologic, or cardiac adverse

events reported [4]. It is available OTC in

75 countries. Based on the available data, it was

approved for OTC use in the UK in 2008. How-

ever, in a recent controversial action by the UK’s

Medicines and Healthcare products Regulatory

Agency (MHRA) and the UK’s Commission on

Human Medicines (CHM), the OTC status was

canceled in the UK, and the drug returned to

being a “prescription only medicine” (POM), as

it is in the USA, Japan, and Ireland. This deci-

sion, based on “the occurrence of 3 more major

vascular events compared to placebo” in a cohort

of 1000 patients in an ongoing trial [26], is being

opposed by the manufacturer Novartis and by

UK pharmaceutical trade groups.

126 D.M. McCarthy



Aspirin (Acetylsalicylic Acid)

Aspirin OTC, either as a tablet, an effervescent

compound or solution, or a micronized tablet, is a

very safe drug in ordinary settings. Bearing in

mind an average usage of 2.2 � 4.4 tablets daily,

and an average number of tablets used each day

of 2.2 � 1.8, the amounts of OTC drugs com-

monly used by ordinary people, the danger of

aspirin OTC seems to be overestimated. It is

true that because the adverse effects of aspirin

depend on the dose and duration of use, used

long-term in anti-inflammatory doses, it is more

likely to cause serious side effects than some

common comparator NSAIDS. Except for pro-

phylactic use of low daily doses for cardiovascu-

lar prophylaxis, long-term, daily use of aspirin

has greatly declined. Historically, over the period

1975 to 2000, it was largely replaced by nonas-

pirin NSAIDs. However, prescription doses of

these are also recognized as hazardous, and

their use is rapidly shrinking, particularly in

treating rheumatoid arthritis.

One of the world’s leading OTC drugs, the

safety of aspirin OTC has in recent years

received much scrutiny in two major studies. A

meta-analysis of all 67 randomized controlled

trials of OTC aspirin performed by the Bayer

HealthCare company was performed in 6181

subjects compared with 3515 placebo cases

[21]. Only minor gastrointestinal (GI) adverse

events (AEs) were noted: none were serious,

i.e., no GI ulcer, hemorrhage, perforation, or

obstruction was attributed to aspirin and there

was no case of cerebral hemorrhage. These data

showed that the only significant Gl AE was “dys-

pepsia,” occurring in 9.9 % of aspirin users ver-

sus 9.0 % in placebo, OR 1.3 % [95 % CI: 1.1,

1.5]. When compared to ibuprofen or paracetamol,

there were no significant differences. The main

limitation of the study was that when the drug

was used only as needed, the vast majority of the

patients ingested only very small doses in 1 day.

This was followed by an extensive literature

search, which identified 119,310 articles that

included data on side effects of aspirin [27].

Following a complicated methodology, 19,829

evaluable patients were abstracted from the

3893 highest-scoring articles and reviewed indi-

vidually for data that could be included in the

analysis. Among the patients included, 34 %

were treated with aspirin, 17 % with placebo,

and 49 % an active comparator: 50 % of aspirin

users took more than a single dose and dosage in

the comparators was similar. Aspirin was

associated with an increased risk of minor GI

side effects compared to placebo [OR 1.46,

95 % CI 1.15, 1.86] or comparators [OR 1.81,

1 2 3 40.5

> 4 days

Odds ratio 5 6

< 4 days

High-Dose

Low-Dose

1.83 (1.14-2.95)

0.67 (0.43-1.06)

5.21 (2.32-11.69)

0.74 (0.49-1.12)

Fig. 8.1 Risk of complications of OTC compounds is

affected by frequency of use and dose of drug. Use of

OTC aspirin or NSAIDS <4 times during the index week

(adjusted OR, 0.67: top comparison) OR use of very low

doses of prescription or OTC non-aspirin NSAIDs during

the index week (adjusted OR, 0.74: bottom comparison)

were not significantly associated with an increased risk of

serious gastrointestinal toxicity [17]
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95%CI 1.61, 2.04]. The relevant GI AEs were all

minor (dyspepsia, nausea/vomiting, or abdomi-

nal pain). Serious GI events were very rare in any

analyzed group. Although minor GI side effects

were uncommon, aspirin was associated with

higher risks of most GI AEs than were placebo,

ibuprofen, diclofenac, or naproxen, but many of

the differences failed to reach statistical signifi-

cance. Significant exceptions were that lower-

dose aspirin had more GI AEs than lower doses

of either ibuprofen [or 2.67, 95 % CI: 1.22, 5.84]

or naproxen [OR 3.52, 95 % CI: 1.01, 12.25].

Because of the large numbers and diverse

sources, these analyses are believed to have a

high precision, with the reservation that the data

for paracetamol and ibuprofen are dominated by

a single study [20] and, when this study was

removed, the numbers of subjects using either

of these two drugs were reduced by 90 %. In

the study which was removed [20], when exam-

ined separately, the incidences of minor AEs

were aspirin, 18.7 %; ibuprofen, 13.7 %; and

paracetamol, 14.5 %: placebo rates were not

measured but should likely be similar to paracet-

amol or ibuprofen. Nevertheless, from these

studies, it is apparent that the use of OTC aspirin,

when compared to ibuprofen or paracetamol, is

accompanied by a small but statistically signifi-

cant increase in the risk of experiencing some

minor GI discomfort, mostly mild abdominal

pain or transient dyspepsia: the meaning of “dys-

pepsia” is discussed in depth in both papers

[21, 27].

Serious adverse effects were very rarely

associated with aspirin, or with any OTC

analgesic when used as directed, and were not

attributable to the OTC drug. The small increase

in minor GI side effects of aspirin is not to be

dismissed, but the impact on consumers must be

small, as reflected by the popularity of the drug.

The uses of the various OTC compounds vary

widely from country to country, depending on

availability, cost, and other demographic factors

[28]. Accurate information, based on large popu-

lation surveys, is hard to obtain, but in Germany,

where OTC analgesic use is rising and where all

five drugs are available OTC, a rank order of the

percentage of the population using each drug per

week was recently estimated as ibuprofen,

8.0 %; aspirin, 5.8 %; paracetamol, 5.2 %;

diclofenac, 4.4 %; and naproxen, 0.2 %

[28]. This would suggest that the minor GI side

effects of OTC aspirin are largely tolerable and

not a major deterrent to its OTC use.

Naproxen

Naproxen sodium is slightly different from the

other NSAIDs in being the only non-racemic

NSAID to have received approval for OTC use.

Because of a related longer duration of action, it

can be taken at intervals of 8–12 h, but the total

use per 24 h is restricted to 3 tablets, using either

1 every 8 h or 2 initially followed by one 12 h

later. While naproxen sodium is more rapidly

absorbed than pure naproxen, effects are perhaps

a little slower in onset than those of other OTC

analgesics, a slight disadvantage in treating

migraine [9]. However, once absorbed, the lon-

ger duration of action, and reliable potency,

renders it particularly well suited to use in

inflammatory conditions, e.g., arthritis or skeletal

injuries, where OTC use can be continued for up

to 10 days. This allowable duration of use raises

slightly greater concerns about safety. Against

this, in a manner somewhat similar to aspirin,

there has been an extensive meta-analysis of the

safety profile of naproxen sodium OTC

[29]. From among 90 published studies,

46 randomized, placebo-controlled, double-

blind clinical trials were selected for analysis

that had used either 200 or 440 mg tablets of

naproxen sodium in single, multiple, or PRN

doses. In trials involving almost 10,000 subjects,

using doses of 200–220, 400–440, 600–660, and

800–880 mg, in single- or multiple-dose studies,

and examining comparisons of total AEs,

moderate-to-severe AEs, and AEs involving the

digestive tract, there was no situation in which

the incidence of AEs in those on drug signifi-

cantly exceeded the incidence seen in those on

placebo statistically, although the reverse was

not always true. Side effects that occurred in

>1 % of naproxen-treated subjects were head-

ache (4.9 % drug, 6.9 % placebo), nausea (4.4 %
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drug, 4.8 % placebo), somnolence (2.4 % drug,

1.5 % placebo), dizziness (2.0 % drug, 2.1 %

placebo), vomiting (1.8 % drug, 2.4 % placebo),

and dyspepsia (1.9 % drug, 1.8 % placebo). Seri-

ous complications were rare and none were

clearly attributable to drug. When used as

recommended, the incidence of side effects of

using the drug is low and comparable to that of

placebo. These data support the conclusion that,

like all other NSAIDs, naproxen OTC is safe.

Problems and Perspectives

Following over 40 years of publications about

the dangers associated with using NSAIDs,

there is considerable anxiety among pharmacists,

members of the medical profession, and the gen-

eral public about the safety of OTC analgesics.

Much of the literature causing this anxiety is

based on reports of adverse events occurring in

patients that were using high doses, for long

durations of exposure to drug and, particularly

in observational studies, in heterogeneous

populations where many other risk factors were

present to varying extents. Such risk factors

include increasing age, male gender, the pres-

ence of diagnosed or subclinical comorbid

conditions (especially in the GI tract, liver or

kidney), and co-therapy with other medications.

These last include but are not limited to

antithrombotic and anticoagulant drugs, selective

serotonin reuptake inhibitors (SSRIs),

corticosteroids, chemotherapeutic agents,

amphetamines, and erosive formulations of com-

mon compounds such as potassium chloride.

Many observational studies also fail to distin-

guish between the adverse effects of drugs

obtained OTC and those obtained by prescrip-

tion, all reported AEs being pooled for analysis.

Some of the subjects, falsely identified for analy-

sis as using a prescription NSAID, in addition

were taking another NSAID or aspirin obtained

OTC, thus falsely increasing the apparent risk

associated with a lower dose. Reports often fail

to estimate the magnitude of the effects of dose,

duration of use, or other risk factors. Often the

precise site or nature of the complication is not

identified, and a number of “complications” may

be grouped together for analysis [e.g.,

perforations, ulcers, or bleeding (PUBs)], render-

ing it impossible to estimate the precise risk of

the individual complication. For all these

reasons, the incidences of complications and

AEs seen in observational studies are nearly

always higher than those reported in clinical

trials, in which there is careful exclusion of any

subject who might be at increased risk. To apply

the results from longer-term, higher-dose studies

to estimating the risks attending the short-term

use of OTC doses of the compounds is scientifi-

cally invalid.

It seems clear from the data summarized in

this chapter that, used as directed, OTC

compounds are very safe: the occurrence of seri-

ous AEs is very rare, with incidences comparable

to placebo (Table 8.1). Nonetheless, it must be

recognized that there are circumstances where

analgesics are obtained OTC but used beyond

the limits recommended, leading to the occur-

rence of serious side effects, including hospitali-

zation and death. Very few studies have tried to

separate the hazards associated with such use or

Table 8.1 Key issues on OTC NSAID/analgesic drug

use

1. In general these drugs are used for pain relief and are

similarly effective

2. Rapidity of absorption is an important determinant of

the speed of onset of the effects of any OTC drug

3. A common reason for lack of efficacy of any OTC

analgesic is failure to take the prescribed dose

4. In general, the OTC analgesics when used as directed

are all very safe, and no serious adverse events have

attended their use

a. Some studies revealed that only a minority

of pharmacists, who act as gatekeepers, followed

the correct guidelines in dispensing OTC drugs

b. Paracetamol (acetaminophen) should be used

with caution in heavy drinkers

c. Ibuprofen may interact with cardiovascular

low-dose aspirin

d. Diclofenac has been retired as an OTC drug

in some countries due to its CV effect

e. Aspirin has been associated with a small increase

in dyspepsia rates when compared to placebo

and in some studies compared to ibuprofen or

paracetamol
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misuse of OTC compounds, from those arising as

the consequences of using prescription drugs.

A seminal case-control study by Lewis

et al. [17] looked at the risk of serious upper

gastrointestinal toxicity with over-the-counter

nonaspirin nonsteroidal anti-inflammatory drugs

(NANSAIDs), in 359 rigorously selected cases

identified from 28 hospitals, and compared them

with 1889 controls from the same area (Fig. 8.1).

They found that OTC NANSAIDs (dose not

stated) used on �4 days, during the week prior

to hospitalization for GI toxicity, had an adjusted

odds ratio (OR) of 1.83 [95 % CI: 1.14, 2.59],

compared to an OR of 0.67 [95 % CI: 0.43,1.06]

when used <4 times. Use of high-dose OTC

NANSAIDs during the index week had an

adjusted OR of 5.21 [95%CI: 2.32, 11.69],

when the use of low doses carried an OR of

0.74 [95 % CI: 0.49, 1.12]. Affected cases were

also more likely to be frequent users of both

prescription and OTC NANSAIDs in ~1 % of

the cases. These data suggest that the major dan-

ger mainly lay in using doses of NANSAIDs

higher than those approved for OTC use,

although additional unrecognized risk factors

could have been present. Two other reviews,

from which clear conclusions about NSAID

dosages and durations of therapy that were

associated with minor increases in toxicity are

hard to ascertain, yielded broadly similar

conclusions, but are product oriented and hard

to interpret [30, 31]. It appeared that use of OTC

drugs outside of guidelines contributed to small

increases in the risk of GI complications. Of note,

in none of the published studies has duration of

exposure to an OTC drug been adequately stud-

ied. This could yet prove of some importance,

particularly in assessing the risk of thrombotic

events in those using specific OTC NANSAIDs

while taking low-dose aspirin daily for cardio-

vascular prophylaxis.

A final issue concerning safety relates to the

contribution of self-medication with OTC

NSAIDs to adverse drug reactions (ADRs)

requiring hospital admission. Between 2000 and

2008, in a hospital with a catchment area with

over 500,000 population, 6887 patients were

hospitalized with ADRs, and 266 (3.9 %) of

these occurred in self-medicating patients:

143 (53.8 %) of the latter were due to OTC

drugs, mainly NSAIDs causing GI complaints

[32]. The most frequent occurrences of ADRs

were due to OTC aspirin and prescription

diclofenac, and most occurred in women aged

70–79 and men aged 60–69 years. This, while

uncommon, has received little attention and

stresses the need for greater awareness among

physicians of the need to inquire about a patient’s

use of OTC compounds before prescribing potent

drugs, particularly NSAIDs for elderly subjects.

Conclusions

Among a large number of analgesic and anti-

inflammatory compounds, five enjoy major

worldwide use, namely, ibuprofen, aspirin, para-

cetamol, diclofenac, and naproxen, their popular-

ity varying from country to country. In

OTC-approved doses, all are effective, with

some minor variations in various conditions and

between individuals. In these same doses, used

for the limited durations recommended and fol-

lowing other stipulations included in their pack-

age inserts, all are safe and well tolerated, with

only low (if any) incidences of minor side effects

associated with their use. Risk/benefit

considerations do not apply to OTC use. How-

ever, when OTC limits are ignored or exceeded,

there are dangers associated with their use that

vary with the compound and that increase with

dose, duration of therapy, age, gender,

co-therapy with other drugs, and the presence of

comorbid conditions in the patient. When used to

excess in low-risk patients, ibuprofen is probably

associated with the least danger, but not neces-

sarily with the comparable efficacy. Responsibil-

ity for ensuring proper use of each compound, in

some countries, lies with the pharmacist who is

providing the drug, but in other countries, where

the drugs can be sold in any retail outlet without

restriction, the efficacy and safety that attach to

using any OTC compound depend heavily on

patient intelligence and compliance with the

accompanying directions. Serious AEs are

very rare.
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Low-Dose Aspirin in the Cardiovascular
System 9
Ruben Casado-Arroyo, Angel Lanas, and Pedro Brugada

Introduction

Cardiovascular disease is the leading cause of

morbidity and mortality in the world [1]. The

disruption of an atherosclerotic plaque may lead

to platelet deposition and the formation of a

thrombus that can induce an acute clinical car-

diovascular event [2]. In this setting, a drug with

a potent antithrombotic effect would have a sig-

nificant impact on morbidity and mortality. The

history of aspirin is one of the best examples of

the success of translational research in medicine,

from the description of its mechanism of action

to the studies of clinical pharmacology and end-

ing with a large number of adequately sized,

placebo-controlled clinical trials (Table 9.1).

The efficacy of low-dose aspirin (LDA) as an

antithrombotic agent has been evaluated in

several populations, from healthy persons at

low-high risk of vascular complications (primary

prevention) to high-risk patients surviving a

myocardial infarction or an ischemic stroke (sec-

ondary prevention). Studies have ranged from a

few weeks to 10 years in duration (Table 9.1).

In other settings, the co-prescription of other

antiplatelet agents and the use of oral

anticoagulation with aspirin compared to aspirin

alone in population with coronary artery disease

have shown to reduce the risk of death,

associated with myocardial infarction (MI) or

stroke. This beneficial effect had to be balanced

against the increased risk of upper GI bleeding

(RR of 2.08 (CI 95 %, 1.34–3.21) in aspirin +

another antiplatelet drug and 2.00 (CI 95 %,

1.15–3.45), respectively, in aspirin + oral

anticoagulants compared with monotherapy

with LDA [12]). In clinical practice, LDA is

increasingly prescribed in both primary and sec-

ondary prevention.

In summary, the saturability of the antiplatelet

effect of aspirin at low doses, the lack of dose-

response relationship in clinical studies

evaluating its antithrombotic effects, and the

dose dependence of its side effects all support

the use of LDA in the prevention of cardiovascu-

lar disorders. The use of the lowest effective dose

of aspirin (75–100 mg/day for long-term treat-

ment) is currently the most appropriate strategy

to maximize its efficacy and minimize its

toxicity.
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Primary Prevention in Patients
at Enhanced Risk of Vascular
Complications

In the last 30 years, nine major trials have exam-

ined the benefit of aspirin for primary CVD pre-

vention (Table 9.1). Trial results were mixed to

some degree, but the evidence pointed that aspi-

rin could decrease CVD risk, including MI and

stroke. When cardiovascular and all-cause mor-

tality was assessed, no statistically significant

effect was observed.

The Antithrombotic Trialists’ Collaboration

(ATC) published a meta-analysis analyzing six

primary prevention trials including over 95,000

low-risk individuals; aspirin yielded a significant

reduction in serious vascular events (myocardial

infarction, stroke, or vascular death) from an

annual rate of 0.57–0.51 % [13]. This

cardioprotective effect was mainly due to a

reduction in nonfatal myocardial infarction,

from 0.23 to 0.18 % per year. There was no

reduction in vascular mortality and stroke, with

or without aspirin. Aspirin treatment increased

gastrointestinal (or extracranial) bleeds by about

half, from 0.07 to 0.1 % per year.

The ATC showed that in primary prevention

without previous disease, aspirin is of uncertain

net value as the reduction in occlusive events

(myocardial infarction, stroke, or vascular

death) and needs to be weighed against any

increase in major bleeds. Interestingly and unfor-

tunately, the main risk factors for CVD were

similar to those for major bleeding [13].

As a result, even for patients at moderately

increased risk of coronary events, the absolute

benefits and hazards of LDA added to a

statin-based regimen of primary prevention are

likely to be approximately evenly balanced

(Table 9.2) [14].

If we analyze the effect of gender, the ATC

meta-analysis suggests no differences in

response to aspirin between men and women

[13]. In the Women Heart Study [8], aspirin

showed a significant benefit on the risk of a first

stroke but not a first MI. Although there is not a

clear evidence in the literature, some institutions

make separate recommendations for women and

men, based on their interpretation of the previous

trials.

Regarding the use of aspirin in diabetic

patients, a recent meta-analysis analyzed seven

trials involving patients with diabetes and found

no significant reduction in either serious cardio-

vascular events or all-cause mortality [15].

Probably the more neutral role of aspirin in

this population may be the result of side effects,

such as a higher bleeding risk and a different

pharmacological profile of the drug in this popu-

lation. In light of these findings, the American

Diabetes Association now recommends that

low-dose aspirin be prescribed primarily for

men over age 50 and women over age 60 who

have diabetes and are at high risk of cardiovas-

cular events [16].

In resume, in the primary prevention setting,

the current totality of evidence provides only

modest support for a benefit of aspirin in patients

without clinical CVD, which is offset by its risk.

Weighing the overall benefit and risk requires

careful consideration by the physician and

patient before initiating aspirin for preventive

therapy.

Further primary prevention trials of aspirin

are currently ongoing with the aim of recruiting

patients who are at relatively high cardiovascular

risk because of diabetes mellitus and being on

treatment with simvastatin (ACCEPT-D) and

patients with diabetes mellitus and treated with

aspirin/omega-3 fatty acid versus placebo control

(ASCEND) and advanced age (ASPREE) or sev-

eral risk factors that do not include diabetes

(ARRIVE) [17–20].

In this evolving scenario, physicians should

be aware of these ongoing trials and be ready to

adapt practices, especially in patients on or who

may benefit from combination therapy with aspi-

rin and statins.

Secondary Prevention in High-Risk
Patients of Vascular Complications

LDA remains the mainstay of antiplatelet treat-

ment for patients with acute coronary syndrome

(ACS) and acute myocardial infarction. It was

134 R. Casado-Arroyo et al.
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first demonstrated in the second International

Study of Infarct Survival (ISIS-2) trial [21]. Aspi-

rin use resulted in a significant reduction in non-

fatal reinfarction, stroke, 5-week vascular

mortality, and all-cause mortality. For the first

time, it was shown that 1 month of low-dose

aspirin started immediately after MI in 1000

patients would prevent 25 deaths and 10–15 non-

fatal infarcts and strokes.

Afterward, the ATC analyzed 16 secondary

prevention trials (17,000 individuals, 3306 vas-

cular events) [13]. Aspirin use resulted in signifi-

cant reductions in serious vascular events

including stroke and coronary events in both

men and women, and low-dose regimens were

found to be as effective as higher doses. The

proportional reduction in the risk of any serious

vascular event did not differ significantly

between primary and secondary prevention trials,

but the absolute risk reduction was much smaller

in primary than in secondary prevention (abso-

lute benefits 0.06 % per year primary and 1.00 %

per year secondary) (Table 9.3).

In the secondary prevention of CV events, the

benefits of LDA are clear. Aspirin has been

associated with a reduction of vascular mortality,

yielding a 10 % in total mortality and a yearly

absolute decrease of 1 % of major coronary

events [13]. LDA represents the first option for

the secondary prevention of recurrent vascular

events in patients surviving a myocardial infarc-

tion or ischemic stroke, with clopidogrel

providing a valid alternative [23].

In the secondary prevention trials (in which a

smaller proportion of the strokes of known cause

were hemorrhagic), aspirin significantly reduced

the aggregate of all strokes. By contrast with

primary prevention, in the secondary prevention

trials, aspirin seemed to reduce vascular mortal-

ity yielding a 10 % reduction in the total mortal-

ity (RR ¼ 0.90; CI 95 %, 0.82–0.99) [13].

The Veterans Administration (VA) Coopera-

tive Study was a multicenter [24], double-blind,

randomized trial that compared aspirin to pla-

cebo in men with a non-ST elevation ACS. Aspi-

rin lowered the incidence of death or acute MI by

51 %. Although therapy was discontinued after

12 weeks, the mortality rate remained 43 %

lower after 1 year of follow-up in the aspirin

group. The Canadian multicenter trial [25] was

a double-blind randomized trial that compared

four regimens in patients with a non-ST elevation

ACS: aspirin, sulfinpyrazone, combination ther-

apy, and placebo. Treatment was initiated within

8 days after hospitalization and continued for

18 months. Aspirin administration resulted in a

71 % reduction in mortality and a 51 % reduc-

tion in the combined endpoint of death or nonfa-

tal MI when compared to placebo. Prolonged

follow-up showed that the benefit of LDA was

maintained after 1 year of therapy.

Table 9.2 Benefit/risk ratio of aspirin treatment in different clinical situations [14]

Clinical situation

Benefit Risk

Benefit/risk

Major vascular event

avoided per 1000/year

Major GI bleeding event is caused

per 1000/year

Low cardiovascular risk 1–2 The risk of GI bleeding for all groups

(is) was considered to be constant, 1–2

0–1

Chronic stable angina 10 5–10

Prior myocardial infarction 15 7.5–15

Unstable angina 50 25–50

Table 9.3 Comparison of absolute effects of aspirin in

primary and secondary prevention of cardiovascular

disease [22]

Absolute differences (per 1000/

year)

Primary

prevention

Secondary

prevention

Major coronary

event

�0.6 �10

Nonfatal MI �0.5 �6.6

CHD mortality �0.1 �3.4

Vascular death �0.1 �2.9

Any serious

vascular event

�0.6 �14.9
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Regarding the duration of therapy, aspirin

therapy is associated with long-term benefit in

patients treated after an acute myocardial

infarction [26]. With all this data, the evidence

strongly supports the use of LDA as mainte-

nance therapy in patients who have undergone

a percutaneous coronary intervention after

unstable angina/non-ST elevation myocardial

infarction.

The recommendations in primary and second-

ary prevention of cardiovascular disease are

summarized in Table 9.4.

Table 9.4 Recommendations for primary and secondary prevention in cardiovascular disease

Organization Clinical recommendation

Recommendation

LOE

Primary prevention

AHA/ADA

[27–29]

– Low-dose aspirin in persons at higher CHD risk (especially those with

10-year risk of CHD >10 %

IIa, LOE B.

– Low-dose (75–162 mg/day) aspirin use for prevention is reasonable for adults

with diabetes and no previous history of vascular disease who are at increased

CVD risk (10-year risk of CVD events over 10 %) and who are not at

increased risk for bleeding

IIa, LOE B.

– Patients with asymptomatic carotid stenosis should be prescribed daily aspirin

and a statin

I, LOE C.

USPSTF

[30]

– Adults aged 50–59 years: recommend low-dose aspirin use for the primary

prevention of cardiovascular disease (CVD) and colorectal cancer in adults

who have a 10 % or greater 10-year CVD risk, are not at increased risk for

bleeding

B.

– Adults aged 60–69 years: recommend low-dose aspirin use in an individual

basis. Persons who are not at increased risk for bleeding, have a life

expectancy of at least 10 years, and are willing to take low-dose aspirin daily

for at least 10 years are more likely to benefit

C

ESC [31] – Antiplatelet therapy with aspirin is not recommended for people with diabetes

who do not have clinical evidence of atherosclerotic disease

III, LOE A.

– Aspirin or clopidogrel cannot be recommended in individuals without

cardiovascular or cerebrovascular disease due to the increased risk of major

bleeding

III, LOE B.

– Antiplatelet therapy may be considered in hypertensive patients without a

history of cardiovascular disease, but with reduced renal function or at high

cardiovascular risk

IIb, LOE A.

Secondary prevention

AHA [32] – Patients with acute and chronic ischemic heart disease I, LOE A.

– Patients after a ST elevation myocardial infarction I, LOE A.

– Patients with unstable angina and non-ST-elevated myocardial infarction I, LOE A.

– For patients with stroke or TIA due to 50–99 % stenosis of a major

intracranial artery, aspirin is recommended in preference to warfarin

I, LOE B.

ESC [33] – Acute coronary syndromes in patients presenting without persistent ST

segment elevation

I, LOE A.

– Management of acute myocardial infarction in patients presenting with

persistent ST segment elevation

I, LOE B.

– Stable angina [35] I, LOE A.

– Aspirin is recommended immediately before and after carotid

revascularization [36]

I, LOE A.

– In the chronic phase (>12 months) after myocardial infarction, aspirin is

recommended for secondary prevention

I, LOE A.

CCS [34] – Aspirin is recommended indefinitely in all patients with ACS Strong, high-

quality evidence– Aspirin is recommended indefinitely in all patients after CABG
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LDA Versus Thienopyridines

Several randomized trials of secondary preven-

tion compared aspirin with clopidogrel or

ticlopidine. The CAPRIE trial [23] found that

clopidogrel had a modest and marginally signifi-

cant advantage over aspirin for the prevention of

stroke, MI, and vascular disease in patients with a

recent stroke, MI, or peripheral artery disease

(annual event rate 5.3 versus 5.8 %). Clopidogrel

is an effective alternative in the approximately

5 % of patients who cannot tolerate aspirin.

Economic Implication of Aspirin Usage

Given the limited resources and the large number

of patients to whom antiplatelet agents are

applied, the efficient use of health-care resources

with favorable indices of cost-effectiveness is of

particular importance. The cost-effectiveness of

aspirin treatment depends on the balance

between the clinical effectiveness (ischemic

events and bleeding complications) and cost.

Recent publications confirm that aspirin use

remains suboptimal even in secondary preven-

tion (where aspirin is an economically dominant

strategy compared with no aspirin based on the

absolute reduction of mortality). In a meta-

analysis regarding the use of LDA therapy for

secondary prevention, adherence was found to be

approximately 65 % [35]. In another study

performed in Wisconsin, aspirin was simulta-

neously underused by those at high CVD risk

and overused by those at low CVD risk (31 %

versus 18 %) [36].

In the primary prevention setting, a cost-

effectiveness analysis of LDA performed in

Europe suggested that LDA was cost saving

compared with no treatment for patients at mod-

erate risk of myocardial infarction or stroke. The

result was economically favorable for aspirin in

all countries when a patient’s annual risk was

>1 % [37]. Regarding the addiction of a proton

pump inhibitor to patients of high risk of bleed-

ing, a recent cost-effectiveness analysis showed

that PPI co-therapy has the highest probability to

be cost-effective in patients taking LDA for

primary and secondary prevention of acute coro-

nary syndrome in patients with elevated risk for

upper GI bleeding. The addiction of PPI to LDA

reduced the overall number of ACS. This

assumption is due to the fact that patients treated

with PPI co-therapy or the fixed combination had

a significantly lower ACS risk compared to

patients treated with ASA monotherapy or no

medication. The reason is that concomitant pre-

scription of PPI reduces GI side effects and

thereby increases patients’ compliance to ASA,

which in turn reduces the probability of develop-

ing an ACS [38].

Atrial Fibrillation and Oral
Antithrombotic Agents

Atrial fibrillation (AF) is the most prevalent car-

diac arrhythmia in the world. It affects 1.5–2 %

of the general population, that is, more than

100 million people worldwide [38]. Untreated

patients with nonvalvular AF (NVAF) are

exposed to an annual risk of thromboembolic

stroke of 5 %. Nowadays, anticoagulation is the

unchallenged current treatment of choice for

patients with AF at moderate to high risk of

thromboembolic complications.

Antiplatelet therapy has been compared with

placebo or no treatment in eight trials [39]. For

primary prevention, aspirin was associated with a

nonsignificative 19 % reduction (mainly due to

positive results from the SPAF-1 trial) (95 % CI,

-1–35 %) in stroke incidence with an absolute

risk reduction of 0.8 % per year; number needed

to treat (NNT) ¼ 125. For secondary prevention

among those with TIA or strokes, aspirin was

associated with an absolute risk reduction of

2.5 % per year and a corresponding NNT of 40.

Vitamin K antagonist (warfarin) has been exten-

sively studied in AF. In six RCTs, adjusted-dose

warfarin resulted in a 64 % RR reduction (95 %

CI, 49–74 %) for ischemic and hemorrhagic

stroke compared with placebo. The absolute

risk reduction was 2.7 % per year, which yielded

a NNT of 37 for 1 year to prevent 1 stroke and

12 for patients with prior stroke or TIA [39].
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Regarding the novel oral anticoagulants, aspi-

rin has been compared with new antithrombotic

agents in the AVERROES study, a double-blind

study of 5599 patients deemed unsuitable for

warfarin therapy [40]. Subjects were randomized

to apixaban 5 mg twice daily or to aspirin 81 or

325 mg once daily. The primary outcome of the

study was the occurrence of a stroke or systemic

embolism. After a mean follow-up of 1.1 years,

the study was prematurely terminated due to the

superiority of apixaban over aspirin. Major

bleeding risk between the two treatments was

similar. In this evolving scenario of AF, new

elements should be considered like the direct

oral anticoagulants with an improved benefit/

risk profile compared with warfarin and the

increasing awareness of potential nonvascular

health benefits (e.g., prevention of cancer) of

long-term aspirin therapy.

For all these reasons, current guidelines rec-

ommend the use of oral anticoagulation, aspirin,

or no treatment for patients who present a

CHA2DS2-VASc score of 1. In the case of a

score equal or more than 2, oral anticoagulation

is indicated (CHA2DS2-VASc score assigns one

point for heart failure or ejection fraction

�35 %, hypertension, diabetes, vascular disease,

and female sex and two points for age >75 years

and stroke, TIA, or systemic emboli) [41].

In summary, properly dosed anticoagulation

is extremely effective in preventing AF-related

strokes, reducing risk by two-thirds compared

with no therapy and by one-half compared with

aspirin.

In the near future, these novel therapeutic

options and areas of knowledge will be

integrated with an assessment of the individual

AF patient’s ischemic and bleeding risks, as well

as values and preferences in order to perform a

personalized antithrombotic therapy in AF.

Deep Vein Thrombosis and Pulmonary
Embolization

Venous thromboembolism (VTE) includes deep

vein thrombosis (DVT) and pulmonary embo-

lism (PE). It is a frequent and potentially life-

threatening event.

Acute pulmonary embolism (PE) is the most

serious clinical presentation of venous thrombo-

embolism [42]. It is the third most frequent car-

diovascular disease with an overall annual

incidence of 100–200 per 100,000 inhabitants.

To date different agents are available for the

effective treatment of acute VTE and the preven-

tion of recurrence. Direct oral anticoagulants

seem to have a more favorable risk-benefit pro-

file compared to vitamin K antagonist.

The role of aspirin is mainly focused on the

prevention of new events. In two recent trials

with a total of 1224 patients, extended therapy

with aspirin (after the termination of standard

oral anticoagulation) was associated with a

30–35 % reduction in the risk of recurrence

after unprovoked DVT and/or PE. This

corresponds to less than half of the risk reduction

achieved by oral anticoagulants, but it should be

noted that the bleeding rates associated with

aspirin were low [43, 44].

Strategies to Optimize the Use
of Aspirin

Aspirin-induced impairment of primary hemo-

stasis cannot be separated from its antithrombotic

effect and its effect favoring bleeding. Evalua-

tion of the individual CV and GI risk with differ-

ent available tools [45] and the reduction of risk

with modifiable measures are mandatory in the

primary and secondary prevention of CV events.

Table 9.5 presents ten strategies to optimize the

use of LDA in clinical practice. This table

reflects the best available evidence in the field

of pharmacology and also in the prevention and

treatment of cardiovascular diseases and cancer.

It describes also the attitude in the case of acute

bleeding.

Future

Due to the fact that most aspirin trials for primary

CV prevention have enrolled individuals at low

cardiovascular risk (<1 % event rates per

person-years), several ongoing trials are

investigating the safety and efficacy of LDA
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daily versus placebo at high level of CV (cardio-

vascular) risk [17–19, 46, 47]. Also, the

clarification of the value of aspirin in the preven-

tion cancer would extend the indications of aspi-

rin treatment.

More research is needed in order to establish

strategies for the identification of the risk factors

for upper and lower GI bleeding.

Conclusions

Aspirin has proved to prevent fatal and nonfatal

cardiovascular events in the secondary preven-

tion of cardiovascular disease irrespective of age

and gender. In contrast, in primary prevention,

the cardiovascular benefits of adding LDA to

statins and antihypertensive drugs are likely to

be of similar magnitude and a safer profile.

Ongoing primary prevention trials may help

assess the benefit/risk profile of LDA in

preventing multiple outcomes (cardiovascular,

dementia, and cancer).

A clinical risk-benefit analysis of the appro-

priate therapy should precede any indication of

LDA, PPI, or both. Algorithms to integrate the

stratification of risk on the GI bleeding risk with

the ischemic/thrombotic side are needed, and

some are already available for the clinician.
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Adverse Effects of Low-Dose Aspirin
in the Gastrointestinal Tract 10
Katsunori Iijima

Introduction

Aspirin is widely administered at relatively low

doses (75–325 mg/day) as an antithrombotic

drug to prevent cerebrovascular and cardiovascu-

lar disease. However, aspirin, even at low doses,

exerts adverse effects on the gastrointestinal

(GI) tract through its pharmacological inhibitory

action on cyclooxygenase (COX), which leads to

GI tract ulcers and GI tract bleeding. Low-dose

aspirin (LDA)-induced upper GI tract injury has

received much attention [1, 2]. However, cur-

rently, although upper GI bleeding is decreasing,

lower GI bleeding is increasing [3, 4], and

renewed attention is focused on mucosal injury

in the more distal sites (small and large intestine).

Because the prevalence of serious GI adverse

events, such as GI bleeding, is considerably low

[5], identifying potential risk factors is important

for establishing an efficient preventive strategy

for long-term LDA users. In this chapter,

LDA-induced adverse effects on the upper and

lower GI tract are briefly reviewed regarding

their pathogenesis, epidemiology, risk factors,

and prevention.

Upper GI Tract Injury

Pathogenesis

Aspirin induces gastroduodenal mucosal injury

through topical irritation or systemic effects

through the inhibition of COX-1, which regulates

prostaglandin biosynthesis from arachidonic

acid. However, enteric-coated aspirin, which is

designed to reduce local damage, has failed to

show any clear benefit over uncoated LDA for

reducing upper GI bleeding [6, 7], suggesting

that the systemic effects, rather than the topical

actions, are mainly involved in the pathogenesis

of LDA-induced gastroduodenal lesions. The

depletion of mucosal prostaglandin induced via

the pharmacological action of aspirin results in

impaired epithelial defenses, such as impaired

gastric mucus secretion [8, 9], because prosta-

glandin in the gastroduodenal mucosa plays a

central role in controlling the epithelial defense

mechanism [10, 11]. Gastric acid is likely to

exacerbate aspirin-induced injury through HCl

back diffusion, resulting in the formation of a

deeper injury [12, 13]. An essential role of gastric

acid in LDA-induced gastroduodenal injury is

supported by the preventive effect of a potent

inhibitor of gastric acid secretion, a proton

pump inhibitor (PPI), on aspirin-induced gastro-

duodenal mucosal injury [14]. In addition, aspi-

rin induces the adhesion of neutrophils to

endothelial cells within the mucosal capillaries
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by increasing intracellular adhesion molecule-1

(ICAM-1) expression, resulting in reduced blood

flow with ischemic changes [15, 16].

Epidemiology

LDA induces a variety of upper GI adverse

events, ranging from dyspeptic symptoms with-

out macroscopic lesions to complicated peptic

ulcers (bleeding and perforation) and even

death.

Upper GI symptoms are common in LDA

users, with a prevalence of up to 15–20 % of all

such patients [17–19]. The extent and severity of

endoscopic mucosal damage are not directly

associated with an increased risk for dyspeptic

symptoms [1, 19, 20]. Dyspepsia is not life

threatening, but it can be a serious problem

because it may decrease adherence to LDA due

to troublesome symptoms [17]. Constant admin-

istration of LDA is a critical issue because the

cessation of LDA is a significant risk factor for

adverse cardiovascular events [18].

Endoscopic controlled studies have revealed

that a variety of severe gastroduodenal mucosal

injury, including petechiases, erosions, and

ulcers, can be induced by LDA administration.

Erosive lesions are frequently seen in up to 60 %

of LDA users [19, 20]. In a recent, large-scale

prospective study comprising 1454 LDA users in

Japan, the prevalence of gastroduodenal erosions

was reported to be 29.2 % [21]. In addition, the

prevalence of gastroduodenal ulcers ranged from

5 to 30 % [19, 20]. The wide range of prevalence

of LDA-induced gastroduodenal erosions and/or

ulcers is partly due to the geographic differences

resulting from the diverse effects of H. pylori

infection on gastroduodenal lesions, such that

the prevalence is higher in Western countries

than that in Asia [22], or to the timing of the

endoscopic examination. Notably, only 20 % of

gastroduodenal ulcers were associated with the

manifestation of dyspeptic symptoms[1]; thus,

the clinical significance for the majority of

asymptomatic erosions or ulcers is obscure

because such tiny lesions likely heal spontane-

ously over a period of time.

Relatively few gastroduodenal ulcers lead to

ulcer complications (bleeding or perforation) that

could be life threatening. The annual incidence

rate of major GI bleeding in a double-blind

randomized, placebo-controlled trial of LDA

users ranged from 0.07 to 1.57 %, and the rela-

tive risk of major GI bleeding in LDA users in

relation to controls ranges from 1.5 to 2.6

[5, 19]. Perforation is also a rare event in LDA

users, with an incidence of 32.7 per 100,000

patient-years in patients older than 65 years

[19, 20].

Risk Factors

Because of the large number of patients taking

LDA to prevent cerebrovascular and cardiovas-

cular diseases and the relatively rare incident rate

of complicated upper GI adverse events in aspi-

rin users, identifying high-risk groups for upper

GI adverse events from LDA users and targeting

them as a prevention therapy should be an effec-

tive strategy [23].

A history of peptic ulcer, particularly

associated complicated (bleeding or perforated)

ulcers, is the most important risk factor for gas-

troduodenal adverse events in LDA users. Previ-

ous observational studies have indicated that a

history of peptic ulcers increases the risk of the

upper GI complication by approximately two- to

threefold, and for a history of complicated pep-

tic ulcers, the risk further increased five- to

sixfold compared with the absence of such

histories [24–26].

Older age (60 year or more) is generally

considered a risk factor for gastroduodenal

complications in patients taking LDA,

although there are few studies to support this

indication [23]. Otherwise, general comorbid

diseases accompanied by aging rather than

aging itself may be a therapeutic target for

prevention in LDA users because after ulcers

start bleeding, the comorbidity is associated

with a fatal condition in peptic ulcer bleeding

[27, 28].

The concomitant usage of some other drugs

enhances LDA-induced upper GI adverse events.
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To date, it has been established that

co-prescribed nonaspirin nonsteroidal anti-

inflammatory drugs (NSAIDs), including

COX-2-selective inhibitors, antiplatelet agents,

anticoagulants, and oral corticosteroids, increase

the risk of adverse upper GI events in LDA users

compared with monotherapy [23–26]. The

interactions between these drugs and LDA were

confirmed not only by many observational stud-

ies but also by more recent large-scale analyses

using a network of healthcare databases

[29, 30]. Because most of these drugs have inju-

rious effects on the upper GI mucosa, it is not

surprising that the concomitant use of these drugs

exacerbates LDA-induced upper GI mucosal

injury.

For the interaction betweenH. pylori infection

and LDA use, thus far, observational studies have

shown conflicting results, with some showing an

additive effect, others showing antagonizing

effects, and still others showing no overall inter-

action [23]. A recent systematic review of

H. pylori and the risk of upper GI bleeding in

aspirin users concluded that the current data are

not sufficient to allow a meta-analysis of the issue

[31]. A series of recent studies in which individual

gastric acid secretion levels were measured in

chronic LDA users indicated that H. pylori infec-

tion could have biphasic effects on drug-induced

gastroduodenal injury, depending on the gastric

acid secretion level. The infection exacerbates

mucosal injury in the presence of sufficient gastric

acid, whereas the infection protects the mucosa

from injury through a hypochlorhydric state

accompanied by the infection [32–35]. In patients

with H. pylori infection, evaluation of serum pep-

sinogen levels or endoscopic findings prior to the

commencement of aspirin administration may

help identify a high-risk group for upper GI

adverse events from LDA users by extracting

hyperchlorhydric subjects [32, 33].

Prevention

According to several guidelines [36, 37],

patients with the above risk factors for

upper GI bleeding must be coadministered

preventive gastroprotective drugs when LDA

is started.

The effectiveness of potent antisecretory

drugs, PPIs, on upper GI adverse events in LDA

users has been consistently reported in several

randomized controlled trials [38–40]; PPIs

completely prevent the recurrence of upper GI

events in LDA users, even in high-risk groups

with histories of complicated peptic ulcers

[14]. Therefore, co-therapy with PPIs is

recommended for LDA users with risk factors

based on an expert consensus [36, 37], and pre-

vention therapy is broadly implemented in clini-

cal practice. In addition, PPIs may be effective in

alleviating dyspeptic symptoms, even in the

absence of endoscopic abnormality [41, 42],

which could boost patient compliance with

LDA treatment. Therefore, the broader applica-

tion of PPIs to a wide range of LDA users,

regardless of the presence or absence of

accompanying risk factors, would be an alterna-

tive strategy for managing aspirin users in the

expectation of boosting patient adherence to

long-term LDA treatment [14]. However, other

than the cost-effectiveness of the broader appli-

cation of PPIs, recent studies in animal models

and humans have indicated that PPI administra-

tion may enhance LDA-induced mucosal injury

at more distal sites (small intestine) instead of

preventing gastroduodenal mucosal injury, as

discussed below. Hence, preventive therapy

with PPIs should remain targeted to LDA users

with risk factors.

By contrast, although a previous study

indicated the significant effectiveness of a hista-

mine H2 receptor antagonist (H2RA) on upper GI

adverse events in LDA users compared to pla-

cebo [43], other studies have demonstrated that

the preventive effect by H2RA is significantly

inferior to that of PPIs [44, 45]. Therefore,

co-therapy with H2RA is unsatisfactory for the

prevention of adverse upper GI events in LDA

users.

Misoprostol, a prostaglandin E1 analogue,

shows preventive effects on NSAID-induced

gastroduodenal mucosal injury, although the use

of the drug was restricted due to its severe

abdominal side effects, such as diarrhea and
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nausea. However, a previous study demonstrated

that a lower dose of misoprostol (100 mg/day)

significantly reduces gastroduodenal mucosal

injury in LDA users without any abdominal

side effects [46]. Rebamipide, a drug that

stimulates gastric mucosal prostaglandin E1 and

enhances the accompanying gastric mucus secre-

tion [47, 48], also has potential effectiveness in

the prevention of LDA-induced gastroduodenal

mucosal injury without any serious side effects

[49, 50]. However, these are small and explor-

ative studies, and large-scale, clinical studies are

required to introduce misoprostol or rebamipide

in the clinical setting for the prevention of

LDA-induced gastroduodenal mucosal injury.

H. pylori eradication therapy should be con-

sidered in H. pylori-positive LDA users with a

history of peptic ulcers because a recent study

indicated the long-term efficacy of the treatment

for the recurrence of ulcer complications [51], as

recommended by a recent European guideline on

the management of H. pylori infection [52]. By

contrast, the efficacy of eradication therapy for

adverse gastroduodenal events in the remaining

unselected H. pylori-positive LDA users without

a history of peptic ulcers remains to be clarified

[23]. This issue has significant implications in

countries where the H. pylori infection rate

remains high in the elderly, who are occasionally

subjected to daily LDA intake, although the

H. pylori infection rate is decreasing worldwide.

Lower GI Tract Injury

Pathogenesis

NSAIDs/aspirin also injures the small and large

intestines with both topical effects on the epithe-

lium and systemic effects via the suppression of

epithelial prostaglandin biosynthesis. The latter

mechanism is primarily involved in aspirin-

induced enteropathy. The pathogenesis of

NSAIDs/aspirin is multifactorial, and the follow-

ing factors may be involved in the manifestation

of drug-induced enteropathy: increased intestinal

permeability, decreased intestinal mucus secre-

tion, neutrophil infiltration and accompanying

free radial formation, and bacterial infection

[53–55]. Increased intestinal permeability may

allow bile acid, pancreatic juice, and bacteria to

invade the intestinal epithelium, leading to the

induction of an inflammatory reaction in the tis-

sue [53–55]. Consequently, inflammation in the

small intestine is frequently manifested as muco-

sal lesions, such as erosions and ulcers. A previ-

ous study demonstrated that NSAIDs do not

induce small intestine injury in germ-free rats

[56]; therefore, bacteria in the small intestine

may play an essential role in the formation of

the ultimate mucosal lesions.

Nonetheless, caution should be used when

extrapolating these mechanisms to the pathogen-

esis of aspirin-induced enteropathy occurring in

humans because the majority of findings are from

NSAID-induced enteropathy in animal models.

In fact, experimental animal studies showed that

orally administered aspirin, even at large doses,

does not induce mucosal injury in the small

intestine [53–55]. The difference in susceptibility

to small intestine injury between NSAIDs and

aspirin may be due to the difference in exposure

time to each drug in the small intestine because

the enterohepatic circulation of NSAIDs results

in multiple time exposures of small intestine to

the drug, whereas there is little enterohepatic

circulation for aspirin [53–55]. However, previ-

ous studies showed increased intestinal perme-

ability in aspirin users, even at a low dose, in

humans [57, 58]. Thus, LDA may induce small

intestine mucosal injury via the same mechanism

as ordinary NSAIDs.

Epidemiology

Until recently, it was believed that damage to the

human GI tract by LDA is mainly confined to the

upper portion of GI tract up to the duodenum

because the drug is primarily absorbed in the

stomach and duodenum and rarely reaches the

small intestine. Consequently, epidemiological

studies on LDA-associated lower GI tract

adverse events were limited, although the upper

GI tract has been extensively investigated. How-

ever, with the advent of capsule endoscopy and
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double balloon enteroscopy, the presence of

small bowel injury can now be observed. Since

the first case report of severe enteropathy in a

LDA user by Leung et al. in 2007 [59],

LDA-induced mucosal injury of the lower GI

tract has received a great deal of attention.

The causal relationship of LDA to small intes-

tine mucosal injury was confirmed using capsule

endoscopy in healthy volunteers, in whom the

short-term (1–2 weeks) administration of LDA

significantly increased small intestine lesions

compared with controls [57, 60]. Several studies

using capsule endoscopy revealed the high prev-

alence (80–100 %) of small intestine injury of

any degree in chronic LDA users with a wide

spectrum of lesions, including multiple

petechiae, loss of villi, erosions, and ulcers,

although each study included a small number of

patients (10–30 patients) [54]. A portion of these

lesions may contribute to the pathogenesis of

unexplained iron deficiency anemia or

hypoalbuminemia, both of which are signifi-

cantly more frequently observed in chronic

LDA users [61, 62]. However, the clinical signif-

icance of the remaining vast majority of small

intestine lesions observed in LDA users remains

uncertain; therefore, human studies on small

intestinal mucosal injury in LDA users should

be interpreted with caution.

Colonic diverticular bleeding is the most fre-

quent cause of lower GI bleeding, constituting

40 % of episodes of severe hematochezia

[63]. Several studies have indicated that LDA

use is a significant increased risk factor for diver-

ticular bleeding [64–66], and a recent meta-

analysis confirmed this association [67]. LDA

use may facilitate bleeding of the colonic diver-

ticulum partly due to its antithrombotic property.

No previous study has investigated the preva-

lence of lower GI bleeding in LDA users. The

incidence of lower GI bleeding is 20–80/

100,000, based on some population-based studies

from the USA, Spain, and Iceland [3, 63,

68]. Because LDA use is associated with an

increased risk of lower GI bleeding, with an

odds ratio of 2–3 [69], the incidence of lower

GI bleeding in LDA users should be severalfold

higher than in the general population; however, it

remains considerably low, in contrast to the high

prevalence of lower GI tract mucosal lesions in

LDA users.

Risk Factors

Considering the relatively low prevalence of

lower GI bleeding in chronic aspirin users, the

identification of risk factors is important for

targeting patients with a potential preventive

therapy. However, the risk factors for lower GI

tract injury in LDA users are only now being

identified and thus remain largely unknown.

Using capsule endoscopy in 205 chronic LDA

users, Endo et al. identified the use of enteric-

coated aspirin and PPI use as independent risk

factors for the presence of small intestinal muco-

sal breaks [70]. Enteric-coated aspirin is

designed to dissolve in the proximal small intes-

tine to prevent gastric damage; however, this

formula may allow aspirin to contact the intesti-

nal mucosa at a high concentration, resulting in

exacerbation of small intestinal injury. By con-

trast, the finding that PPI use exacerbates small

intestinal injury in LDA users is supported by

animal model studies by Wallace et al., who

found that PPI use provokes dysbiosis in the

small intestine through potent suppression of

gastric acid, leading to exacerbation of NSAID-

induced mucosal injury at that site in rats

[71]. More recently, two case-control studies

with lower GI bleeding as a primary outcome

reported conflicting results for the association

between PPI use and lower GI bleeding in LDA

users. Lanas et al. reported that PPI use is weakly

but significantly associated with an increased risk

of lower GI bleeding in NSAIDs and/or LDA

users [69], whereas Nagata et al. demonstrated

that PPI use was not associated with the risk of

lower GI bleeding in the entire cohort and even

among LDA users [72]. Whether PPI use para-

doxically exacerbates small intestinal injury in

LDA users but PPI effectively prevents upper GI

mucosal injury is a critical issue to be solved

when managing aspirin users. An additional

high-quality study to determine the association

between PPI use and small intestinal mucosal
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injury in LDA users is required to establish a

comprehensive strategy for the prevention of

mucosal injury to the overall (upper and lower)

GI tract.

Prevention

Recently, there have been some attempts to pre-

vent LDA-induced small intestinal injury,

although these studies are all small and explor-

ative. Using capsule endoscopy, Watanabe

et al. demonstrated that misoprostol is effective

in reducing the number of mucosal breaks of the

small intestine in chronic LDA users, although a

substantial portion (3 of 11) of patients experi-

enced severe side effects of misoprostol (diar-

rhea) and dropped out of the study [73]. Endo

et al., using capsule endoscopy in randomized

controlled trial, indicated that probiotic (Lacto-

bacillus casei) administration significantly

decreased the number of mucosal breaks of the

small intestine in chronic LDA users, with no

side effects of the probiotics during the study

period of 3 months [74]. This result is supported

by an animal model study that showed the effec-

tiveness of probiotics (Lactobacillus casei strain
Shirota) on indomethacin-induced small intesti-

nal injury [75].

Some studies have demonstrated the effec-

tiveness of rebamipide in prevention of small

intestinal injury in LDA users. As discussed

above, rebamipide may exert its beneficial

effects on not only the gastroduodenal mucosa

but also the small intestinal mucosa by increasing

mucosal prostaglandin biosynthesis

[47]. Mizukami et al., using capsule endoscopy

in healthy volunteers, indicated the significant

effectiveness of rebamipide in reducing the num-

ber of subjects with small intestinal mucosal

breaks [76]. More recently, Watanabe

et al. used capsule endoscopy in a randomized,

double-blind placebo-controlled trial and

demonstrated that a high dose of rebamipide,

but not placebo, significantly decreased the num-

ber of mucosal breaks in the small intestine in

chronic LDA users without any side effects

[77]. These studies indicate that probiotics and

rebamipide are promising agents to prevent

LDA-induced small intestinal injury. However,

the number and presence of mucosal breaks were

defined as primary outcomes for these studies,

and the clinical significance of these lesions

remains obscure because of the high prevalence

of these lesions in the small intestines of LDA

users. Further studies are required to investigate

the effectiveness of candidate drugs on

LDA-related small intestinal adverse lesions

using the more rigorous clinical outcomes, such

as decreased GI bleeding.

By contrast, there is no established prophy-

laxis for lower GI bleeding, including diverticu-

lar bleeding, in LDA users at present. In

particular, diverticular bleeding usually occurs

in the absence of mucosal injury [78], and a

different preventive strategy other than the

administration of muco-protective drugs is

required to reduce the risk of LDA-related diver-

ticular bleeding.

Conclusion

A preventive strategy for LDA-induced upper GI

adverse events is being established that targets

high-risk patients with preventive co-therapy

using PPI administration. However, the epidemi-

ology, risk factors, and treatment for

LDA-induced lower GI adverse events are

largely unknown at present. Because the inci-

dence of lower GI bleeding is increasing in

LDA users but that of the upper GI bleeding is

decreasing, a preventive strategy for drug-

induced lower GI adverse events must be

established immediately.
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Aspirin in the Treatment
and Prevention of Cardiovascular
Disease: Need for Individual
Clinical Judgments
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Sarah K. Wood, Angel Lanas, and Charles H. Hennekens

Introduction

Cardiovascular disease (CVD), which includes

coronary heart disease (CHD) and stroke, is by

far the leading cause of death in most developed

countries and is rapidly becoming the leading

cause of death in the world. This alarming and

potentially avoidable situation results mainly

from major increases in cigarette smoking, obe-

sity, and physical inactivity in both developed

and developing countries [1]. In this context,

the availability of an adjunctive drug therapy

that is readily available at low cost represents a

desirable possible option which requires a reli-

able totality of evidence that includes large-scale

randomized trials designed to test the hypothesis.

The totality of evidence on aspirin in a very

wide range of high-risk patients supports its rou-

tine prescription by health-care providers to

decrease their risks of subsequent occlusive

CVD events, but, in low-risk primary prevention

subjects, the absolute benefits on occlusion may

not outweigh the absolute risks on bleeding [2].

In this chapter, we review the benefits and

risks of aspirin in high-risk secondary and

primary prevention patients as well as moderate-

and low-risk primary prevention subjects.

We quantitate the relative and absolute benefits

on various manifestations of occlusive vascular

diseases as well as the relative and absolute risks

on gastrointestinal and bleeding consequences.

Although aspirin is available in many countries

over the counter, its utilization to treat and pre-

vent chronic conditions such as cardiovascular

disease should be based on an individual judg-

ment of the responsible clinician that weighs the

absolute benefits against the absolute risks.

Aspirin and Its Beneficial Effects
on Occlusive CVD Events

Who Does Need Aspirin?

How Much Is the Magnitude
of the Benefit?
In secondary prevention of CVD, the Anti-

thrombotic Trialist’s Collaboration performed

the most comprehensive, worldwide meta-
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Enfermedades Hepáticas y Digestivas (CIBERehd),

Aparato Digestivo, Zaragoza, Spain

Service of Digestive Diseases, University Hospital

Lozano Blesa, Zaragoza, Spain

e-mail: angel.lanas@gmail.com

C.H. Hennekens, M.D. (*)

First Sir Richard Doll Professor & Senior Academic

Advisor to the Dean, Charles E. Schmidt College of

Medicine, Florida Atlantic University,

Boca Raton, FL, USA

e-mail: PROFCHHMD@prodigy.net

# Springer International Publishing Switzerland 2016

A. Lanas (ed.), NSAIDs and Aspirin, DOI 10.1007/978-3-319-33889-7_11
153

mailto:angel.lanas@gmail.com
mailto:PROFCHHMD@prodigy.net


analysis of 195 randomized trials of antiplatelet

therapy, principally with aspirin, among more

than 135,000 high-risk patients with prior evi-

dence of cardiovascular disease, including prior

or acute myocardial infarction, prior or acute

stroke, or transient ischemia attacks, and other

high-risk groups such as unstable angina, chronic

stable coronary disease, and peripheral artery

disease, as well as patients with coronary artery

bypass grafts or percutaneous coronary

interventions [3]. Aspirin produced a statistically

significant and clinically important 22 % reduc-

tion in risk of subsequent vascular event. In this

wide range of patients with prior cardiovascular

disease, there were absolute reductions of

approximately 36 vascular events per 1000

patients with a prior myocardial infarction

treated for a mean of 27 months, 36 events per

1000 patients with a previous stroke or transient

ischemic attack treated for 29 months, and

22 events per 1000 patients with other high-risk

conditions treated for 22 months. With respect to

dose of aspirin, in indirect comparisons as well as

direct comparisons in three trials testing this

hypothesis, there were no significant differences

in efficacy or safety between doses of

75–150 mg/day and 160–325 mg/day. In addi-

tion, the most plausible mechanisms of aspirin

are on thrombosis and statins on atherosclerosis,

suggesting that the benefits of both drugs used

simultaneously would be additive [4]. Impor-

tantly, relevant information on this hypothesis

was generated from a meta-analysis of

randomized trials of statins in secondary preven-

tion which aspirin was used in varying

frequencies. In this meta-analysis, the combina-

tion of aspirin and statins conferred, at the very

least, additive clinical benefits than either agent

alone on myocardial infarction, occlusive stroke,

and death from cardiovascular disease. In fact,

the probability that the benefits were greater than

just additive was 92 %. Finally, these benefits

were apparent in the two largest individual trials,

namely, LIPD and CARE, that comprised this

meta-analysis [5].

With respect to aspirin given during acute

myocardial infarction, the Second International

Study of Infarct Survival (ISIS-2) randomized

17,187 patients within 24 h on onset of their

symptoms of acute myocardial infarction in a

2 � 2 factorial design to aspirin (162.5 mg),

streptokinase (SK) (1.5 million units), both

active treatments, or both placebos [6]. At

35 days, the primary prespecified endpoints of

total mortality were reduced to 23 % by aspirin,

25 % by SK, and 42 % by aspirin and SK

together. For aspirin, the mortality benefits were

similar regardless of whether administration was

within 1 h or up to 24 h after onset of symptoms

of acute MI. In contrast, those treated within 6 h

with SK had a 30 % reduction in mortality and

with SK and aspirin a 52 % reduction. Among

those assigned at random to aspirin, there were

statistically significant and clinically important

reductions in vascular deaths of 23 %, nonfatal

reinfarction of 49 %, and nonfatal stroke of

46 %. Major bleeds requiring transfusions were

similar in the aspirin and placebo groups (0.4 %).

After 35 days of treatment with aspirin, there

were no excess risks of cerebral hemorrhages

and only a slight increase in major bleeds.

In terms of absolute risk reductions of vascular

events, there was an avoidance of 38 events per

1000 patients with an acute myocardial infarc-

tion treated for one month [6].

In acute occlusive stroke, there are two land-

mark trials of aspirin. In each trial, occlusive

stroke was initially diagnosed by the responsible

clinician and subsequently confirmed by CT

scanning. The International Stroke Trial (IST)

randomized 19,435 patients to 300 mg aspirin

daily or open control [7]. The Chinese Acute

Stroke Trial (CAST) randomized about 20,000

patients to 160 mg aspirin daily or placebo

[8]. Each showed benefits, and a meta-analysis

showed a statistically significant and clinically

important 11 % reduction in vascular events as

well as nonfatal stroke and vascular deaths.

In terms of absolute risk reductions, for every

1000 patients with acute occlusive stroke, treat-

ment with aspirin avoided nine vascular events.

Thus, for all patients with acute occlusive stroke,

aspirin should be administered promptly and

continued long term [7, 8].

As regards primary prevention, the

Physician’s Health Study was the first to
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demonstrate a statistically significant benefit of

aspirin on first myocardial infarction in 22,071

apparently healthy men [9, 10]. Since that time,

there have been five additional major trials in

men and women which comprise over 90,000

subjects. A comprehensive meta-analysis of

these six major primary prevention trials using

individual participant data provided more reli-

able comparison of the benefits and risks of aspi-

rin in apparently healthy people. While all four of

the proportional reductions in major coronary

events and in ischemic stroke in the primary

and in the secondary prevention trials were simi-

lar to each other, vascular mortality was not

significantly reduced in the primary prevention

trials. Since the numbers of fatal events were far

smaller in the primary prevention trials, a pro-

portional reduction comparable with that in the

secondary prevention trials could not be

excluded. Regardless of the similarities in pro-

portional reductions, the absolute benefits of

aspirin are far smaller in the primary than in the

secondary prevention trials due to the far lower

absolute risks of the apparently healthy

subjects [11].

In the primary prevention trials, there were no

significant modifications of the benefits of aspirin

by age, smoking history, blood pressure, total

cholesterol, body mass index, history of diabetes,

or sex. In addition, an earlier suggestion that the

beneficial effects of aspirin in primary prevention

might differ between men and women has not

been supported by the more robust data from the

secondary prevention trials [12].

In primary prevention, aspirin reduces risk of

a first myocardial infarction, but the data on

stroke and vascular deaths remain inconclusive.

In addition, the average absolute risk of subjects

randomized in the primary prevention trials was

so low that it is not possible to get reliable

estimates of the benefit-to-risk ratio in primary

prevention in subjects at moderate risk. Nonethe-

less, to maximize the benefit-to-risk ratio in pri-

mary prevention, most current guidelines

recommend that aspirin be given to those above

a certain level of absolute risk at baseline. These

guidelines implicitly assume, perhaps errone-

ously, that risks of bleeding remain constant

and that the GI risk in all individuals is similar.

While the currently available trial results could

well help inform appropriate individual clinical

judgments on use of long-term aspirin, they do

not seem to justify general guidelines advocating

the routine use of aspirin in all apparently healthy

individuals above a moderate level of risk of

coronary heart disease. The ongoing trials in

moderate- to high-risk primary prevention may

facilitate a reliable benefit-to-risk ratio of aspirin

in primary prevention among subjects at moder-

ate risk [11]. Nobody would disagree that a non-

fatal myocardial infarction or stroke is more

likely to be disabling than a nonfatal bleed, but

any judgment about the use of aspirin in primary

prevention should be made on an individual clin-

ical basis. Thus, in primary prevention, at pres-

ent, the appropriate and judicious use of aspirin

by clinicians based on individual clinical

judgments that weigh the absolute benefits on

first myocardial infarction against the absolute

risks of the drug will avoid premature morbidity

and possibly mortality from cardiovascular

disease.

Aspirin and Risks of Bleeding
in the Gastrointestinal Tract

Extent of the Damage to Upper
and Lower GI Tract: How much Is
the Risk? Who Is at Risk?

Due to its antiplatelet effect, aspirin increases the

risk of bleeding in different organs and systems.

A recent meta-analysis with data from 31 trials

reporting on any bleeds showed a significantly

increased risk of bleeding using low-dose aspirin

compared with controls (OR, 1.54; 95 % CI,

1.36–1.74; P < .001). Seventy one individuals

(95 % CI, 63–90) had to be treated to harm (NNH

value) a patient with any bleed. The incidence

rate difference was 8.1 (95 % CI, 4.0–12.2) per

1000 person-years. The authors also found an

association between dose of aspirin and

increased risks of bleeding (B coefficient, 0.60;

95 % CI, 0.18–1.02; P ¼ .004) and also an
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increased risk for hemorrhagic strokes (92 vs. 56;

Peto OR, 1.67; 95 % CI, 1.12–2.48; P ¼ .008;

I2 ¼ 21 %) [13].

The most frequent site of significant bleeding

events associated with aspirin treatment occurs in

the GI tract. Aspirin induces a wide spectrum of

adverse events in GI tract, including symptoms

without lesions to bleeding from the upper and

lower GI tract, although the most common cause

is peptic ulcer bleeding. Upper GI symptoms

include those related to gastroesophageal reflux

and dyspepsia which can be present in up to

15–20 % of patients taking aspirin

[14, 15]. These symptoms are associated with

decreased adherence or even aspirin therapy

discontinuation as high as 50 %, which is

associated with a threefold increased risk of CV

events. Clinical symptoms are not predictive of

the presence of mucosal damage. Endoscopic-

controlled studies have shown that most patients

taking aspirin have gastroduodenal erosions.

However, the incidence of ulcers is lower

[16, 17]. A study of 187 patients taking aspirin

without gastro-protectant drugs showed an ulcer

point prevalence of 11 % (95 % CI 6.3–15.1 %)

and projected a yearly ulcer incidence of 28 %.

Only 20 % of patients with ulcer had dyspeptic

symptoms, not significantly different from

patients without ulcer [14].

It is estimated that aspirin use is associated

with a two–fourfold increase in symptomatic or

complicated ulcers [13, 18]. The estimated aver-

age excess risk is five cases per 1000 aspirin

users per year [19]. A meta-analysis of

33 RCTs involving 87,581 individuals with

338,735 person-years of follow-up evaluation

[13] found an increased risk of any GI bleeds

with low-dose aspirin use (OR, 1.31; 95 % CI,

1.21–1.42; P < .001), translating into an NNH

of 166 (95 % CI, 125–250; IRD, 2.1; 95 % CI,

0–4.7 per 1000 person-years). Neither fatal GI

bleeds (OR, 0.94; 95 % CI, 0.47–1.87; P ¼ .87)

nor fatal hemorrhagic strokes (33 vs. 23; Peto

OR, 1.42; 95 % CI, 0.84–2.41) were associated

significantly with aspirin use. Observational

studies have reported in general higher-risk

estimates of upper GI bleeding [20, 21].

Another meta-analysis of individual partici-

pant data in six primary prevention trials

(95,000 individuals at low average risk) and

16 secondary prevention trials (17,000

individuals at high average risk) [11, 22] found

in primary prevention studies a small increase in

hemorrhagic stroke with aspirin treatment

vs. placebo (0.04 %vs. 0.03 %, p ¼ 0.05), with

no significant differences in vascular mortality

(0.19 % vs. 0.19 % per year, p ¼ 0.7). Aspirin

allocation increased major gastrointestinal and

extracranial bleeds (0.10 %vs. 0.07 % per year,

p < 0.0001). In this study, the main risk factors

for coronary disease were also risk factors for

bleeding. In the secondary prevention trials, aspi-

rin allocation was not associated with that

increase in hemorrhagic stroke. Aspirin

increased major gastrointestinal and other

extracranial bleeds by about half in the primary

prevention trials (0�10 % vs. 0.07 % per year;

RR 1�54 [1.30–1�82], p < 0.0001). The excess

risk was mainly due to nonfatal bleeds, perhaps

by chance. In secondary prevention trials, there

was an excess of major bleeds among aspirin-

treated patients (RR 2�69 [1.25–5.76], p ¼ 0.01)

(Table 11.1).

The association of aspirin use with adverse

effects on the lower GI tract is less documented.

A systematic review found a small increase of

fecal blood loss (0.5–1.5 mL per day) in aspirin

users [23]. One study conducted in healthy

volunteers showed that enteric-coated aspirin

treatment was associated with small intestine

mucosal damage in 50 % of volunteers; a few

volunteers developed asymptomatic deep ulcers.

These lesions could explain why some aspirin

users develop bleeding of “unknown” source,

iron deficiency anemia, or hypoproteinemia.

A study in health professionals concluded that

aspirin increases significantly the risk of diver-

ticulitis and diverticular bleeding, reporting an

HR ¼ 1.25 (95 % CI 1.05–1.47) for diverticuli-

tis and an HR ¼ 1.70 (95 % CI 1.21–2.39) for

diverticular bleeding [24]. Another Japanese

study also found association of aspirin and

other antiplatelet agents with diverticular bleed-

ing [25]. A more recent study by Lanas et al. [26]

quantified the relative risk of upper and lower GI
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bleeding associated with use of NSAIDs,

antiplatelet drugs, and anticoagulants. NSAIDs,

anticoagulants, aspirin, and nonaspirin

antiplatelet agents were associated with both

upper and lower GI bleeding. The adjusted

relative risks of upper and lower GI bleeding

for aspirin were 1.7 (95 % CI 1.2–2.6) and 2.7

(95 % IC 1.8–4.1), respectively, whereas for

nonaspirin antiplatelets were 2.8 (95 % CI

1.4–25.8) and 2.8 (95 % IC 1–3.2), respectively.

Risk Factors

The risk of upper GI complications differs

among aspirin users. Several risk factors for

GI bleeding in patients treated with antiplatelet

aspirin therapy have been reported and include

history of peptic ulcer disease, older age, con-

comitant use of NSAIDs or other antiplatelet

agents or anticoagulants, severe comorbidity,

aspirin dose, and H. pylori infection. Other

potential risk factors have been also mentioned

(corticosteroids, alcohol use, and high body

mass). Importantly, one of the most recent

meta-analyses [11, 22] concluded that GI and

CV risk factors were similar including age,

male sex, diabetes, smoking, and high blood

pressure. The relative risk of GI bleeding

increases with the number of risk factors pres-

ent in the patient.

History of complicated and uncomplicated

peptic ulcer is the most important risk factor in

aspirin users [27, 29]. The meta-analysis of seri-

ous vascular events and major bleeds in six

primary prevention trials and 16 secondary pre-

vention trials showed that age (per decade) was

associated with an increased risk of major extra-

cranial bleed (RR 2.15, CI 95 %,

1.93–2.39) [11].

Aspirin use is frequent among NSAID users

(20–25 % in clinical trials), mainly in the elderly.

The combination increases further two–threefold

the risk compared to monotherapy with aspirin

[27, 28, 30]. The GI benefits of selective COX-2

inhibitors over nonselective NSAIDs are reduced

with the coadministration of aspirin, although a

meta-analysis of all available trials that included

patients treated with aspirin and nonselective or

selective NSAIDs showed a lower risk of GI

complications in patients taking a selective

COX-2 inhibitors plus aspirin, compared with

those taking nonselective NSAIDs plus aspirin

[RR 0.72 (95 % CI 0.62–0.95)] [31]. It must be

pointed out that these studies were

nonrandomized trials and the data were obtained

from indirect comparisons.

Dual antiplatelet therapy (aspirin plus other

antiplatelet agents) is common in several clinical

scenarios. Dual therapy increases the risk of GI

bleeding to a higher degree (two- to threefold)

than aspirin alone. The absolute risk increase was

in the range of 0.6–2.0 % [32]. In the CHA-

RISMA (clopidogrel for high atherothrombotic

risk and ischemic stabilization, management, and

avoidance) trial, patients treated with the combi-

nation therapy had a higher risk of moderate to

severe bleeding during the first year when com-

pared to aspirin alone [33]. However, not

all studies have confirmed these results [27, 34].

Table 11.1 Absolute and relative effects of aspirin of three major outcomes in primary and secondary prevention trials

in a meta-analysis of the Antithrombotic Trialist’s (ATT) Collaboration [11]

Variable

Primary

prevention

(660,000 person-

years)

Secondary

prevention (43,000

person-years)

Rate ratio

primary

prevention

(95 % CI)

Rate ratio

secondary

prevention

(95 % CI)

P value for

heterogeneity

Major

coronary events

934 vs. 1115 995 vs. 1214 0.82 (0.75–0.90) 0.80 (0.73–0.88) 0.7

Vascular death 619 vs. 637 825 vs. 896 0.97 (0.87–1.09) 0.91 (0.82–1.00) 0.4

Major

extracranial

bleed

335 vs. 219 23 vs. 6 1.54 (1.30–1.82) 2.69 (1.25–5.76) 0.2
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Anticoagulants do not affect directly the GI

mucosa but have a high anti-hemostatic effect.

Most data suggest that concomitant use of anti-

coagulant and aspirin increases the risk of

GI bleeding to a higher degree than aspirin

alone [13].

A recent systematic review evaluated the

influence of H. pylori on upper GI bleeding risk

in aspirin users. Authors concluded that current

data do not allow performing meta-analyses and

that no firm conclusion could be drawn on this

issue [35]. We have recently performed the larg-

est case-control study evaluating the interaction

between H. pylori infection and aspirin or

NSAID use. H. pylori infection, NSAID use,

and aspirin treatment were independent risk

factors for upper GI bleeding but found no inter-

action between aspirin and H. pylori infection
[36]. In contrast, a cohort study showed that

patients with peptic ulcer bleeding history treated

with aspirin in whom H. pylori was eradicated

had a similar recurrent bleeding rate not far dif-

ferent to those aspirin-treated patients with no

risk factor [37]. Sub-analysis of this cohort

showed however that in the presence of other

concomitant gastrotoxic medication, the risk of

bleeding was higher than in the average-risk

cohort.

Iijima and colleagues evaluated the possible

biphasic effects of H. pylori infection on aspirin-

induced gastropathy depending on the gastric

acid secretion level. They concluded that in the

presence of sufficient amounts of gastric acid,

H. pylori and aspirin could synergistically dam-

age the gastric mucosa, while in the absence of

sufficient gastric acid, the infection could even

suppress the aspirin-induced gastropathy. These

biphasic effects could explain the controversy

data in the literature about the role of H. pylori
infection in the GI risk in aspirin users [38].

Finally, aspirin dose is another important

aspect to consider related to its GI risk of bleed-

ing. Although studies are somehow conflicting,

most data show that the GI risk with aspirin is

dose dependent and that 75–100 mg daily is

enough to obtain the CV benefits. Therefore,

the current recommendation is to use the lowest

possible aspirin dose (�100 mg/day) for the

prevention of CV event. The risk of GI

complications with aspirin seems to be higher

in the first month of treatment, whereas with

longer durations, the risk decreases and then

remains constant over time [21, 39, 40]. This

effect has been explained as the consequence of

gastric adaptation to aspirin [41]. The use of

enteric-coated or enteric-buffered preparations

does not reduce the risk of GI complications

[42]. The reason for this is explained on the

understanding that the main effect of aspirin on

the gastric mucosa depends on the systemic

effects rather than in the local “topical” effects

of this compound.

Aspirin Beyond the CV System
and the GI Tract

With respect to other effects of aspirin,

randomized data suggest benefits of low dose in

the prevention of migraine [43] and high dose in

the treatment [44]. Observational data suggest

that elderly individuals who self-select for aspi-

rin have lower rates of loss of cognitive function,

but this hypothesis requires direct testing in

randomized trials of sufficient size and

duration [45].

In addition, a recently reported meta-analysis

of randomized trials, most of which were not

designed a priori to test the hypothesis, suggests

beneficial effects of aspirin on overall cancer

mortality [46].

Thus, the randomized data on prevention and

treatment of colon polyps as well as primary

prevention of colon cancer are more reliable

than the data from other shorter-term trials

which, in turn, are more reliable than the obser-

vational data on other cancers

How Do I Identify the Actual Risk
of My Patient?

On the basis of the available evidence, the

recommendation of aspirin in primary prevention

depends on the accurate assessment of
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cardiovascular risk as part of the decision-making

process. CV risk can be easily estimated today by

using the Framingham’s 10-year risk estimations

or the Systematic Coronary Risk Evaluation

(SCORE), a European cardiovascular disease

risk assessment. Framingham’s tables for CV

risk were based on the method reported on the

paper published by Wilson and colleagues [47]

for the prediction of cardiovascular heart disease

(angina pectoris, recognized and unrecognized

myocardial infarction, coronary insufficiency,

and coronary heart disease death), and it is acces-

sible online and in multiple apps. The risk is

based on several key variables including age,

gender, blood pressure, cholesterol levels, and

smoking (http://www.framinghamheartstudy.

org/ risk/coronary.html#tab3). The CV risk esti-

mation with Framingham’s tables seems to apply

better for American countries and the UK.

The SCORE system provides an estimation of

the 10-year risk of fatal cardiovascular disease

stratification in the primary prevention of CV

disease [48]. The CV risk can be grouped into

low, moderate, and high based on a six-step

method that combines a calculation of the

10-year risk for coronary heart disease and for

noncoronary cardiovascular disease, together

with the presence of CV risk factors, such as

smoking, cholesterol, and systolic blood pres-

sure. CV risk is estimated to be low when that

risk is <2 %, moderate when the risk is placed

between 2 and 5 %, and high when >5 %. Dia-

betes and previous CV pathologies (acute

myocardial infarction, angina, and ictus) are not

included in these models since they are

categorized directly in the high-CV-risk group

(Table 11.2). There is sufficient evidence to be

considered; these CV risk estimators are accurate

and are widely accepted and used worldwide.

GI Risk Estimations

GI risk estimations are not as standardized as

those described for the CV risk. Based on previ-

ous reports [49, 50], patients may be classified

into three GI categories when taking NSAIDs

(Table 11.3). That risk can be used for any

Table 11.2 Cardiovascular risk evaluation

Very high

(a) CV disease documented by either invasive or noninvasive techniques, myocardial infarction acute coronary

syndrome, coronary revascularization, cerebrovascular event, peripheral arterial disease

(b) Diabetes mellitus type 2 or type 1 associated with target organs (e.g., microalbuminuria 30–300 mg/24 h)

(c) Moderate to severe renal disease (estimated glomerular flow <60 mL/min/1.73 m2)

(d) SCORE � 10 %

High

(a) Any individual risk factor seriously increased such as familiar hypercholesterolemia or severe arterial hypertension

(b) SCORE �5 % y <10 %

Moderate

SCORE de �1 y <5 %

Low

SCORE <1 % y ausencia de otros factores de riesgo

Table 11.3 Gastrointestinal risk estimations

GI risk Complications per 100 patients-year NNT

Low

No risk factors <1.5 >120

Moderate

Presence of 1–2 risk factors, e.g., age >65 or any combination (1–2) 2–10 10–100

High

History of GI bleeding, therapy with ACOs, or 3 or more risk factors >20 <10
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patient who may receive potential gastrotoxic

drug such as aspirin. Patients at low GI risk are

considered patients without any of the risk

factors mentioned in the previous section.

Patients at moderate GI risk include those with

at least one of the following GI risk factors:

(1) age 60 or older, (2) concomitant use of

NSAIDs, (3) concomitant use of corticosteroids,

(4) concomitant use of other antiplatelet agents,

(5) history of symptomatic peptic ulcer, and

(6) history of dyspepsia. Patients at high GI risk

were those with either a GI bleeding history or

concomitant use of anticoagulants or the pres-

ence of three risk factors of those described for

moderate GI risk. These levels of risk were based

on the estimated incidence of events obtained

from combining different risk factors that

would put patients at a similar risk level to

those with a history of bleeding peptic ulcers.

In this way, in low-GI-risk patients, the expected

rate of upper GI complications should not exceed

1.5 events per 100 patients/year, whereas for

those at moderate GI risk, the rate should be

between 1.5 and 10, and for high-GI-risk

patients, the rate should be greater than ten

events per 100 patients/year. Patients being

treated with anticoagulants (warfarin or

coumadin or NOACs) were considered high

risk, because bleeding events in anticoagulated

patients can be more severe, when taking other

gastrotoxic drugs.

A recent study has provided an aspirin GI risk

calculator tool [51] that may help physicians in

assessing the actual risk of their patients and use

appropriate therapy. The authors of this tool used

data reported by Hernandez-Diaz and Garcia-

Rodriguez [19] as a baseline for the construction

of tables and algorithms. This study

characterized aspirin users together with major

gastrointestinal risk factors and provided inci-

dence rates as well as excess risk of upper GI

complications linked to low-dose aspirin. These

estimations were based on data from the UK

General Practice Research Database and system-

atic reviews of the literature. Based on those

reports, the ASA Risk Calculator (available

online at www.asariskcalculator.es) assumes an

overall baseline upper GI bleeding incidence rate

of 1 per 1000 person-years and then constructs

absolute incidence rates within each risk sub-

group based on pooled estimates and 95 % con-

fidence interval reported from different meta-

analyses. The calculator assumes that the pooled

relative risks of upper GI bleeding was 2.0 for

aspirin at doses <300 mg/day. The major risk

factors for the development of upper GI bleeding

were age, male gender, history of complicated

peptic ulcer, history of uncomplicated peptic

ulcer, and concomitant use of NSAIDs,

anticoagulants, or clopidogrel. Based on those

estimations, and as reported in their original arti-

cle, the calculator shows that in patients with low

CV risk, the use of aspirin induces more GI harm

than CV benefits in almost all clinical scenarios.

In patients with high CV risk, aspirin is

recommended, but the GI harms may overcome

sometimes the CV benefits in some patients.

Eventually, the calculator provided recom-

mendations that the use of PPI with/without

H. pylori eradication can reduce the harm and

increases the CV benefits of aspirin in most

clinical scenarios. However, in patients with com-

plicated peptic ulcer history and other risk factors,

the CV benefits may still be offset by GI harm.

Can We Reduce the GI Risk?

Reducing the GI risk linked to aspirin treatment

will increase the net beneficial CV effect and

increase treatment compliance. There are several

strategies to minimize the upper GI damage

induced by cardiovascular aspirin: (1) reducing

modifiable risk factors (including eradication of

H. pylori infection), (2) using the most appropri-

ate aspirin dose, and (3) using gastroprotective

agents.

Reducing Modifiable Risk Factors

Avoidance of Concomitant Gastrotoxic
Medication
Concomitant treatment of aspirin with NSAIDs

(nonselective and COX-2 selective), other
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antiplatelet agents, anticoagulants, and to a lesser

extent corticosteroids increases the risk of devel-

oping upper GI bleeding complications and prob-

ably lower GI bleeding as well. Guidelines

strongly suggest avoiding the combination of

NSAIDs and aspirin if possible. In addition, the

concomitant use of aspirin with ibuprofen, and

perhaps naproxen, should be avoided because

these NSAIDs interfere with the antiplatelet

effect of aspirin. This is due to competition

between both drugs for a common docking site

within the COX-1 channel. If these combinations

were used, aspirin should be taken first and well

before dosing with ibuprofen or naproxen, but

still interaction is possible, especially if a patient

takes enteric-coated aspirin where aspirin is

being released slowly for several hours and the

Tmax takes 4–5 h to occur [14–16].

Eradication of H. pylori Infection
H. pylori eradication is controversial in patients

without history of peptic ulcer taking aspirin.

This aspect has been commented above in the

risk factors section. Several studies have

evaluated the effect of H. pylori eradication in

the prevention of peptic ulcer bleeding recurrence

in aspirin users. The most important study was

conducted by Chan and colleagues and compared

long-term PPI treatment vs. H. pylori eradication

in H. pylori-positive patient with a recent peptic

ulcer GI bleeding event. The re-bleeding rate was

similar in both groups at 6 months of follow-up

[1.9 % vs. 0.9 %, respectively, (absolute differ-

ence 1 %; 95 % CI 1.9–3.9 %)] [55]. However,

the small sample size and short time of follow-up

could have prevented a different outcome and

conclusion. The largest long-term prospective

cohort study has been published recently

[37]. Over nine hundred patients were divided

into three cohorts and were followed up for

10 years or until death. The cohorts were

(1) H. pylori-positive patients with bleeding

ulcers in which H. pylori infection was

eradicated, (2) H. pylori-negative patients with

bleeding ulcers, and (3) new users of aspirin

without prior peptic ulcer. None of them received

regular PPI treatment. The incidence of upper GI

bleeding was not significantly different between

the H. pylori-eradicated cohort (1.09; 95 % CI

0.61–1.98) and the average-risk cohort of patients

without history of peptic ulcer (0.67; 95 %CI

0.42–1.06). Sub-analysis of the H. pylori-related

peptic ulcer bleeding cohort showed that in the

presence of other risk factors, these patients had

higher risk of ulcer bleeding compared to the

non-peptic ulcer history cohort. Moreover,

H. pylori-negative patients with bleeding ulcers

had a high risk of recurrent bleeding. The impact

of these findings is reduced because of the lack of

direct comparisons and the clinical differences

between the cohorts. The ongoing HEAT

(Helicobacter Eradication Aspirin Trial) study

aimed at the evaluation of the effect of H. pylori

eradication on the incidence of upper GI bleeding

in aspirin-treated patients can provide quality

evidence on the role of eradication in primary

CV prevention in aspirin users (ClinicalTrials.

gov, NCT01506986), but this will take a few

years to be known. In the meantime, guidelines

recommend that H. pylori infection should be

tested and treated in all patients with previous

ulcer history. Still those at high risk should

receive prevention therapy with antisecretory

agents.

Aspirin Dose

As commented above, the GI bleeding risk is

dose dependent, whereas the maximal CV bene-

ficial effect can be obtained with 75–100 mg of

aspirin daily. Based on these widely assumptions

and evidence, today these low doses of aspirin

are prescribed worldwide for this indication, and

all risk-benefit balances are based on these doses

that provide the best outcomes.

Gastroprotective Agents

Very few studies have evaluated the effect of

misoprostol on aspirin-related GI injury. An

endoscopic study showed that misoprostol signif-

icantly lowered the incidence of erosions in

healthy volunteers taking LDA [56]. Misoprostol
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has shown also to reduce the incidence of small

bowel erosions in aspirin users [57].

Data with H2 blockers are a bit more consistent.

These drugs can suppress gastric acid production

by up to 70 % over 24 h. Two prospective case-

control studies developed by Lanas and colleagues

showed conflictive data on the efficacy of H2

receptor antagonist. In the first study published in

2001, the risk of upper GI bleeding in patient

taking LDA was not significantly reduced by H2

receptor antagonist use (OR 0. 5, 95 %CI 0.2–1.2)

[28]. However, in the second study published in

2007, H2 receptor antagonists reduced signifi-

cantly the risk of upper GI bleeding in LDA users

(RR 0.40, 95 % CI 0.19–0.73) [58]. As in many

other observational studies, confounding factors

may have affected the outcome and explain the

differences between these two studies.

The most important clinical trial with H2

blockers was conducted in Scotland and com-

pared high-dose famotidine (20 mg/12 h) for

12 weeks vs. placebo in aspirin users without

ulcers at baseline [59]. Patients treated with

famotidine had a significantly lower incidence

of ulcers than placebo group (3, 8 %

vs. 23, 5 %, respectively). However, there were

several relevant concerns to consider: (1) rate of

H. pylori infection was higher in placebo group

and (2) some patients of famotidine group did not

have final endoscopy evaluation. In any case, due

to the potential interaction of PPIs with

clopidogrel, the use of famotidine in patients tak-

ing dual antiplatelet therapy has been

recommended. However, most guidelines still

recommend the use of PPI in high-risk patients

taking aspirin [32].

PPIs are potent inhibitors of gastric acid secre-

tion. Several studies have explored the impact of

PPI on reducing endoscopic damage and the risk

of GI complications in users of aspirin. Today,

considerable evidence support that PPIs are more

effective than H2 blockers as gastroprotective

agents in antiplatelet users [60] by comparing

directly PPI (pantoprazole 20 mg) with high

dose of famotidine (40 mg twice) in the preven-

tion of recurrence of uncomplicated or compli-

cated peptic ulcer in aspirin users. Recurrent GI

bleeding and uncomplicated ulcer were

significantly more common in the famotidine

group than in the pantoprazole group (7.7 %

vs. 0 %, p < 0.05 and 12.3 % vs. 0 %,

p < 0.05, respectively). A recent nested case-

control study investigated the impact of different

prevention strategies against GI complications in

aspirin or NSAID users; 2049 cases and 20,000

controls were included [61]. The risk of upper GI

bleeding associated with PPI use was 0.5 events

per 100 patient-years among aspirin users, 0.18

among clopidogrel users, and 0.17 among dual

antiplatelet therapy users. The corresponding

estimates for H2 receptor antagonist tended to be

smaller.

Many endoscopic studies have shown the high

efficacy of different PPI compounds at standard

doses in the prevention of upper gastrointestinal

mucosal damage [58]. Sugano et al. [62]

published this year the LAVENDER study. This

was a double bind, randomized, placebo-

controlled, and prospective trial that evaluated

the efficacy of esomeprazole (20 mg once daily)

for 72 weeks in the prevention of recurrent peptic

ulcer in aspirin users. Authors concluded that

esomeprazole 20 mg over 48 weeks prevented

the recurrence of peptic ulcers. Interestingly

45 % of patients were H. pylori positive, which
suggests that esomeprazole protected against

ulcer recurrence irrespective of H. pylori status.

The recent published PLANETARIUM study

evaluated the efficacy, dose-response relation-

ship (10 mg, 5 mg, and active control), and safety

of rabeprazole for peptic ulcer recurrence over

24 weeks in Japanese patients on aspirin treat-

ment. The cumulative recurrence rates of peptic

ulcers were 1.4 and 2.8 % in rabeprazole groups

(5 mg and 10 mg, respectively), significantly

lower than in the active control group (21.7 %).

In rabeprazole groups, there were not bleeding

ulcers. Therefore, rabeprazole prevented recur-

rence of peptic ulcers without evidence of a

major dose-response effect in patients on aspirin

therapy [63].

The efficacy of PPI in the prevention of

recurrence of ulcer complications has also been

confirmed in several studies. Lai and colleagues

[64] performed a RCT that compared

lansoprazole (30 mg/day) with placebo in aspirin
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users with history of peptic ulcer and who

had already received H. pylori eradication ther-

apy. Patients were treated with lansoprazole or

placebo for one year. Patients on lansoprazole

had significantly less recurrence of ulcer

complications than those treated with placebo

(1.6 % vs. 14.8 %). This study suggested that

H. pylori eradication was not sufficient to prevent

ulcer bleeding recurrence in high-risk aspirin

users. Combined treatment (H. pylori eradication

plus PPI) seems the most adequate therapy for

these patients.

As we commented above, dual antiplatelet

therapy with aspirin and clopidogrel increases

the risk of GI bleeding. The use of this therapy

is increasing, especially in patients with coronary

stents. The COGENT study [65] evaluated both

the occurrence of CV and GI events in this clini-

cal scenario. Patients receiving dual antiplatelet

therapy with clopidogrel and aspirin were

randomized to omeprazole or placebo. A total

of 3873 patients were included and 51 patients

had a GI event (bleeding, symptomatic ulcers, or

erosions, obstruction, or perforation). In the

omeprazole group, the event rate was 1.1 %

compared with 2.9 % in placebo group

(HR 0.34, 95 % CI, 0.18–0.63, p < 0.001). The

rate of upper GI bleeding was also significantly

lower in PPI group (HR 0.13, 95 % CI,

0.03–0.56). No differences in CV events were

present at the end of the study between the two

arms, which rejected the hypothesis that omepra-

zole and clopidogrel interaction could have a

clinical impact on the occurrence of CV events

in patients taking dual therapy plus a PPI [65].

Prevention of Lower GI Bleeding
with Aspirin

Very few studies have focused on the prevention

of lower damage associated with aspirin. Only a

preliminary work has suggested that co-therapy

with probiotics can reduce the risk of developing

anemia in patients who take aspirin and PPI

[66]. This approach is based on the growing

perception that the microbiota has a role in the

mucosal damage induced by NSAIDs and aspirin

in the small bowel affecting its permeability. PPI

co-therapy would change the microbiota profile

making the environment more susceptible to

damage by these compounds.

A Rational Therapeutic Approach
to Common Clinical Scenarios

Secondary Prevention

During Occlusive CVD
The Second International Study of Infarct Sur-

vival (ISIS-2) randomized 17,187 patients within

24 h on onset of their symptoms of acute

myocardial infarction in a 2 � 2 factorial design

to aspirin (162.5 mg), streptokinase (SK) (1.5

million units), both active treatments, or both

placebos [6]. At 35 days, the primary

prespecified endpoints of total mortality were

reduced to 23 % by aspirin, 25 % by SK, and

42 % by aspirin and SK together. For aspirin, the

mortality benefits were similar regardless of

whether administration was within 1 h or up to

24 h after onset of symptoms of acute MI.

In contrast, those treated within 6 h with SK

had a 30 % reduction in mortality and with SK

and aspirin a 52 % reduction.

Among those assigned at random to aspirin,

there were statistically significant and clinically

important reductions in vascular deaths of 23 %,

nonfatal reinfarction of 49 %, and nonfatal

stroke of 46 %. Major bleeds requiring

transfusions were similar in the aspirin and pla-

cebo groups (0.4 %). After 35 days of treatment

with aspirin, there were no excess risks of cere-

bral hemorrhages and only a slight increase in

major bleeds. In terms of absolute risk reductions

of vascular events, there was an avoidance of

38 events per 1000 patients with an acute

myocardial infarction treated for one month.

With respect to the benefit-to-risk ratio, aspi-

rin given within 24 h of onset of symptoms of

acute myocardial infarction avoided 23 deaths

with no increase in cerebral hemorrhage. In con-

trast, SK given within 12 h avoided 30 deaths but

caused three cerebral hemorrhages. As regards

benefit to cost, the cost per life saved during
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acute MI is about $88,000 for tPA, $12,000 for

SK, and $13 for aspirin [67].

There are two landmark trials of aspirin in

acute occlusive stroke. In each trial, occlusive

stroke was initially diagnosed by the responsible

clinician and subsequently confirmed by CT

scanning. The International Stroke Trial (IST)

randomized 19,435 patients to 300 mg aspirin

daily or open control (IST Lancet). The Chinese

Acute Stroke Trial (CAST) randomized about

20,000 patients to 160 mg aspirin daily or

placebo [8]. Each showed benefits and a meta-

analysis showed a statistically significant and

clinically important 11 % reduction in vascular

events as well as nonfatal stroke and vascular

deaths. In terms of absolute risk reductions, for

every 1000 patients with acute occlusive stroke,

treatment with aspirin avoided nine vascular

events.

Thus, for all patients suffering acute

myocardial infarction or acute occlusive stroke,

aspirin should be administered promptly and

continued long term [2].

Among Survivors of Occlusive CVD
The Antithrombotic Trialist’s Collaboration

performed the most comprehensive, worldwide

meta-analysis of 195 randomized trials of

antiplatelet therapy, principally with aspirin,

among more than 135,000 high-risk patients

with prior evidence of cardiovascular disease,

including prior or acute myocardial infarction,

prior or acute stroke, or transient ischemia

attacks, and other high-risk groups such as unsta-

ble angina, chronic stable coronary disease, and

peripheral artery disease, as well as patients with

coronary artery bypass grafts or percutaneous

coronary interventions [3]. Aspirin produced a

statistically significant and clinically important

22 % reduction in risk of subsequent vascular

event. In this wide range of patients with prior

cardiovascular disease, there were absolute

reductions of approximately 36 vascular events

per 1000 patients with a prior myocardial infarc-

tion treated for a mean of 27 months, 36 events

per 1000 patients with a previous stroke or tran-

sient ischemic attack treated for 29 months, and

22 events per 1000 patients with other high-risk

conditions treated for 22 months. With respect to

dose of aspirin, in indirect comparisons as well as

direct comparisons in three trials testing this

hypothesis, there were no significant differences

in efficacy or safety between doses of

75–150 mg/day and 160–325 mg/day.

During Occlusive CVD in At-Risk GI
Patients
Patients who develop an occlusive CVD and are

at risk of GI complications based on the presence

of risk factors should receive GI prevention ther-

apy. This approach would prevent a GI bleeding

event that may jeopardize the success of the CV

therapy. The most recommended approach in

that scenario is the prescription of a PPI at stan-

dard doses p.o. or endovenously if no oral feed-

ing is permitted. In that case, a loading dose of

40 mg of pantoprazole or any other available PPI

is required followed by 40 mg/day till oral route

is reintroduced. In patients receiving dual

antiplatelet therapy with aspirin and clopidogrel,

the potential metabolic interaction of PPI with

clopidogrel has been a hot topic for debate, and

different regulatory bodies have suggested to

avoid PPI therapy, especially omeprazole and

esomeprazole [68]. Available clinical evidence

[65], however, speaks against these strong

recommendations, and different guidelines sug-

gest PPI (any) therapy when the GI risk is high.

Famotidine is an alternative, but prescribers

should be aware that its efficacy in the prevention

of GI events is lower than PPIs. At discharge,

patients should be maintained on GI prevention

therapy as risk factors are present (see next

section).

Among Survivors of Occlusive CVD
in At-Risk GI Patients
Patients who have survived to an occlusive CVD

are at high risk of new CV events, and therefore,

they will be taking aspirin or any other

antiplatelet agent or combination of them. In

many cases, they are also at increased GI risk,

even when prescribed aspirin at doses as low as

75 mg/day. Special caution should be taken in

those over the age of 70 or those who had a

previous ulcer history. The best therapeutic

approach is to prescribe co-therapy with a PPI

at standard doses (20 mg of omeprazole, 20 mg
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of pantoprazole, 20 mg of esomeprazole, 15 mg

of lansoprazole, or 20 mg of rabeprazole). In

patients who take clopidogrel concomitantly

with aspirin, a PPI is also recommendable if the

GI risk is high. As commented above, famotidine

could be prescribed at high dose but in the under-

standing that its efficacy is lower than that

observed, for example, with pantoprazole.

Finally, in case of patients with ulcer history,

H. pylori eradication should be carried out

followed by PPI therapy. Use of other gastrotoxic

drugs should be avoided [69].

High-Risk Primary Prevention

Patients with Metabolic Syndrome
Patients with metabolic syndrome, a constella-

tion of obesity, dyslipidemia, hypertension, and

insulin resistance leading to diabetes, have

10-year risks of a first CHD event of 16–18 %.

In addition to therapeutic lifestyle changes, such

patients are most likely to derive net benefits

from the additive or more benefits from statins

and aspirin.

Diabetics
In observational studies of diabetes of long dura-

tion, their risks of a first CHD event are compara-

ble to those with a prior event so some guidelines

recommend aspirin. These studies, however, are

generally of diabetics of long duration so any

decision to use aspirin, pending the outcome of

ASCEND [70], should be an individual clinical

judgment that weighs the absolute risk of occlu-

sion against the absolute risk of bleeding.

Subjects 70 and older: It is well described that

the elderly have higher risks of occlusion, but

they also have higher risks of bleeding. Thus,

any decision to use aspirin should be an individ-

ual clinical judgment [70].

Low- to Moderate-Risk Primary
Prevention

Men under 50 and women under 60 H&W. In

general, such apparently healthy men and women

will have an absolute risk of a first CHD event

that is lower than the absolute risk of bleeding.

Thus, the clinician should make individual

judgments that may be influenced by other risk

factors such as obesity, physical inactivity, and

family history of a premature CHD event which

is generally considered to have been 55 or less in

a male or 65 or less in a female first-degree

relative.

Special Categories of Patients

On Aspirin Who Need NSAIDs
Patients on aspirin who need NSAIDs is a

common clinical scenario, since patients who

suffer from OA or AR among other rheumatic

diseases often are older and have high CV risk or

had suffered from a CV event [50]. Furthermore,

ns-NSAIDs and coxibs are associated with

increased CV risk. Only naproxen at 500 mg

b.i.d. has been shown not to be associated with

increased risk. In these last circumstances,

NSAID (ns-NSAIDs or coxibs) use should be

avoided. If there is high CV risk but patients

had not suffered a previous CV event, NSAID

treatment should be taken at the lowest possible

dose and for the shorter period of time. Naproxen

is the NSAID of choice since its CV risk is lower

than any other NSAIDs or coxibs. Ibuprofen, and

even probably naproxen, should be avoided if

patients are taking aspirin since these drugs,

especially ibuprofen, interact with the

antiplatelet effect of aspirin. Taking these drugs

before the aspirin dosing may not be sufficient,

since interaction may still occur, especially if

patients take enteric-coated aspirin. In these

circumstances, the Tmax of aspirin lasts 4–5 h

after dosing [54]. Recent guidelines have

provided useful recommendation on what to do

in these clinical scenarios (Fig. 11.1).

Need Aspirin but at High GI Risk
As commented above for patients who receive

aspirin in secondary prevention, patients

who need aspirin in a primary prevention

setting should be questioned for careful evalua-

tion of the GI risk factors. When the CV benefits
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are outweighed by the GI risk, we recommend

prescribing therapy with a PPI. Common risk

factors are age 70 or older, ulcer history, con-

comitant treatment with NSAIDs, corticost-

eroids, or anticoagulants or other antiplatelet

agents. There is no need for high dose of PPI;

standard dose is enough. There are several

guidelines instructing on this (refs), but also

risk calculators are available online that will

help the practitioner on the clinical decision

process for individual cases (www.

asariskcalculator.com) [51].

Need Aspirin but Develop a GI
Complication
The occurrence of a gastrointestinal bleeding

complication in patients treated with aspirin for

cardiovascular prevention, especially secondary

prevention, is a difficult clinical challenge, since

discontinuation of platelet inhibition in patients

Fig. 11.1 (a–c)
Prescription

recommendations on

NSAID use in patients

taking ASA according to

GI and CV risk (Adapted

from Lanas et al.

Gastroenterol Hepatol

2013 [71])
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may have fatal consequences and this need to be

balanced against the potential fatal outcome of a

severe GI bleeding event.

There are two different clinical scenarios:

(1) patients treated with aspirin for CV preven-

tion who develop upper GI bleeding and

(2) hospitalized patients who have just

undergone a stent placement and develop an

acute GI bleeding event. Based on the

accumulated evidence, current guidelines state

that early reintroduction (within 3 days) of aspi-

rin is highly recommended in patients taking

aspirin for secondary cardiovascular prevention

(Fig. 11.2). The first RCT [72] that specifically

evaluated the effect of no interruption of aspirin

in patients who presented an acute upper GI

bleeding event while taking cardiovascular aspi-

rin concluded that these patients had lower

all-cause 8-week mortality rates when compared

to those where aspirin was interrupted and not

reinitiated (1.3 % vs. 12.9 %). The difference

was mainly due to lower mortality attributable

to CV complications (1.3 % vs. 10.3 %). The

recurrent ulcer bleeding at 30 days was higher

in the early aspirin group (10.3 % vs. 5.4 %).

Other more recent studies have confirmed these

results [73]. If aspirin was indicated for the pri-

mary prevention, a reconsideration of the actual

indication of aspirin is warranted, and the time

for aspirin reintroduction can be prolonged at

least till hospital discharge and preferably till

the ulcer is healed.

In patients who have undergone a stent

placement, the risk of thrombosis depends on

the time interval between stent implantation and

discontinuation of antiplatelet therapy. Dual

antiplatelet therapy is recommended for at least

12 months after drug-eluting stents and at least

4 weeks after placement of a bare metal stent.

Based on current evidence, and in agreement

with expert consensus reports [32], patients

with active ulcer bleeding should be treated

endoscopically followed by high-dose PPI ther-

apy. If endoscopy shows peptic ulcer with

low-risk stigmata, aspirin should not be with-

drawn. However, if endoscopy shows high-risk

stigmata, aspirin should be stooped and

reintroduced early, preferably within a 3–5-day

window. If acute bleeding occurs soon after the

placement of a coronary stent, the risk of

thrombosis is very high. We believe that early

endoscopy followed by a high dose of PPI is the

Fig. 11.2 Clinical management in patients who develop an acute upper GI bleeding event when taking ASA for

cardiovascular prevention (Adapted from reference Gralnek et al. [74])
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best option and usually dual antiplatelet should

be maintained, at least clopidogrel. These clini-

cal decisions may be difficult, and a close collab-

oration between the gastroenterologist and

cardiologist is required.

Future Perspectives

Aspirin use in primary prevention of cardiovas-

cular disease is controversial, and as shown in

this review, current evidence is insufficient upon

which to make general guidelines for aspirin.

One explanation can be that studies have

included patients at low cardiovascular risk

with estimated coronary event rates <1 % per

person-years. The scientific community is expec-

tant to see the outcomes of five ongoing clinical

primary prevention trials that have enrolled

patients at high CV risk. The safety and efficacy

of daily aspirin in this setting is very important.

These results will need to be balanced against the

detrimental effect of bleeding in the GI tract and

the CNS. However, comparisons should be fair,

and perhaps the right balance in terms of benefits

and risk should be made based on the number of

deaths induced and the number of deaths

avoided. In this equation, the number of cancer

deaths avoided should be placed in the equation

if ongoing studies show which populations

benefit from aspirin use in this regard.

The exact impact of adverse events of aspirin

treatment in the lower GI tract should be better

defined and these affects also be added in the

risk-benefit balance. At the same time, current

and future therapies of GI prevention in both the

upper GI tract should be further investigated. In

this way, the modification of the intestinal

microbiota should be explored, and well-

designed trials should be put in place sooner

than later.

The outcomes of new antiplatelet agents, or

combinations of them, now in the market require

further evaluation in terms of benefits and

adverse events since current evidence is

deficient.

The assessment of CV, GI, and cancer risk

and the benefits of aspirin at individual level

may be difficult to determine in clinical practice.

In order to overcome this problem and provide

appropriate therapeutic strategies in clinical

practice, new electronic tools based on the most

recent and contrasted evidence are needed. The

prospect of a personalized choice for any

antiplatelet therapy in the individual patient

appears realistic in the near future.
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Introduction

Experimental, epidemiological, and randomized

clinical studies have led to accumulate numerous

pieces of evidence suggesting that the pharmaco-

logical inhibition of cyclooxygenase (COX)-

isozymes by nonsteroidal anti-inflammatory

drugs (NSAIDs), including aspirin, has a protec-

tive effect against tumor development

[1]. NSAIDs are a group of chemically heteroge-

neous molecules which act by inhibiting the

synthesis of prostanoids through the prevention

of arachidonic acid (AA) binding in the active

site of COX-1 and COX-2. An important

prostanoid involved in tumorigenesis is prosta-

glandin (PG)E2. Enhanced biosynthesis of PGE2

has been detected in various types of human

malignancies including colorectal, lung, breast,

and head and neck cancer and is often associated

with a poor prognosis [2–5]. This prostanoid

binds to and activates G-protein-coupled prosta-

glandin E1-4 receptors (EP1-4) and exerts a

profound influence over the adhesive, migratory,

and invasive behavior of cells during the

development and progression of cancer [6].More-

over, PGE2 may contribute to the formation,

maintenance, and expansion of cancer stem cells

(CSCs), which have the capacity for self-renewal,

differentiation, and resistance to cytotoxic agents

[7]. Finally, enhanced PGE2 production can

generate an immunosuppressive microenviron-

ment that allows advantages for tumor formation

and progression [8].

The role of COX-2-dependent PGE2 in intes-

tinal tumorigenesis is strongly supported in

humans by the results of clinical studies showing

that selective COX-2 inhibitors (named coxibs)

cause the reduction of polyp number and size in

familial adenomatous polyposis (FAP) patients

[9] and prevent polyp reoccurrence in patients

with sporadic adenomas [10–12]. However, the

role of prostanoids in colorectal carcinogenesis is

more complex in the light of the findings that the

antiplatelet agent low-dose aspirin may cause

similar effects, in the same clinical conditions

[13]. In fact, it is unlike that low-dose aspirin

acts through an inhibitory effect on COX-2 activ-

ity expressed in colorectal adenomas; in contrast,

several lines of evidence suggest that the drug

acts by affecting COX-1-dependent prostanoid

biosynthesis, mainly thromboxane (TX)A2, in

platelets.

The efficacy of the antiplatelet agent low-dose

aspirin has opened new avenues in the under-

standing of the mechanisms involved in colorec-

tal cancer (CRC) development and progression
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and in the development of novel therapeutic

anticancer strategies.

The aim of the present chapter is to enlighten

the biology and functions of COX-1 and COX-2

and the derived prostanoids PGE2 and TXA2 in

relation to tumorigenesis (mainly in the

colorectum) and cancer metastasis. Moreover,

we will characterize the different mechanisms

of action of NSAIDs selective for COX-2

(coxibs) versus low-dose aspirin in regard to

their anticancer effects.

Prostanoid Signaling in Cancer
and Metastasis

The results of clinical studies showing the

chemopreventive effect of NSAIDs in cancer

[1] support the notion that COX-derived

prostanoids play an important role in tumor

development and progression. Here, a detailed

description of the biosynthesis and activities of

prostanoids (Fig. 12.1) and their implication in

intestinal tumorigenesis is reported.

Membrane phospholipids

AA

PLA2

COX-1 COX-2 PGG2

PGH2

TXA2

TP IP D1 D2 FPEP1 EP2 EP3 EP4

TXS

PGE2 PGI2

PGIS PGFSHPGDS
LPGDS 

PGD2 PGF2α

Induction of labor 

NSAIDs NSAIDs
Coxibs  

cPGES
mPGES1
mPGES2

Vasoconstriction
Platelet aggregation
Tumor cell motility

Vasodilation
Allergic response
Decrease in body
temperature 

Vasodilation
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Fever
Gastric mucus
Bone re-absorption
Uterine contractions
Tumor cell proliferation,
Survival and Invasion

Fig. 12.1 Prostanoid biosynthesis and main functions in

physiological and pathological settings. Arachidonic acid

can be metabolized through the cyclooxygenase

isozymes: COX-1 and COX-2. The derived

prostaglandins (PGE2, PGI2, PGD2, PGF2α) and TXA2

exert a variety of biological functions through their

respective cognate receptors. AA arachidonic acid,

COX cyclooxygenase, PG prostaglandin, PLA2 phos-

pholipase A2, TXA2 thromboxane A2, TXS thromboxane

synthase, cPGES cytosolic PGE2 synthase, mPGES
microsomal PGE2 synthase, PGIS PGI2 synthase,

H-PGDS hematopoietic PGD2 synthase, L-PGDS
lipocalin PGD2 synthase, PGFS PGF2α synthase, TP
TXA2 receptor, EP PGE2 receptor, IP PGI2 receptor, DP
PGD2 receptor FP, PGF2a receptor, NSAIDs nonsteroidal
anti-inflammatory drugs, Coxibs COX-2 selective

inhibitors
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Prostanoid Generation: The Activity
of COX Isozymes

COX-1 and COX-2 (also known as PGG/H

synthase-1 and synthase-2, respectively) are

homodimers of 576 and 581 amino acids, respec-

tively [14]. Each subunit of the dimer contains

the cyclooxygenase and peroxidase active sites

which contribute to catalyze the rate-limiting

step of prostanoid biosynthesis, i.e., the produc-

tion of PGH2 from AA, which is released from

membrane phospholipids by phospholipases

(PL), mainly cytosolic (c) PLA2 upon cellular

activation [15]. PGH2 is then transformed to

prostanoids by the activity of different terminal

synthases. Prostanoids are a family of bioactive

lipids which comprises PGE2, PGF2α, PGD2,

prostacyclin (PGI2), and TXA2 (Fig. 12.1).

Despite COX-1 and COX-2 produce the same

prostanoids, their cellular levels are influenced

by the extent of expression of the corresponding

genes. The genes of COX-1 (PTGS1) and COX-2

(PTGS2) have a different regulation: (1) PTGS2

is an immediate early response gene that is nor-

mally absent from most cells but is highly

induced at sites of inflammation and during

tumor progression [16], while (2) PTGS1 is a

housekeeping enzyme responsible for

maintaining basal prostanoid levels that are

important for tissue homeostasis [16].

Prostanoids play important roles in many

physiological and pathophysiologic processes,

including inflammation and its resolution, ero-

sion of cartilage and juxta-articular bone, gastro-

intestinal (GI) cytoprotection and ulceration,

angiogenesis and cancer, hemostasis and throm-

bosis, renal hemodynamics and progression of

kidney disease, and atheroprotection and pro-

gression of atherosclerosis [17–19]. COXs act

as oxidase enzymes that first peroxidate AA to

form the hydroperoxyendoperoxide PGG2,

which links two oxygen molecules across

carbons 9 and 1. As second coordinate enzymatic

function, COXs reduce a hydroperoxy group at

carbon 15 of PGG2 to form the intermediate

product PGH2 which serves as substrate for a

variety of PG synthases involved in prostanoid

biosynthesis [14] (Fig. 12.1). The generation of

PGE2 is catalyzed by three different synthases: a

cytosolic PGE synthase (cPGES) and two

membrane-bound PGESs, i.e., mPGES-1 and

mPGES-2 [20]. Whereas cPGES and mPGES-

2 are constitutive enzymes, mPGES-1 is encoded

by an inducible gene. It is thought that the coor-

dinated expression of COX-2 and mPGES-1 is

responsible for enhanced biosynthesis of

PGE2 which occurs in inflammation and cancer

[20]. The biosynthesis of PGD2 is regulated by

the activity of two PGD synthases, lipocalin

(L-PGDS) and hematopoietic (H-PGDS)

[21]. Finally, the biosynthesis of TXA2 and

PGI2 involves the activity of TX-synthase

(TXS) and PGI-synthase (PGIS), respectively

[19] (Fig. 12.1).

Prostanoids are second messengers which can

cross the cell membrane, diffuse through the

extracellular space, and interact with high-

affinity G-protein-coupled receptors (GPCRs)

on the same cell or in neighboring cells. The

prostanoid receptor family consists of eight

rhodopsin-like (class A) GPCRs, each being the

product of an individual gene: DP1 (for PGD2);

EP1, EP2, EP3, and EP4 (for PGE2); FP (for

PGF2α); IP (for PGI2); and TP (for TXA2)

[14]. The prostanoid receptor named

chemoattractant receptor-homologous molecule

expressed on T-helper type 2 cells (CRTH2) or

DP2, characterized by a higher sequence homol-

ogy with other leukocyte chemoattractant

receptors than prostanoid receptors [22], also

acts as receptor for PGD2.

The specific action of the different

prostanoids in a particular type of tissue predom-

inantly depends on the cell-type-specific expres-

sion of their receptors as well as prostanoid

production. In addition to their biosynthesis, the

extracellular levels of prostanoids also depend on

a carrier-mediated transport process, as well as

inactivation in the cytoplasm. These processes

are regulated by prostaglandin transporter

(PGT, an influx transporter), multidrug

resistance-associated protein 4 (MRP4, an efflux

transporter), and hydroxyprostaglandin dehydro-

genase 15-(NAD) (HPGD, also known

12 Molecular and Experimental Basis for COX Inhibition in Cancer 177



15-PGDH). For example, PGE2 and PGF2α are

rapidly metabolized in vivo by 15-PGDH to sta-

ble 13,14-dihydro-15-keto-PGE2 (PGEM) and

13,14-dihydro-15-keto-PGF2α, respectively.

Involvement of PGE2-EP Signaling
in Tumorigenesis

Among prostanoids, pro-inflammatory PGE2 has

a predominant role in promoting tumor growth

[23, 2–3]. PGE2 is the most abundant prostaglan-

din that is found in various human malignancies,

including colon, lung, breast, and head and neck

cancer, and is often associated with a poor prog-

nosis [4, 5]. By contrast, 15-PGDH is highly

expressed in normal tissues but is ubiquitously

lacking in human colon, gastric, lung, and breast

cancer [24–27]. The lack of 15-PGDH expres-

sion in these tumors results in increased endoge-

nous PGE2 levels.

The role of PGE2 in colon cancer progression

arose from studies with the APCMin/+mouse

model of intestinal neoplasia. This genetic ani-

mal model for FAP maintains inactivating

mutations in the adenomatous polyposis coli

(APC) gene [28]. Treatment of these animals

with PGE2 promoted a dramatic increase in

small and large intestinal tumor burden

[23]. Moreover, studies in humans revealed that

adenoma regression was more effective when

PGE2 tissue levels were profoundly inhibited by

treatment with NSAIDs [29]. The activation of

the canonical Wnt pathway in the colonic epithe-

lium is a key event in polyp formation, and this

event is associated with the upregulation of sev-

eral genes involved in tumor development and

progression [30]. Among them, overexpression

of COX-2 plays a central role in intestinal

tumorigenesis. In fact, elevated levels of

COX-2-derived PGE2 are associated with

(1) resistance to apoptosis, through the

upregulation of the antiapoptotic protein Bcl-2

and the induction of nuclear factor-kB (NF-kB)

transcriptional activity [23], (2) stimulation of

cell proliferation, (3) stimulation of cell migra-

tion, and (4) angiogenesis [23] (Fig. 12.2a).

In addition, PGE2 may contribute to the for-

mation, maintenance, and expansion of CSCs, by

activating NF-kB, via EP4-PI3K and

EP4-mitogen-activated protein kinase signaling,

and promotes the formation of liver metastases in

mice [7] (Fig. 12.2a). Enhanced PGE2 produc-

tion, which occurs in chronic inflammation, can

generate an immunosuppressive microenviron-

ment that allows advantages for tumor formation

and progression [8]. The well-recognized role of

PGE2 during tumor promotion coupled with

findings demonstrating that long-term use of

NSAIDs may be associated with GI toxicity

[31] and increased risk of adverse cardiovascular

(CV) events [32, 33], provided the rationale for

the identification of novel enzymatic targets

within the AA pathway, including the PGE2 ter-

minal synthases [34].

Role of mPGES1 in Tumorigenesis

mPGES-1 is a member of the membrane-

associated proteins involved in eicosanoid and

glutathione metabolism (MAPEG) superfamily,

showing significant homology with other

MAPEG superfamily proteins. mPGES-1 is

expressed at minimal levels in most normal

tissues, although abundant and constitutive

expression is detected in a limited number of

organs, such as the lung, kidney, and reproduc-

tive organs. mPGES-1 is also induced by

cytokines and various growth factors [35].

mPGES-1 is functionally coupled with

COX-2, and its expression is often concomitantly

induced with COX-2 overexpression, thus

contributing to the efficient generation of PGE2

during inflammation [36]. However, studies

using diverse stimuli provided evidence that

COX-2 and mPGES-1 can be independently

regulated [37]. This observation suggested the

possibility that the pharmacological targeting of

mPGES-1 may result in the suppression of PGE2

production by mechanisms that circumvent the

CV toxicity associated with inhibition of COX-2

activity by NSAIDs, both traditional(t) and

coxibs [38].
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Fig. 12.2 PGE2-EP (a) and TXA2-TP (b) signaling in

intestinal tumorigenesis. In intestinal tumorigenesis, the

increased levels of PGE2 derived from COX-2 and

mPGES1 overexpression couples with the reduction of

the PGE2-degrading enzyme, 15-PGDH (a). In addition,

in this setting, the increase of TXAS expression leads to

the enhanced biosynthesis of TXA2 (b). The interaction of
PGE2 and TXA2 with their receptors exerts a

protumorigenic effect through several mechanisms. In

addition, the implication of EP receptors in tumorigenesis

was demonstrated by several in vivo studies using specific

knockout mice. COX cyclooxygenase, PG prostaglandin,

TXA2 thromboxane A2, TXAS thromboxane synthase,

mPGES microsomal PGE2 synthase, TP TXA2 receptor,

EP PGE2 receptor, KO knockout, 15-PGDH
15-hydroxyprostaglandin dehydrogenase, GSK glycogen

synthase kinase 3, ACF aberrant crypt foci, PI3K
phosphatidylinositol 3-kinase, MAPK mitogen-activated

protein kinase, NF-kB nuclear factor kappa-light-chain-

enhancer of activated B cells, CSC cancer stem cell,

cAMP cyclic adenosine monophosphate, Kv channel
voltage-gated K+ channel
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On the basis of evidence from cell culture

studies, several in vivo studies have been

performed to address the impact of mPGES-1

targeting on colon tumorigenesis, but the results

of these studies are conflicting [39]. In particular,

mPGES-1 knockout (KO) mice in a mutant APC
background showed a significant reduction in the

number and size of intestinal tumors. In contrast,

Elander et al. reported that genetic deletion of

mPGES-1 resulted in accelerated intestinal

tumorigenesis in APCMin/+ mice [40]. Environ-

mental factors (i.e., Helicobacter pylori infec-
tion) may represent a possible explanation of

these different responses along with genetic

differences in the mouse models used.

mPGES-1 KO mice were also protected against

azoxymethane (AOM)-induced colon cancer

with reduced number of aberrant crypt foci

(ACF), putative preneoplastic lesions of the

colon, and up to 90 % decrease in tumor load in

the distal colon [41]. Genetic deletion of

mPGES-1 in a HER2 receptor-driven breast can-

cer mouse model also showed reduced number of

larger tumors, in addition to suppression of

angiogenesis in mammary glands [42]. In a

study using xenografts from prostate cancer

cells (RM9), Takahashi et al. showed that the

number of lung metastases and tumor in the

lung was reduced in mice treated with the coxib

celecoxib. The same effect was obtained in

mPGES-1 KO mice. The reduction in lung

metastases was also coupled to a decrease in

angiogenesis in the lung tissue [43]. It has been

shown that the tumor growth in mouse

xenografts using a lung cancer cell line (A549)

and a prostate cancer cell line (DU145) with

mPGES-1 knockdown (KD) was considerably

slowed compared to cells with endogenous

mPGES-1 expression [44]. Altogether these

results have successfully demonstrated that the

selective inhibition of mPGES-1 is a possible

way to avoid general and detrimental

downregulation of prostaglandins resulting from

COX inhibition, but there is no selective

mPGES-1 inhibitors on the market. Recent prog-

ress in the field has generated inhibitors active

against both human and murine enzymes which

will be an important tool to evaluate in animal

studies the antitumor effect as well as to rule out

toxic side effects of this pharmacological

approach. Moreover, the possible shunting to

other prostanoids needs to be investigated thor-

oughly, and the pharmacological inhibition of

mPGES-1 also needs to be carefully compared

to COX-1 and COX-2 selective inhibitors both in

terms of antitumor efficacy and side effects.

Role of EP Receptors in Tumorigenesis

PGE2 acts by the activation of four subtypes of

receptor, known as EP1, EP2, EP3, and EP4

(Figs. 12.1 and 12.2a). These receptors belong

to three clusters within the G-protein-coupled

receptor superfamily of seven transmembrane-

spanning proteins. EP2 and EP4 can form one

cluster, transferring the signaling through

increased cyclic AMP (cAMP) mediated by

Gαs. EP3 is coupled to Gi and causes the

decrease of cAMP formation. EP1 can increase

the intracellular calcium through Gq

[14]. There are several lines of evidence

indicating the involvement of EP receptors in

tumor progression. For example, PGE2 regulates

tumor growth by stimulating angiogenesis via

EP2 [45], and EP4 is overexpressed in epithelial

cancers and colorectal adenomas, mediating the

functions of PGE2 in cancer cell invasion and

metastasis formation [46–49]. However, by bind-

ing EP receptors on the cell surface, PGE2 not

only can activate the downstream G-proteins but

also can indirectly trigger Wnt signaling, peroxi-

some proliferator-activated receptor (PPAR)-δ,
and epithelial growth factor receptor (EGFR)

pathway. Moreover, PGE2 can cause nuclear

localization of β-catenin and increase the tran-

scriptional targets, such as c-myc, c-jun, and

cyclin D1, of Wnt signaling. The aberrant activa-

tion of Wnt pathway is thought to be relative to

the initiation of various types of epithelial

tumors, including CRC. In a study published in

2005 [47], it was demonstrated that

PGE2-mediated stimulation of EP2 receptors

led to a direct association of the α-subunit of
the regulator G-protein signaling and axin.

Further, this binding causes inactivation of
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GSK-3β, the downstream effector in Wnt path-

way, and results in the accumulation of β-catenin
in the nucleus [47].

The recent establishment of mice lacking the

genes encoding EP receptors [50–52] has

enhanced our understanding of the involvement

of PGE2 and its receptors in the development of

colon cancer (Fig. 12.2a). Watanabe and

colleagues [51] examined the development of

ACFs in two strains in EP receptor (EP1 and

EP3, respectively) KO mice, by treatment with

the colon carcinogen AOM. The formation of

ACFs was decreased only in the EP1 KO mice,

and the administration of the selective EP1

antagonists, ONO-8711 [48] and ONO-8713

[51], to AOM-treated wild-type mice also

resulted in a dose-dependent reduction of ACF

formation. The same approach using EP3 KO

mice indicated that the deficiency of EP3 recep-

tor has no effect on colon carcinogenesis

[49]. These results strongly suggest that PGE2

contributes to colon carcinogenesis to some

extent through its action at the EP1 receptor and

EP1 antagonists may be good candidates as

chemopreventive agents for colon cancer. In the

study performed by Mutoh et al., the authors

reported the development of ACFs in mice

lacking EP2 or EP4 receptors and observed that

only the deletion of EP4 reduced the formation of

ACF lesions [49]. These data were confirmed by

using the EP4-selective antagonist on the forma-

tion of colon ACFs induced by AOM in C57BL/6

mice and on the development of intestinal polyps

in APCMin/+ mice [49]. Recently, Ma and

colleagues examined actions of PGE2 in tumor

microenvironment in colon tumorigenesis by

using a model of colitis-associated cancer

(CAC) in KO mice deficient for EP1, EP2, or

EP3 receptors [52]. Among the different murine

models, only EP2 KO mice showed significant

suppression of colon tumor formation with

reduced inflammatory responses and inflamma-

tory cell infiltration. In fact, the authors found

that EP2 in neutrophils and tumor-associated

fibroblast promotes colon tumorigenesis by

amplifying inflammation and shaping tumor

microenvironment [52].

Involvement of TXA2-TP Signaling
in Tumorigenesis

TXA2 is a potent vasoconstrictor, mitogen, and

platelet activator [53–55], and it may be also

implicated in cellular hypertrophy [56]. TXA2

acts via the binding to the TXA2 receptor (TP),

a member of the seven transmembrane G-

protein-coupled receptor superfamily. TPs are

widely distributed in different organs, and they

are localized on both cell membranes and intra-

cellular structures. Two alternatively spliced

variants of human TP have been described [57],

and they differ in amino acids (aa) sequence at

the C-terminal tail of the receptor. The original

placenta-derived clone of 343 aa receptor has

been designated as TPα, and a 407 aa splice

variant cloned from endothelium is designated

as TPβ. TP mRNAs are widely expressed in the

lung, liver, kidney, heart, uterus, and vascular

cells [58]. In these organs, TPα is the dominant

isoform. Both TPα and TPβ couple via Gq, G11,

and G12/13 to activate PLC-dependent inositol

phosphate generation and elevate intracellular

calcium [58], leading to vasoconstriction and

platelet aggregation [59, 60]. In recent years,

several studies have indicated functional roles

for both TXS and TP in cancer progression in

different organs such as the prostate, breast, lung,

brain, bladder, and colon [61]. TXS and TXA2

biosynthesis are increased in colon cancer and

cause detrimental effects by promoting TP sig-

naling [62] (Fig. 12.2b). The involvement of

TXS in colon tumorigenesis was investigated

by Pradono and colleagues [62]; in this study,

the gene transfer of TXS increased colon cancer

cell growth in vivo and enhanced angiogenesis.

Strong evidence of a role for TXS in colorectal

carcinoma was provided when its marked

overexpression was observed in colorectal

tumors of different grades compared to the paired

normal tissues. The same study found increased

expression of TXS in colon cancer cell lines

and showed that abrogation of TXA2 signaling

with TXS inhibitors and TXS anti-sense as well

as TP antagonists reduced proliferation of the

CRC cell lines [63, 64]. The expression levels
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of TP mRNA were assessed in 62 tumors and

adjacent normal colon tissues: TP was expressed

at higher levels in tumors compared to normal

tissues but displayed lower levels in cultured

CRC cell lines (HT-29 and HCA-7) [63]. The

mechanism of TXA2-induced cancer cell prolif-

eration has been studied by Shimizu and

collaborators [65] who found that a voltage-

gated K+ channel, Kv7.1, is involved in the

TXA2-induced colon cancer cell proliferation

and that it is upregulated by the TXA2 receptor-

mediated cAMP pathway [65] (Fig. 12.2b). In

addition, in patients with FAP, which is an

inherited disorder characterized by cancer of the

large intestine (colon) and rectum, enhanced gen-

eration of TXB2 in vivo was found by the assess-

ment of its urinary enzymatic metabolite,

11-dehydro-TXB2 [66]. In these patients, the

levels of TXM were unaffected by the adminis-

tration of celecoxib suggesting the involvement

of a COX-1-dependent pathway, presumably

from platelets. Furthermore, Sciulli et al. [67]

have reported that enhanced systemic biosynthe-

sis of TXA2 was detected in patients with CRC

and it is mainly from platelet COX-1 since it is

reduced by the administration of low-dose

aspirin.

NSAIDs and Cancer Prevention:
Clinical Evidences

The central role of COX isozymes in human

tumorigenesis is supported by the efficacy of

tNSAIDs and coxibs in protecting against some

cancers, particularly of the lower GI tract

[1]. Epidemiologic (nonrandomized) studies

have found that long-term users of aspirin or

other NSAIDs have a lower risk of colorectal

adenomatous polyps and CRC than nonusers,

although one study has not [1]. Randomized clin-

ical trials (RCTs) have confirmed that two

NSAIDs, the prodrug sulindac [29, 68, 69] and

the selective COX-2 inhibitor celecoxib [9],

effectively inhibit the growth of adenomatous

polyps and cause regression of existing polyps

in patients with FAP. Recently, in a prospective,

observational study, patients with stage III colon

cancer that were enrolled in an adjuvant chemo-

therapy trial showed both significantly increased

“event-free” and “overall” survival after consis-

tent use of aspirin or COX-2 selective drugs

(celecoxib or rofecoxib) during and after chemo-

therapy (according to questionnaires)

[70]. Despite these positive findings, the main

limit to the use of NSAIDs is that they share

both beneficial and adverse effects due to the

same mechanism of action, i.e., the inhibition of

COX activity [71]. Their beneficial therapeutic

use as anti-inflammatory and analgesic agents is

associated with increased risk of clinically rele-

vant GI side effects, i.e., GI bleeding, perforation

and obstruction [31, 32], and CV side effects,

including an increased risk of nonfatal

myocardial infarction [32, 33, 72, 73]. NSAIDs

injure the GI tract by causing topical injury to the

mucosa and by systemic effects associated with

mucosal prostanoid depletion derived from COX

inhibition. CV toxicity is probably linked to the

inhibition of COX-2-derived PGI2 in vascular

endothelial cells in the absence of an almost

complete and persistent inhibition of platelet

COX-1-derived TXA2 [73]. Thus, the efficacy

and safety of long-term NSAID prophylaxis

against colorectal or other cancers remain

unproven, and fundamental questions remain

about their safety, efficacy, mechanisms of

action, optimal treatment regimens, and contrain-

dications for preventive therapy. Concerns about

NSAID-associated CV toxicity have also

refocused attention on the chemopreventive

properties of aspirin.

Aspirin as Chemopreventive Agent

The recent results of the analysis of RCTs with

aspirin by Rothwell and colleagues have fueled a

renewed interest in performing studies to eluci-

date COX-dependent and COX-independent

mechanisms of cancer prevention. The lines of

evidence supporting the chemopreventive effect

of aspirin against cancer mainly refer to GI tract

tumors [1, 74, 75]. In particular, these evidences

are derived from a large number of case-control

and cohort studies reporting the association
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between aspirin administration and reduced risk

of different types of cancer, with largest effects

on risk of GI cancers [76]. Moreover, four

randomized, placebo-controlled trials in subjects

with sporadic colorectal adenomas and their

meta-analysis [77] demonstrated reduced risk of

recurrence in aspirin-treated subjects, and a

placebo-controlled, RCT in patients with Lynch

Syndrome (LS, hereditary nonpolyposis colon

cancer) showed that aspirin reduced cancer inci-

dence during long-term follow-up [78] but not

during the scheduled treatment phase of the trial

[79]. Finally, a post hoc, individual patient data

meta-analysis of 51 randomized controlled trials

of daily aspirin in prevention of vascular events

reported a 25 % reduction in overall cancer inci-

dence from 3 years onward [80]. Interestingly, a

reduced risk of developing CRC was also

detected during long-term follow-up of healthy

women treated with alternate-day 100-mg aspirin

dosing versus placebo [81] and of high-risk men

treated with a 75-mg controlled-release formula-

tion of aspirin [82] (with negligible systemic

bioavailability). Finally, a recent population-

based, case-control study including 10,280 adults

with an initial diagnosis of CRC and 102,800

adult control participants without CRC showed

that the continuous use of low-dose aspirin for

5 or more years was associated with reduced risk

for CRC, but overall long-term use that was

possibly discontinuous was not [83].

Obesity is associated with a substantial

increase of CRC risk in patients with LS; thus,

in a prospective study, participants with LS were

recruited to the CAPP2 study (in which they were

randomly assigned to receive aspirin 600 mg per

day or aspirin placebo) to evaluate the associa-

tion between body mass index and cancer risk.

Interestingly, this study showed that this risk is

abrogated in those taking aspirin, suggesting that

such patients are likely to benefit from obesity

prevention and/or regular aspirin [84].

However, from a mechanistic point of view,

the most interesting results came from the meta-

analyses of CV trials [80, 82, 85], because they

suggested that aspirin preventive effect is detect-

able at daily low doses of 75 mg [84], used for

CV prevention [86], and it is saturable at low

doses. In fact, at much higher doses (e.g.,

1200 mg daily), this effect is not further

improved [82].

Several mechanisms of action could explain a

chemopreventive effect of high-dose aspirin

[74]; among them, the COX-2 inhibition in GI

mucosa and its effects on cellular proliferation,

apoptosis, and angiogenesis have been proposed

[80]. Differently, it seems unlikely that the

targeting of nucleated cell could explain the

chemopreventive effect of low-dose aspirin due

to its pharmacokinetics and pharmacodynamics.

Pharmacodynamics
and Pharmacokinetics of Aspirin

Aspirin, as other NSAIDs, reduces prostanoid

generation by inhibiting the COX activity

[71, 87]. However, aspirin, but not nonaspirin

NSAIDs, causes an irreversible inactivation of

COX isozymes [86]. Recent evidences have

displayed a functional crosstalk between the

two monomers of each COX enzyme: both

monomers bind the substrate AA, but a monomer

acts as an allosteric subunit (regulatory) which

transforms the partner monomer into the cata-

lytic one transforming AA into PGG2; then

PGG2 is transformed to PGH2 by the peroxidase

activity of COX-1 and COX-2. Aspirin binds to

one monomer of COX-1 and COX-2 by the inter-

action with Arg120 residue and modifies cova-

lently COX isozymes by the acetylation of

Ser529 and Ser516 on COX-1 and COX-2,

respectively; the acetylated monomer becomes

the allosteric subunit, and the partner monomer

becomes the catalytic monomer. Acetylation of

the allosteric subunit of COX-1 and COX-2 by

aspirin causes an irreversible inactivation of the

COX activity [88]. The acetylated COX-2 has a

significantly compromised ability to form PGG2

but produces an alternative product,

15R-hydroxyeicosatetraenoic acid (15R-HETE)

from AA [89]. Studies performed by Smith’s

group [96] showed that aspirin acetylation of

the regulatory monomer of COX-2 is associated

with an irreversible inhibition of the catalytic

monomer to form PGG2. In contrast, the
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acetylated monomer is able to transform AA into

15R-HETE. Several studies in vitro have shown

that 15R-HETE is then metabolized to the

epi-lipoxins (LXs) in leukocytes through the

action of 5-lipoxygenase (5-LO) [90, 91]; this

enzyme is also responsible for initiation of leu-

kotriene biosynthesis. The epi-LXs may cause

antiproliferative and anti-inflammatory

responses [92–95]. However, convincing

evidence that these lipid mediators triggered by

aspirin are generated in vivo in humans is

lacking.

When orally administered, aspirin is rapidly

absorbed in the stomach and upper intestine by

passive diffusion across GI membranes [89, 96],

peak plasma levels occur 30–40 min after aspirin

ingestion, and the functional inhibition of

platelets is evident by 1 h. In contrast, it can

take up to 6–7 h to reach peak plasma levels

after administration of enteric-coated aspirin

(100 mg) in healthy subjects [96]. Aspirin has a

half-life of 15–20 min [87, 88]. However, despite

the rapid clearance of aspirin from the circula-

tion, the inhibitory effect of COX-1 and COX-2

is long lasting because of the irreversible inacti-

vation of the COX isozymes. Thus, in a nucleated

cell treated with aspirin, the biosynthesis of

prostanoids recovers because a de novo protein

synthesis of COXs occurs within 3–4 h. In

platelets, with a limited capacity of protein syn-

thesis [97], the irreversible inhibition of COX-1

by aspirin persists for the life-span of the platelet

[98], and this effect can be reversed only through

the generation of new platelets, which in humans

have a mean life-span of 8–10 days. Thus,

approximately 10–12 % of circulating platelets

are replaced within 24 h [87]. This explains the

use of aspirin at low doses (75–100 mg/daily)

once daily in the antithrombotic therapy, where

the target is platelet COX-1. The antiplatelet

effect of aspirin is largely independent of sys-

temic bioavailability [99–101] due to the fact

that platelet COX-1 is acetylated in the

presystemic circulation.

Differently, the use of high dose of aspirin

(325–600 mg, given every 4–6 h, and 1.2 g,

given every 4–6 h, respectively) is required to

obtain an analgesic and anti-inflammatory effect,

because these effects mainly occur by inhibiting

COX-2 in spinal cord and inflammatory cells

[19]. The necessity to use higher doses of aspirin

can be explained by the reduced capability of

aspirin to inhibit COX-2 than COX-1 and by

the reduced plasma concentrations of aspirin,

detected in the systemic circulation compared to

presystemic compartment, due to its first-pass

metabolism [13, 89]. Moreover, the administra-

tion of multiple doses is necessary to obtain

persistent COX-2 acetylation in nucleated cells

that have the capacity to resynthesize the

acetylated enzyme within 3–6 days.

Clinical Pharmacology of Aspirin

In vitro experiments show that aspirin is 60-fold

more potent to inhibit platelet COX-1 than

monocyte COX-2 [13]. When administered

in vivo to healthy subjects once daily, aspirin

causes a dose-dependent inhibition of platelet

COX-1 activity ex vivo, as assessed by the mea-

surement of the generation of TXB2 [102] in

whole blood that is allowed to clot for 1 h at

37 �C (serum TXB2 is a capacity index of platelet

COX-1 activity). However, the maximal inhibi-

tion of platelet COX-1 activity is obtained at a

low dose of 75–100 mg. At these doses, aspirin

inhibits platelet COX-1 activity >95 %, at 1 h

after dosing, and this effect persists up to 24 h

[102]. The almost complete inhibition of platelet

capacity to generate TXA2 by low-dose aspirin is

associated with a profound inhibition of TXA2-

dependent platelet function which persists

throughout dosing interval (i.e., 24 h) [98] and

represents a fundamental requisite to obtain an

antithrombotic effect [87, 88]. In fact, even tiny

concentrations of TXA2 can activate platelets,

and they can synergize with low concentrations

of other agonists to cause a complete platelet

aggregation [103].

The pharmacological effect of aspirin on

systemic biosynthesis of TXA2 is evaluated by

measuring the urinary levels of major enzymatic

metabolites of TXB2, such as 11-dehydro-TXB2,

that represent indexes of actual systemic biosyn-

thesis of TXA2 in vivo, derived mainly from
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platelet COX-1 activity [104–106]. However, the

assessments of platelet COX-1 activity

ex vivo and systemic TXA2 biosynthesis in vivo

are considered indirect biomarkers of aspirin

action on COX-1. Between them, a nonlinear

relationship has been described; in fact, >97 %

inhibition of platelet COX-1 activity ex vivo is

required to obtain a reduction of 70–80 % in

TXA2 biosynthesis in vivo [107]. In a recent

study performed in healthy subjects treated with

enteric-coated low-dose aspirin (EC-aspirin,

100 mg/day) for 7 days, we evaluated the effect

of the drug on the extent and duration of platelet

COX-1 acetylation at Ser529 by using a novel

stable isotope dilution LC-MS/MS (liquid

chromatography-mass spectrometry) technique

[96]. In this study, the maximal degree of

acetylated COX-1 after the seventh dose of the

drug averaged 76% and was associated with an

average inhibition of platelet COX-1 activity in

whole blood of 99% [96]. Thus, in this study, the

assessment of platelet COX-1 acetylation at

Ser529 has been proposed as direct biomarker

of aspirin action on COX-1.

The oral administration of low-dose aspirin

once daily is associated with a maximal systemic

drug concentration (approximately 7 μM) [99]

which may affect only marginally COX-2 activity

expressed in nucleated cells. In addition, de

novo synthesis of the acetylated COX-2 in a nucle-
ated cell may cause a rapid recovery of prostanoid

biosynthesis. Thus, the administration of low-dose

aspirin did not significantly affect whole blood

COX-2 activity ex vivo [108].Moreover, systemic

biosynthesis of vascular PGI2 (as assessed by the

measurement of a major enzymatic urinary metab-

olite, 2,3-dino-6-keto-PGF1α, PGI-M), mainly

derived from the activity of COX-2 [33], was

only partially affected by low-dose aspirin

[109]. However, at higher doses of aspirin, a pro-

found inhibitory effect on the biosynthesis in vivo

ofPGI2was found [109],whichmight contribute to

the apparent reduced antithrombotic benefit

detected at high doses of the drug.

The administration of low-dose aspirin

doubles the relative risks (RR) of upper GI bleed-

ing (UGIB) in comparison to aspirin nonusers.

Since, after oral dosing with low-dose aspirin

once daily, the levels of the drug in the systemic

circulation are insufficient to cause a substantial

inhibition of the biosynthesis of cytoprotective

prostanoids in the GI tract, it is plausible that the

antiplatelet effect of low-dose aspirin contributes

to enhanced incidence of UGIB.

Role of COX-1 in Intestinal
Tumorigenesis

Platelet COX-1-Related Mechanisms

As reported above, the implication of platelet

activation in cancer is sustained by the analysis

of data from long-term follow-up of RCTs of

daily aspirin versus control [83, 86]. These trials

were designed to determine the efficacy of aspirin

in the prevention of vascular occlusive events.

However, it was found that regular use of aspirin,

even at low doses (which targeted selectively

platelets), reduces cancer incidence and mortal-

ity, in particular in the GI tract. In addition, one of

the CV RCTs in which the chemopreventive

effect of aspirin was detected on long-term fol-

low-up (i.e., Thrombosis Prevention Trial, TPT)

[110] involved the administration of a controlled-

release formulation of aspirin (75 mg) (with neg-

ligible systemic bioavailability). Altogether these

findings, even if indirectly, support the hypothe-

sis that the inhibitory effect of platelet COX-1 by

aspirin is the central mechanism in the anticancer

effect of aspirin. As reported above, platelet acti-

vation has been found in patients with intestinal

cancer [66], and enhanced systemic biosynthesis

of TXA2 is detected in patients with CRC, and it is

mainly from platelet COX-1 since it is reduced by

low-dose aspirin [67]. Platelets may contribute to

tumor development through different molecular

mechanisms as reported and explained below.

Inhibition of EGFR and COX-2

Platelets may participate in the early phases of

intestinal tumorigenesis through the induction of

phenotypic changes in stromal and epithelial cells

[111] (Fig. 12.3). In fact, platelets by releasing a
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plethora of mediators can regulate the expression

of COX-2 in stromal cells; the activated stroma,

in turn, can release prostanoids and protein

mediators, which induce the overexpression of

COX-2 in the epithelial cells [95]. The

overexpression of COX-2 in the epithelium,

through the generation of PGE2, contributed to

the induction of proliferative capacity, migration,

invasion, and inhibition of apoptosis of epithelial

cells [23]. In this scenario, low-dose aspirin, by

the inhibition of platelet activation, may counter-

act the induction of phenotypic changes in stro-

mal and epithelial cells induced by platelets

(Fig. 12.3). In addition novel insights into the

mechanism of action of aspirin in preventing

CRC, are recently provided. Li and collaborators

[112] addressed the hypothesis that the drug

normalizes the expression of epidermal growth

factor receptor (EGFR), a transmembrane recep-

tor tyrosine kinase of the ErbB family implicated

in the etiology of CRC [113] (Fig. 12.3). In FAP

patients, the expression levels of EGFR and

COX-2 in intestinal epithelial cells resulted to

be more abundant with respect to healthy

individuals [112]. They found that EGFR and

COX-2 proteins were overexpressed in

premalignant and malignant lesions and were

colocalized. FAP patients, classified as aspirin

regular users [two or more standard (325 mg)

tablets per week within the previous 12 months],

showed lower levels of EGFR and also COX-2

[112]. Based on clinical pharmacology data, the

administration of two or more standard (325 mg)

aspirin tablets per week used in the study by Li

et al. seems to be incompatible with an inhibitory

effect of the drug on COX-2-dependent

prostanoids produced by nucleated intestinal epi-

thelial cells. In contrast, this aspirin administra-

tion schedule might have indirectly

downregulated COX-2 expression in colonic epi-

thelial cells through the inhibition of platelet

function [1].

Inhibition of Sphingosine-1-Phosphate
(S1P) Release

Another mechanism underlying the chemo-

preventive effect of aspirin in tumorigenesis

involved the inhibition of sphingosine-1-phos-

phate (S1P) release from platelets (Fig. 12.3).

Recently, Ulrych and collaborators [114] have
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Fig. 12.3 COX-1- and COX-2-related mechanisms in

intestinal tumorigenesis. Cyclooxygenase isozymes

expressed in different cells (such as platelets, intestinal epi-

thelial cells, and transformed epithelial cells) regulate sev-

eral pathways involved in tumorigenesis. The

chemopreventive effect of aspirin and other NSAIDs (both

traditional and selective for COX-2, coxibs) may be

achieved by the inhibition of these molecular events. AA,
arachidonic acid, PG prostaglandin, COX cyclooxygenase,

NSAIDs nonsteroidal anti-inflammatory drugs, coxibs
COX-2 selective inhibitors, EGFR epithelial growth factor

receptor, S1p sphingosine-1-phosphate,TGF-α transforming

growth factor-α, 15-PGDH hydroxyprostaglandin dehydro-

genase 15-(NAD),VEGF vascular endothelial growth factor
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shown that aspirin, both in vitro (at micromolar

concentrations) and ex vivo [after dosing with a

single analgesic dose (500 mg) or after the admin-

istration of an antiplatelet dose of 100 mg day, for

3 days], inhibits the release of S1P from human

platelets even after stimulation with the potent

peptide agonist of the thrombin receptor

protease-activated receptor-1 (PAR-1) [114]. The

effect of aspirin was mediated by the inhibition of

platelet COX-1-dependent TXA2 generation. In

fact, formation and release of S1P from platelets

are dependent on the activation of the TP receptor.

S1P plays key roles as regulatory molecule in

cancer development [115, 116] by the promotion

of cell proliferation, survival, and regulation of

angiogenesis, thus suggesting its implication in

tumorigenesis. In humans, S1P is a natural constit-

uent of plasma and is generated from sphingosine

(SPH) via sphingosine kinase (SPHK), of which

two isoforms (SPHK1 and SPHK2) are known

[117]. Platelets generate and store high amounts

of S1P released upon stimulationwith activators of

protein kinase C (PKC), such as thrombin and

TXA2 [118]. SPHK is highly active in platelets,

which, however, lack the ability to synthesize the

substrate SPH [117]. Thus, uptake of extracellular

SPH and subsequent phosphorylation to S1P has

been proposed as the primary mechanism of S1P

formation in platelets [118]. As platelets lack the

S1P-degrading enzyme S1P lyase, S1P

accumulates intracellularly, and large amounts

are released upon platelet activation [118].

Intestinal COX-1-Related Mechanisms

COX-1 is the only isoform constitutively

expressed in the normal GI mucosa [126]. The

endogenous metabolites of AA formed via

COX-1, mainly PGE2, are involved as local

physiological mediator or modulator of mucosal

function of the GI tract. In fact, PGE2 can inhibit

acid secretion, stimulate bicarbonate and

mucus secretion, as well as affect sodium and

chloride ionic flux across the injured

mucosa [119].

COX-2 is not detectable in GI epithelial cells

under physiological conditions, but it is induced in

response to injury and inflammation [19, 120, 121].

COX-2 has been detected in the epithelial cells of

colon adenomas and sporadic human colon cancers

[113, 122–124], as well as in the stroma of polyps

isolated from APCMin/+ mice [125].

In serum and tissues, PGE2 is rapidly

metabolized to 15-keto PGE2 by 15-PGDH, an

enzyme which can metabolize a variety of PGs in

an NAD+-dependent fashion [126]. 15-keto

PGE2 is further altered by additional enzymatic

and nonenzymatic processes to produce 13,14-

dihydro-15-keto-PGE2 and tetranor PGEM.

Reduced expression of 15-PGDH leads to

prolonged availability and action of PGE2 and

has been linked to several cancers, including

colorectal, bladder, pancreatic, and gastric

adenocarcinomas [127].

It has been proposed that 15-PGDH

downregulation is a very early event in intesti-

nal tumorigenesis occurring even before COX-2

induction [128, 129]. Thus, enhanced PGE2

might be produced early in colorectal neoplasia

through the activity of COX-1 and PGDH

downregulation. Recently, it has been shown

that the activation of β-catenin signaling,

which is deregulated early in colorectal neopla-

sia, represses PGDH expression [129], leading

to increased PGE2 levels, possibly even before

COX-2 upregulation. Enhanced PGE2 may also

contribute to the activation of β-catenin in CRC

cells, thus indicating a potential role of PGE2 in

a positive feedback loop [130, 47]. Altogether

these results might explain the efficacy of

low-dose aspirin to affect early steps in colorec-

tal neoplasia through the inhibition of enhanced

COX-1-dependent PGE2 in colorectal epithelial

cells associated with suppression of PGDH

expression (Fig. 12.3). Despite this is an inter-

esting hypothesis, it remains to be supported by

clinical data. In particular, this hypothesis

involves that aspirin, even at low-dose, may

affect COX-1 activity by acetylating the protein

expressed in the colorectum. Until now this

information is missing.

Recently, the relation between the

chemopreventive effect of aspirin and the expres-

sion of 15-PGDH in the CRC has been described.

By analyzing data and samples from Nurses’
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Health Study (NHS) and the Health Professionals

Follow-Up Study (HPFS), Fink and collaborators

found that regular aspirin use was associated

with lower risk of CRC that developed within a

background of colonic mucosa with high

15-PGDH expression (multivariable

HR ¼ 0.49; 95 % CI, 0.34–0.71), but not with

low 15-PGDH expression (multivariable

HR ¼ 0.90; 95 % CI, 0.63–1.27) (P for hetero-

geneity ¼ 0.018). Regular aspirin use was

associated with lower incidence of CRC arising

in association with high 15-PGDH expression,

but not with low 15-PGDH expression in normal

colon mucosa [131]. This data suggested that

15-PGDH expression level in normal colon

mucosa may serve as a biomarker which may

predict stronger benefit from aspirin

chemoprevention.

Interestingly, the results of these studies sug-

gest the possibility to identify individuals who

will get stronger benefit from aspirin chemopre-

vention. However, the study suffers from several

significant limitations that reduce the clinical

importance and usefulness of these results. The

first limitation is the dose of aspirin. In the NHS,

they defined regular aspirin users as women who

consumed two or more standard-dose (325 mg)

aspirin tablets per week and nonusers as those

who reported an intake of a lower number of

aspirin tablets per week. In the HPFS, the regular

users of aspirin were men who reported con-

sumption of standard-dose (325 mg) aspirin at

least two times per week, while men who

reported less frequent aspirin consumption were

defined as nonusers [131]. Considering the data

of pharmacodynamics and pharmacokinetics of

aspirin, this dosage regimen and frequency

schedule is compatible with the inhibition of

platelet COX-1 activity and platelet function,

but not with a systemic effect of the drug on

COX isozymes expressed in nucleated cells. In

addition, the study did not assess direct (acetyla-

tion of COX isozymes) or indirect (prostanoid

levels in colonic tissue or enzymatic urinary

metabolites) markers of aspirin action.

An important issue to address is whether aspi-

rin administration could affect the activity of

COX isozymes in the intestinal mucosa. Sample

and colleagues [132], using rectal PGE2 levels as

a mucosal biomarker, showed that the adminis-

tration of different doses of aspirin (81, 325, and

650 mg) for 4 weeks in subjects with prior spo-

radic colorectal adenomas significantly

suppressed PGE2 levels. In particular, aspirin at

81-mg dose significantly suppressed PGE2 levels

compared to the placebo, as well as at higher

doses. Another study performer by Barnes and

colleagues [133] showed that aspirin administra-

tion reduced two putative surrogate end point

biomarkers of chemoprevention of CRC: muco-

sal PGE2 formation and transforming growth

factor-α (TGF-α) expression (Fig. 12.3). The

treatment with aspirin 81 mg daily for 3 months

significantly reduced rectal mucosal PGE2 for-

mation and TGF-α expression in patients with a

history of adenomatous polyps. The data

obtained in these works indirectly demonstrated

that aspirin, administered even at low dose, acts

systemically by inhibiting the activity of COX

isozymes in the intestinal mucosa. These data

should be confirmed in studies where the direct

aspirin target will be evaluated, such as the

acetylation of serine residues of COXs.

COX-2-Related Mechanisms
in Intestinal Tumorigenesis

As reported above, the canonical Wnt path-

way activation in the colonic epithelium is a

key event in polyp formation and it is associated

with the upregulation of several genes involved

in tumor development and progression [30],

including COX-2 (Fig. 12.3).

Alterations of genetic, epigenetic, and inflam-

matory pathways involved in intestinal carcino-

genesis may influence COX-2 expression leading

to elevated prostanoid biosynthesis in tumor

microenvironment during the early phases on

carcinogenesis. Then, an aberrant expression of

COX-2 occurs in epithelial cells and may con-

tribute to the different steps of intestinal

tumorigenesis, i.e., hyperplasia and dysplasia to

carcinoma and metastasis [134–136]. It is gener-

ally well accepted that transcriptional activation

of COX-2 can occur early during tumorigenesis.
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Due to the complexity of combined genetic

alterations and inflammatory signaling occurring

in the tumor microenvironment, identifying a

single transcriptional pathway which plays a

decisive role in promoting constitutive COX-2

expression in colon cancer has been

limiting [38].

In normal cells, COX-2 expression levels are

largely regulated at the posttranscriptional level

through various RNA sequence elements present

within the mRNA 30 untranslated region (30UTR)
of COX-2 mRNA. A well-established mecha-

nism controlling the expression of many inflam-

matory cytokines, growth factors, and proto-

oncogenes is their inherent ability to be targeted

for rapid mRNA decay. These cancer-associated

gene transcripts are unstable due to the presence

of a common cis-acting element known as the

adenylate- and uridylate (AU)-rich element

[137]. AREs mediate their regulatory function

through the association of transacting

RNA-binding proteins that display high affinity

for AREs. It has previously reported that a loss of

ARE-mediated regulation is lost early during

tumor development. With regard to COX-2 reg-

ulation, similar findings have been observed in

human colon carcinoma cells [38]. As result of

the inability of the COX-2 ARE to function

properly in CRC cells, enhanced mRNA stability

was detected, and increased expression of a

reporter gene containing the COX-2 30UTR was

also observed. To date, at least 16 different

RNA-binding proteins have been reported to

bind the COX-2 30UTR [138].

Among them, the mRNA stability factor

human antigen R (HuR) [139, 140]

overexpression and its cytoplasmatic localization

are associated to elevated COX-2 expression that

is correlated with advancing stages of malig-

nancy and poor clinical outcome [141, 142].

More recently, small noncoding RNAs called

microRNAs (miRNAs) have emerged as global

mediators of posttranscriptional gene regulation

through their ability to control mRNA stability

and translation by imperfect base-pairing to the

30UTR of its target mRNA [143].

In CRC, differential expression of several

miRNAs has been observed, and the loss or

overexpression of specific miRNAs can impact

various cellular pathways associated with colon

tumorigenesis [144, 145]. Currently, 5 miRNAs

have been reported to target COX-2 mRNA and

control its expression, i.e., miR-16, miR-101,

miR-199, miR-143, and miR-542-3p. Since

miRNAs can bind imperfectly to the 30UTR of

targeted transcripts to attenuate target gene

expression [146], a single miRNA can poten-

tially control a number of putative mRNA targets

and impact the expression of a large number of

proteins with varying cellular functions. Thus, it

is of considerable interest how alterations of

miRNA expression in cancer can contribute to

tumorigenesis.

COX-Independent Mechanisms
of Aspirin

In addition to COX-dependent mechanism (both

in platelets and intestinal mucosa), there are sev-

eral evidences that aspirin may exert a

chemopreventive effect through the interference

with molecular pathways independent from COX

activity. It is noteworthy that most of these anti-

neoplastic effects were found using

concentrations of aspirin higher than those

detected after dosing with therapeutic doses of

the drug.

AMPK and mTOR Signaling

AMP-activated protein kinase (AMPK) is a key

energy sensor which regulates cellular metabo-

lism to maintain energy homeostasis. AMPK acts

as a metabolic master switch regulating several

intracellular systems including the cellular

uptake of glucose, the β-oxidation of fatty

acids, and the biogenesis of glucose transporter

4 (GLUT4) and mitochondria. The energy-

sensing capability of AMPK can be attributed

to its ability to detect and react to fluctuations

in the AMP/ATP ratio that take place during rest

and exercise (muscle stimulation) [147].

Phosphorylated AMPK suppresses the down-

stream target mTOR (the mammalian target of

12 Molecular and Experimental Basis for COX Inhibition in Cancer 189



rapamycin) which functions as an intracellular

nutrient sensor to control protein synthesis, cell

growth, and metabolism [148].

Recently, two published works showed that

aspirin activates AMPK/mTOR signaling

in vitro and in vivo. Hawley and colleagues

[149] demonstrated in vitro that at concentrations

(millimolar) reached in plasma following admin-

istration of salsalate, or aspirin at high doses,

salicylate activates AMPK. Salicylate can

directly bind AMPK at the same site as the syn-

thetic activator A-769662, to cause allosteric

activation and inhibition of dephosphorylation

of the activating phosphorylation site, Thr172

[149]. At the same time, Din and coworkers

[150] showed that high concentration of aspirin

inhibits mTOR signaling in CRC cells as

evidenced by inhibition of phosphorylation of

downstream effectors of mTOR signaling [i.e.,

ribosomal protein S6, S6 kinase 1 (S6K1), and

eukaryotic translation initiation factor

4E-binding protein 1 (4E-BP1)], through the

activation of AMPK. Interestingly, they assessed

the inhibition of mTOR signaling in healthy

subjects treated with aspirin 600 mg/day. After

24 h and 7 days of aspirin intake, the phosphory-

lation levels of S6 and S6K1 significantly

decreased in normal rectal mucosa [150].

NF-kB Signaling Pathway

Several studies have shown that modulation of

the NF-kB signal transduction pathway is a key

mechanism for the proapoptotic activity of aspi-

rin and other NSAIDs [151, 152]. The NF-kB

transcription factor generally exists as a

heterodimer bound in the cytoplasm by the inhib-

itor protein IkB. Following cellular stimulation

by specific inducers, IkB is phosphorylated by

the IkB kinase (IKK) complex and then degraded

by the ubiquitin-proteasome machinery

[153]. Subsequently, NF-kB translocates to the

nucleus where it regulates transcription of its

target genes, including those controlling cell

growth. It has been shown that aspirin, as well

as sodium salicylate, inhibits IKK-β activity

in vitro at millimolar concentration [154] by

binding to IKK-β, thus competing with ATP for

the binding to the kinase, an event necessary to

phosphorylate IkB.

Wnt/b-Catenin Pathway

The aberrant activation of the Wnt/β-catenin
pathway is the first step in almost all CRC.

The consequence of this is the accumulation of

the β-catenin in the cytoplasm which can translo-

cate to the nucleus where it binds with members

of the T-cell factor (Tcf)/lymphoid enhancer fac-

tor (Lef) family of transcription factors and

activates the transcription of target genes such

as cyclin D, c-Myc, and COX-2 [155]. Bos and

colleagues [156] showed that aspirin caused a

time- and concentration-dependent increase in

β-catenin phosphorylation, thereby reducing

Wnt/β-catenin pathway activity, in CRC cell

lines. They found that aspirin acted through the

inhibition of protein phosphatase activity, the

enzyme involved in the regulation of the phos-

phorylation status of β-catenin.

ERK Signaling

The extracellular signal-regulated kinase (ERK)

signaling pathway is a major determinant in the

control of different cellular processes such as

proliferation, survival, differentiation, and motil-

ity. This signaling resulted to be hyperactivated

in a high percentage of tumors [157]. Because of

its multiple roles in the acquisition of a complex

malignant phenotype, specific blockade of the

ERK pathway is expected to result in an

antiproliferative effect but also in antimetastatic

and antiangiogenic effects in tumor cells [157]. It

has been shown that aspirin and other NSAIDs

inhibit ERK signaling by preventing the binding

of Ras oncogene to c-Raf kinase in vitro [158].

Inhibition of AP-1 Activity

AP-1 is an inducible transcription factor

containing products of the jun and fos oncogene
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families [159, 160]. AP-1 is activated in response

to a number of stimulants including the tumor

promoter phorbol esters, epidermal growth fac-

tor, tumor necrosis factor-α, and interleukin-1

[159]. Some of the genes known to be regulated

by AP-1 are involved in the immune and inflam-

matory responses, tumor promotion, and tumor

progression. Dong and colleagues [161]

evaluated the antitumor effect of aspirin in JB6

cells, a well-developed cell culture model for

studying tumor promotion. They found that aspi-

rin and salicylate, at millimolar concentration,

inhibit transcription factor AP-1 activity and

tumor promoter-induced transformation through

a mechanism independent of PG synthesis and of

the inhibition of Erk1 and Erk2 pathways, but

probably involving the intracellular H+

concentration.

Acetylation of Non-COX Proteins by
Aspirin

Studies over the past decades suggest that,

besides COXs, aspirin acetylates other cellular

proteins. Experiments with radiolabeled 3H or 14

C aspirin demonstrated that aspirin acetylates

several proteins in vitro and in vivo through a

transacetylation reaction [162, 163]. Aspirin

acetylates human serum albumin and fibrinogen

in vitro and in vivo [164, 165]. It can also

acetylates several other proteins and

biomolecules, such as hemoglobin, DNA, RNA,

histones, and transglutaminase, as well as other

plasma constituents including hormones and

enzymes [162, 166]. Recently, it has been

shown that aspirin, at micromolar concentration,

acetylates the tumor suppressor protein p53, a

known regulator of apoptosis, in human breast

cancer cells. This event was associated with the

induction of p21CIP, a protein involved in cell

cycle arrest, and Bax, a proapoptotic protein

[167]. Thus, aspirin could exert its anticancer

effects by involving the acetylation of the tumor

suppressor p53 and the induction of p21CIP.

Other Antiplatelet Therapies in Cancer

Several evidences support the hypothesis that

platelet activation is involved in the development

of cancer, particularly CRC and in facilitating

metastasis [168]. In this setting, the development

of platelet inhibitors that influence malignancy

progression and clinical testing of currently

available antiplatelet drugs represents a

promising area of targeted cancer therapy.

At this time, a limited number of mechanistic

studies and clinical trial data support the use of

currently available antiplatelet agents in cancer

therapy and the combination of antiplatelet ther-

apy with existing tumor-targeted therapy. In con-

trast, the laboratory data using antiplatelet

therapy continue to accumulate.

Blockage of Platelet GPIIb/IIIa Receptors

The importance of platelet receptor GPIIb/IIIa in

the tumor mechanisms was showed by

Boukerche and collaborators who demonstrated

that human malignant melanoma cells directly

interact with platelets through the GPIIb/IIIa

receptor and cause platelet aggregation

[169]. In this study, Fab fragments of a monoclo-

nal antibody MoAb (LYP18), directed against

the platelet GPIIb-IIIa complex, inhibited

platelet-melanoma interactions and platelet-

platelet aggregation. In a murine model of metas-

tasis, Nierodzik and colleagues founded that the

blockage of the platelet GPIIb/IIIa receptor using

the monoclonal antibody 10E5 decreased lung

colonization of cancer cells [170]. A challenging

aspect of the administration of GPIIb/IIIa

antagonists in the clinical setting has been the

need for intravenous administration of these

agents, which are now widely used in high-risk

acute coronary syndromes. However, an oral

inhibitor of GPIIb/IIIa, XV454, has halted exper-

imental metastasis formation in a murine model

of lung cancer [171].
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Blockage of Platelet GPVI Receptor

Glycoprotein (GP)VI is a key receptor for colla-

gen on the platelet surface. It is a member of the

immunoglobulin superfamily and is uniquely

expressed on the surface of platelets, where it is

assembled with the immunoreceptor tyrosine

activation motif subunit, FcR-γ. Jain and

colleagues have shown that in a murine model

of metastasis, using either a Lewis lung carci-

noma (D121) or melanoma (B16F10.1) cell line,

an approximately 50 % reduction in the number

of visible tumor foci in GPVI-deficient mice as

compared with control C57BL/6 J mice was

observed [172].

In vitro data suggest that also a GPVI antago-

nist (revacept) may affect metastasis by

inhibiting platelet-tumor cell crosstalk

[173]. Revacept can bind to atherosclerotic endo-

thelium both with and without plaque rupture; it

binds vascular collagen, and thus it might inter-

fere with other collagen-dependent pathways

including α2/β1 integrins or vWF-mediated

GPIb activation [174]. Revacept reduces platelet

adhesion and aggregation without increasing the

risk of bleeding complications and without

affecting the general hemostasis [174].

Dovizio et al. have recently shown a novel

pharmacological effect of revacept in platelet-

cancer cell crosstalk [173]. In fact, this drug

was able to interfere with the interaction of plate-

let collagen receptors with galectin-3 expressed

in colon cancer cells HT-29. Thus, the drug, at

clinically relevant concentrations [174],

completely prevented the platelet-induced

upregulation of COX-2 in HT-29 cells and the

induction of epithelial-mesenchymal transition

(EMT) markers which occurred in tumor cells

by platelet interaction [173].

P-Selectin Antagonists

P-selectin is a cell surface adhesion molecule that

has a central role in mediating interactions

between platelets and both leukocytes and the

endothelium [175]. When P-selectin is expressed

on activated platelets and endothelial cells, its

primary ligand, P-selectin glycoprotein ligand

type 1 (PSGL-1), mediates the initial tethering

and rolling process that precedes leukocyte trans-

migration through the vessel wall [176]. It has

been proposed that P-selectin facilitated the

interaction between tumor cells with both

platelets and endothelial cells via sialylated

fucosylated carbohydrates [177]. In addition, it

has been shown that P-selectin facilitates human

carcinoma metastasis in immunodeficient mice

by mediating early interactions of platelets with

blood-borne tumor cells via their cell surface

mucins, and this process can be blocked by

heparin [178].

PAR Antagonists

Thrombin, a serine protease generated by the

coagulation cascade, is responsible for the gener-

ation of fibrin and in addition is a potent activator

of human platelets via actions on two platelet

surface G-protein-coupled receptors, PAR-1 and

PAR-4 [179]. Italiano and collaborators showed

that distinct populations of platelet α-granules,
containing different angiogenesis influencing

proteins, can be differentially released. The

release of a different set of α-granules from

platelets is regulated by PAR-1 and PAR-4 acti-

vation [180]. PAR-1 and PAR-4 have been

shown to regulate the release of endostatin and

VEGF from human platelets. These protease-

activated receptors could therefore play a crucial

role in regulating angiogenesis and in turn could

regulate the processes of wound healing and

tumor growth [181]. In a murine model of hema-

togenous metastasis, melanoma cells were intra-

venously injected in PAR-4 KO mice, and

protection from lung metastases was observed.

Thus, this study suggests that thrombin-induced

platelet activation makes an important contribu-

tion to hematogenous metastasis [181].
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P2Y12 Receptor Antagonists

Once released, ADP causes the coordinate acti-

vation of G-protein-coupled receptors, the

purinergic receptors [88, 182, 183]. There are

3 types of receptors for ADP on platelets: a

P2X-type ion channel-linked receptor and

2 P2Y-type G-protein-coupled receptors, P2Y1

and P2Y12 [182]. Activation of P2Y1 receptors

induces a phospholipase C-mediated increase of

intracellular calcium leading to platelet shape

change and initial reversible aggregation via

Gαq. P2Y12 receptors in their turn complete the

aggregation response initiated by P2Y1receptors

via Gαi-mediated inhibition of adenylyl cyclase

and through a less well-defined activation of

PI3K [184]. The effects of other antiplatelet

agents, such as the antagonists of P2Y12 recep-

tor, in the prevention of cancer and tumor metas-

tasis remain to be characterized in humans.

However, several experimental evidences sustain

a possible anticancer effect of these agents. It has

been reported that activated platelets promote

metastasis through the release of small molecules

such as ATP and ADP [185]. As platelet activa-

tion is largely mediated through ADP engage-

ment of the purinergic receptor P2Y12 on

platelets, P2Y12 represents an attractive target

for inhibiting tumor metastases. It has been

shown that the thienopyridine SR 25989, an

enantiomer of the anti-aggregant clopidogrel

(Plavix) lacking anti-aggregant activity, inhibits

endothelial cell proliferation in vitro by increas-

ing the expression of endogenous

thrombospondin-1, a natural potent inhibitor of

angiogenesis. The antiangiogenic effect of SR

25989 was further assessed in vitro in a quantita-

tive assay of angiogenesis using a fragment of rat

aorta embedded in a fibrin gel and in vivo, using

a pulmonary metastatic model in C57BL/6 mice

inoculated in the foot pad with the highly meta-

static melanoma cell line B16 F10

[186]. Recently, Wang et al. demonstrated that

tumor metastases are reduced in P2Y12-deficient

mice [187]. The coadministration of the

antiplatelet drugs aspirin and clopidogrel

(an antagonist of P2Y12 receptor) prevents or

delays hepatocarcinoma and improves survival

in a mouse model of chronic immune-mediated

hepatitis B [188].

Conclusive Remarks

Several evidences support the anticarcinogenic

effect of aspirin and other NSAIDs

[1, 120]. The findings that the protective effect

of aspirin against cancer, particularly CRC, does

not appear to be dose dependent and the maximal

effect is detected at low doses—which are the

same recommended for the prevention of CV

disease—strongly support the hypothesis that

the inhibition of platelet function is

an important determinant [1, 13, 120,

189]. Platelets are considered inflammatory

cells [190], and when activated they release a

massive quantity of a wide spectrum of growth

and angiogenic factors, inflammatory proteins,

lipids, and vesicles containing also genetic mate-

rial, including miRNAs. Platelets may be

activated as a consequence of vascular and epi-

thelial damage, as it may occur in response to

lifestyle and environment factors. Altogether

these events alter the normal functions of epithe-

lial cells, thus leading to cellular transformation

through the overexpression of COX-2

[95, 191]. Thus, antiplatelet agents may play a

role in the prevention of CRC by modifying

epigenetic mechanisms involved in colorectal

tumorigenesis. Platelets may also contribute to

the progression of cancer through the develop-

ment of metastasis [168, 173, 192, 193]. Several

mechanisms have been described, including the

formation of platelet aggregates surrounding

tumor cells which may support tumor cell sur-

vival and protection from immune elimination

and enhancement of the adhesion of tumor cells

to the endothelium, thus leading to tumor cell

arrest and extravasation. The recent findings

showing that platelet-derived signals induce

the activation of programs [173, 192] provide

new insights into the molecular mechanisms

which modulate the plasticity of cellular

phenotypes and open the way to novel
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therapeutic interventions using antiplatelet

agents to restrain and possibly prevent the

development of cancer metastasis. Additional

mechanistic studies to test the “platelet hypoth-

esis” should be performed in animal models of

intestinal cancer and, ideally, in different stages

of the human disease. These could help

to address the current uncertainty concerning

the optimal chemopreventive dose and dosing

regimen of aspirin. If this hypothesis would be

confirmed by ongoing studies, this would pro-

vide a rationale for targeting other pathways of

platelet activation and assessing the efficacy and

safety of combined antiplatelet strategies for

cancer prevention.

An important field of clinical research is

focused on the discovery of biomarkers to

select the individuals who will respond better

to the antineoplastic effect of aspirin. They

include plasma inflammatory markers, such as

soluble tumor necrosis factor receptor-

2 (TNF-R2), as well as the tumor expression

levels of genes involved in prostanoid biosyn-

thesis, including COX-2, or signaling pathways

implicated in the aberrant expression of

COX-2, such as PI3K. In particular, Liao and

colleagues have highlighted the benefit of aspi-

rin use in a molecular-defined subgroup of

patients affected by metastatic CRC who car-

ried activating mutations in PIK3CA

(phosphatidylinositol-4,5-bisphosphate

3-kinase catalytic subunit alpha) [194]. Most of

these studies have the limitation of being large

cohorts of participants who provided data on

aspirin use from a questionnaire. Thus, these

results should be confirmed in large RCTs. In

these clinical studies, the use the innovative

systems biology approach for the analysis of

heterogeneous data sets (genomics,

epigenomics, proteomics, lipidomics, and clin-

ical) would allow to perform dynamic systems

modeling of candidate pathways involved in the

antineoplastic efficacy of aspirin. This strategy

will also allow to identify CRC susceptibility

profiles and to use them to develop new

biomarkers to predict the occurrence/recur-

rence of CRC.
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Andersson M, Lönnroth C, Lundholm K. Prostanoid

receptor expression in colorectal cancer related to

tumor stage, differentiation and progression. Acta

Oncol. 2007;46:1107–12.

64. Sakai H, Suzuki T, Takahashi Y, Ukai M, Tauchi K,

Fujii T, et al. Upregulation of thromboxane synthase

in human colorectal carcinoma and the cancer cell

proliferation by thromboxane A2. FEBS Lett.

2006;580:3368–74.

65. Shimizu T, Fujii T, Takahashi Y, Takahashi Y,

Suzuki T, Ukai M, Tauchi K, Horikawa N, Tsukada

K, Sakai H. Up-regulation of Kv7.1 channels in

thromboxane A2-induced colonic cancer cell prolif-

eration. Pflugers Arch. 2014;466:541–8.

66. Dovizio M, Tacconelli S, Ricciotti E, Bruno A,

Maier TJ, Anzellotti P, Di Francesco L, Sala P,

Signoroni S, Bertario L, Dixon DA, Lawson JA,

Steinhilber D, FitzGerald GA, Patrignani P. Effects

of celecoxib on prostanoid biosynthesis and

circulating angiogenesis proteins in familial adeno-

matous polyposis. J Pharmacol Exp Ther.

2012;341:242–50.

67. Sciulli MG, Filabozzi P, Tacconelli S, Padovano R,
Ricciotti E, Capone ML, Grana M, Carnevale V,

Patrignani P. Platelet activation in patients with

196 A. Bruno et al.



colorectal cancer. Prostaglandins Leukot Essent

Fatty Acids. 2005;72:79–83.

68. Labayle D, Fischer D, Vielh P, Drouhin F, Pariente

A, Bories C, Duhamel O, Trousset M, Attali P.

Sulindac causes regression of rectal polyps in famil-

ial adenomatous polyposis. Gastroenterology.

1991;101:635–9.

69. Nugent KP, Farmer KC, Spigelman AD, Williams

CB, Phillips RK. Randomized controlled trial of the

effect of sulindac on duodenal and rectal polyposis

and cell proliferation in patients with familial adeno-

matous polyposis. Br J Surg. 1993;80:1618–9.

70. Ng K, Meyerhardt JA, Chan AT, Sato K, Chan JA,

Niedzwiecki D, Saltz LB, Mayer RJ, Benson 3rd

AB, Schaefer PL, Whittom R, Hantel A, Goldberg

RM, Venook AP, Ogino S, Giovannucci EL, Fuchs

CS. Aspirin and COX-2 inhibitor use in patients with

stage III colon cancer. J Natl Cancer Inst.

2015;107:345.

71. FitzGerald GA, ChengY, Austin S. COX-2 inhibitors

and the cardiovascular system. Clin Exp Rheumatol.

2001;19:S31–6.

72. Bueno H, Bardajı́ A, Patrignani P, Martı́n-Merino E,

Garcı́a-Rodrı́guez LA. Spanish case–control study to

assess NSAID-Associated ACS risk investigators

use of non-steroidal antiinflammatory drugs and

type-specific risk of acute coronary syndrome. Am

J Cardiol. 2010;105:1102–6.

73. Patrignani P, Tacconelli S, Bruno A, Sostres C,

Lanas A. Managing the adverse effects of nonsteroi-

dal anti-inflammatory drugs. Expert Rev Clin

Pharmacol. 2011;4:605–21.

74. Chan AT. Aspirin and chemoprevention of cancer:

reaching beyond the colon. Gastroenterology.

2012;143:1110–2.

75. Patrono C. The multifaceted clinical readouts of

platelet inhibition by low-dose aspirin. J Am Coll

Cardiol. 2015;66:74–85.

76. Algra AM, Rothwell PM. Effects of regular aspirin

on long-term cancer incidence and metastasis: a sys-

tematic comparison of evidence from observational

studies versus randomised trials. Lancet Oncol.

2012;13:518–27.

77. Cole BF, Logan RF, Halabi S, Benamouzig R,

Sandler RS, Grainge MJ, Chaussade S, Baron JA.

Aspirin for the chemoprevention of colorectal

adenomas: meta-analysis of the randomized trials. J

Natl Cancer Inst. 2009;101:256–66.

78. Burn J, Gerdes AM, Macrae F, Mecklin JP, Moeslein

G, Olschwang S, et al. Long-term effect of aspirin on

cancer risk in carriers of hereditary colorectal can-

cer: an analysis from the CAPP2 randomised con-

trolled trial. Lancet. 2011;378:2081–7.

79. Burn J, Bishop DT, Mecklin JP, Macrae F, Möslein

G, Olschwang S, et al. Effect of aspirin or resistant

starch on colorectal neoplasia in the Lynch syn-

drome. N Engl J Med. 2008;359:2567–78.

80. Rothwell PM, Price JF, Fowkes FG, Zanchetti A,

Roncaglioni MC, Tognoni G, Lee R, Belch JF,

Wilson M, Mehta Z, Meade TW. Short-term effects

of daily aspirin on cancer incidence, mortality, and

non-vascular death: analysis of the time course of

risks and benefits in 51 randomised controlled trials.

Lancet. 2012;379:1602–12.

81. Cook NR, Lee IM, Zhang SM, Moorthy MV, Buring

JE. Alternate-day, low-dose aspirin and cancer risk:

long-term observational follow-up of a randomized

trial. Ann Intern Med. 2013;159:77–85.

82. Rothwell PM, Wilson M, Elwin CE, Norrving B,

Algra A, Warlow CP, Meade TW. Long term effect

of aspirin on colorectal cancer incidence and mortal-

ity: 20-year follow-up of five randomised trials. Lan-

cet. 2010;376:1741–50.

83. Friis S, Riis AH, Erichsen R, Baron JA, Sørensen

HT. Low-dose aspirin or nonsteroidal anti-inflam-

matory drug use and colorectal cancer risk: a popu-

lation-based, case-control study. Ann Intern Med.

2015;163:347–55.

84. Movahedi M, Bishop DT, Macrae F, Mecklin JP,

Moeslein G, Olschwang S, Eccles D, Evans DG,

Maher ER, Bertario L, Bisgaard ML, Dunlop MG,

Ho JW, Hodgson SV, Lindblom A, Lubinski J,

Morrison PJ, Murday V, Ramesar RS, Side L, Scott

RJ, Thomas HJ, Vasen HF, Burn J, Mathers JC.

Obesity, aspirin, and risk of colorectal cancer in

carriers of hereditary colorectal cancer: a prospective

investigation in the CAPP2 study. J Clin Oncol.

2015;33:3591–7.

85. Rothwell PM, Fowkes FG, Belch JF, Ogawa H,

Warlow CP, Meade TW. Effect of daily aspirin on

long-term risk of death due to cancer: analysis of

individual patient data from randomised trials. Lan-

cet. 2011;377:31–41.

86. Patrono C, Garcı́a Rodrı́guez LA, Landolfi R,

Baigent C. Low-dose aspirin for the prevention of

atherothrombosis. N Engl J Med.

2005;353:2373–83.

87. Capone ML, Tacconelli S, Di Francesco L, Sacchetti

A, Sciulli MG, Patrignani P. Pharmacodynamic of

cyclooxygenase inhibitors in humans.

Prostaglandins Other Lipid Mediat. 2007;82:85–94.

88. Patrono C, Baigent C, Hirsh J, Roth G, American

College of Chest Physicians. Antiplatelet drugs:

American college of chest physicians evidence-

based clinical practice guidelines (8th edition).

Chest. 2008;133:199S–233S.

89. Lecomte M, Laneuville O, Ji C, DeWitt DL, Smith

WL. Acetylation of human prostaglandin endoper-

oxide synthase-2 (cyclooxygenase-2) by aspirin. J

Biol Chem. 1994;269:13207–15.

90. Patrignani P, Tacconelli S, Piazuelo E, Di Francesco

L, Dovizio M, Sostres C, Marcantoni E, Guillem-

Llobat P, Del Boccio P, Zucchelli M, Patrono C,

Lanas A. Reappraisal of the clinical pharmacology

of low-dose aspirin by comparing novel direct and

traditional indirect biomarkers of drug action. J

Thromb Haemost. 2014;12:1320–30.

91. Sharma NP, Dong L, Yuan C, Noon KR, Smith WL.

Asymmetric acetylation of the cyclooxygenase-

2 homodimer by aspirin and its effects on the

oxygenation of arachidonic, eicosapentaenoic, and

12 Molecular and Experimental Basis for COX Inhibition in Cancer 197



docosahexaenoic acids. Mol Pharmacol.

2010;77:979–86.

92. Gilroy DW. The role of aspirin-triggered lipoxins in

the mechanism of action of aspirin. Prostaglandins

Leukot Essent Fatty Acids. 2005;73:203–10.

93. Serhan CN. Lipoxins and aspirin-triggered 15-epi-

lipoxins are the first lipid mediators of endogenous

anti-inflammation and resolution. Prostaglandins

Leukot Essent Fatty Acids. 2005;73:141–62.

94. Romano M. Lipoxin and aspirin-triggered lipoxins.

Scientific World Journal. 2010;10:1048–64.

95. Fierro IM, Kutok JL, Serhan CN. Novel lipid media-

tor regulators of endothelial cell proliferation and

migration: aspirin-triggered-15R-lipoxin A(4) and

lipoxin A(4). J Pharmacol Exp Ther.

2002;300:385–92.
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Introduction

Colorectal cancer (CRC) is one of the most com-

mon malignancies worldwide. It is estimated that

around 5 % of world population will develop

CRC throughout their lifespan [1]. In 2012, the

incidence of this type of tumour was estimated in

1,360,602 new cases, and it caused 693,933

deaths, accounting for 8.5 % of all cancer deaths,

making it the fourth most common cause of death

from cancer. CRC is the third most common

tumour (9.7 % of all neoplasms), behind breast

and prostate cancer [2]. Far from diminishing, it

is estimated that the incidence will continue

increasing in the next decades to more than two

million cases per year in 2030 (http://globocan.

iarc.fr/Pages/burden_sel.aspx), with a conse-

quent increase in mortality. Incidence rates vary

substantially worldwide; the highest rates are in

Australia/New Zealand, Europe and Northern

America and the lowest in Africa and South-

Central Asia. Rates are higher in men than in

women in most parts of the world [3]. According

to the Surveillance, Epidemiology, and End

Results Program (SEER) data (2004–2010),

5-year survival for CRC is 64.7 %, varying

from 89.8 % for local stage disease to 12.9 %

for distant metastatic cancer [4]. Themost impor-

tant risk factor is age, since 90 % diagnoses

occur from age 50 years. Other risk factors are

type 2 diabetes, gender (male), race (African-

Americans), chronic inflammation, lifestyle such

as tobacco and alcohol consumption, physical

activity and diet. Most CRC cases are sporadic,

arising in individuals without any known familial

predisposition. Around 10–30 % of cases have

a positive family history of CRC, although the

predisposing genetic factors involved in such a

setting have not yet been characterised. Inherited

CRC syndromes are less frequent, accounting for

only 5 % of all CRC cases [5].

Sporadic CRC arise from the stepwise accu-

mulation of multiple somatic mutations. Heredi-

tary CCR results from specific, single germ line

mutations. Several hereditary syndromes have

been characterised and the genes involved in

them identified. Thus, Lynch syndrome is caused

by inherited mutations in mismatch repair genes;

familial adenomatous polyposis (FAP) is caused

by inherited mutations in the APC gene; and

MYH-associated polyposis (MAP) is produced

by biallelic mutations in the MUTYH gene.
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Mutations in STK11 gene cause Peutz-Jeghers

syndrome, and juvenile polyposis is due to

mutations in SMAD4 or BMPR1A. All of

these syndromes, except MAP, which is autoso-

mal recessive, are characterised by autosomal

dominant inheritance. People with

FAP-associated mutations have a 90 % absolute

risk of developing CRC by age 45, and people

with mutations of mismatch repair proteins

(Lynch syndrome) have a 40–80 % absolute

risk of CRC by age 75 [6].

CRC development is a multistep process

involving genetic and epigenetic changes that

activate oncogenes or inactivate tumour suppres-

sor genes or mutator genes. Different carcino-

genesis pathways have been identified

according to the type of genetic alterations and

the order in which these alterations take place. In

the majority of CRC, transformation of normal

colonic epithelium to cancer is believed to follow

the adenoma-carcinoma histological carcinogen-

esis sequence, which involves several steps:

development of dysplasia in a single crypt;

development of clusters that form adenomas;

and changes in adenoma architecture from tubu-

lar to tubulovillous to villous increasing in size,

adenoma cells showing more severe atypia, ade-

nocarcinoma, local invasion and metastasis. It is

estimated that this progression requires 10–40

years; however, most adenomas do not progress

to cancer. A different histological sequence, the

serrated pathway, has also been described, in

which serrated polyps progress to cancer. Ser-

rated polyps are characterised by sawtooth-like

infolding of the crypt epithelium and associated

with high levels of DNA methylation as the

lesions progress to cancer [6].

Chemoprevention is defined as the use of nat-

ural, synthetic or biologic chemical agents to

delay, prevent or reverse the development of

adenomas in the large bowel and interfere with

the progression from adenoma to carcinoma.

Besides being effective, a chemopreventive

agent should meet certain requirements to be

considered as such. These requirements include

the following: easily manageable, low cost and,

above all, no or minimum side effects in the

target population [7].

NSAIDs, especially aspirin and selective

cyclooxygenase (COX-2) inhibitors (COXIBs),

are one of the most studied classes of drugs in

CRC chemoprevention, since a vast number of

epidemiological and experimental studies have

shown an inverse relationship between the con-

sumption of these drugs and the risk of develop-

ing CRC. In this chapter, we summarise scientific

evidence derived from clinical studies assessing

the role of NSAIDs and COXIBs in the preven-

tion of both sporadic and hereditary CRC. Since

there is another chapter in this book dealing

exclusively on aspirin, we will not include in

this section those studies involving this drug and

will focus on nonaspirin NSAIDs (NA-NSAIDs).

Mechanism of Action
of NSAIDs/COXIBs

NSAIDs are a diverse group of drugs that are

mainly used to reduce fever, pain and inflamma-

tion, being among the most frequently used clas-

ses of medications. This family of compounds

exerts its pharmacological action by inhibiting

the synthesis of prostanoids, a family of bioactive

lipids which comprises prostaglandin (PG) E2,

PGF2α, PGD2 and PGI2 and thromboxane

(TX) A2. Prostanoids play important roles in

many physiological processes, such as modula-

tion of the inflammatory response, gastrointesti-

nal cytoprotection, haemostasis and thrombosis,

renal haemodynamics, atheroprotection, angio-

genesis or cancer, among others [8]. Prostanoids

are synthesised by the action of the enzymes

PGG/H synthases 1 and 2, known as cyc-

looxygenases 1 and 2, homodimers of 576 and

581 amino acids, respectively [9]. Each subunit

of the dimer contains the cyclooxygenase and

peroxidase active sites. Both isoenzymes display

the same activities and catalyse the rate-limiting

step of prostanoid synthesis, which is the genera-

tion of PGH2 from arachidonic acid, which is

released from membrane phospholipids by the

action of phospholipases following cellular acti-

vation. PGH2 is transformed to the different

prostanoids by different synthases. Thus, the

synthesis of PGE2 is carried out by PGE
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synthase. There are three PGE synthases, one

cytosolic, cPGES, and the other two bound to

cell membrane, mPGES-1 and mPGES-2. Both

cPGES and mPGES-2 are constitutive enzymes,

whereas mPGES-1 is inducible. The latter is

thought to be responsible for the increased levels

of PGE2 found in inflammation and cancer in

coordination with COX-2 [10]. PGD2 is

generated by the action of two PGD synthases,

lipocalin (L-PGDS) and haematopoietic

(H-PGDS). The biosynthesis of thromboxane

A2 is performed by TX synthase (TS), and

finally, PGI2 is generated by PGI synthase.

Despite COX-1 and COX-2 displaying the same

catalytic activity and synthesising the same prod-

uct, PGH2, each of them supports different

biological functions, which is explained by

differences in regulation of gene expression, the

requirement of different levels of substrate or

distinct junction with downstream enzymes

[8]. Thus, the role of COX-1 is to sustain a

basal rate of prostanoid biosynthesis in the body

and to enable a rapid, but brief, increase in the

synthesis of prostanoids when the levels of free

arachidonic acid are increased [11]. Among the

most important roles of COX-1 are the constitu-

tive synthesis of PGE2 in the gastrointestinal

tract to sustain gastrointestinal homeostasis and

generation of thromboxane A2 by activated

platelets involved in haemostasis [11]. Con-

versely, COX-2 is induced in response to inflam-

matory stimuli and growth factors and is

responsible for increased production of

prostanoids in the presence of low levels of free

arachidonic acid [12] (Fig. 13.1). In determined

cells, such as endothelial cells, COX-2 is consti-

tutively expressed, where it contributes to the

continuous production of vasoprotective PGI2.

In general, NSAIDs act by competitive and

transient inhibition of arachidonic acid binding

to the COX active site. Aspirin is an exception,

since it causes an irreversible inactivation of

COX-1 and COX-2. While therapeutic effects

of NSAIDs are a consequence mainly of COX-2

inhibition, many of the side effects of NSAIDs,

especially in the gastrointestinal tract, are caused

by the knockdown of the protective effects of

prostanoids synthesised by COX-1 [13].

Mechanisms of action of NSAIDs

COX-2
“Inducible”

Prostaglandins

Arachidonic Acid

COX-1
“Constitutive”

Prostaglandins

Mediators of pain

Inflammation and fever

NSAIDs

GI mucosal
portection

Haemostasia

Coxibs

COOH

Fig. 13.1 Mechanisms of action of NSAIDs
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Implication of COX-2 in CRC

Accumulating evidence has shown that COX-2 is

involved in tumour promotion and progression.

Most results derive from animal studies, espe-

cially in the APCMin (multiple intestinal neopla-

sia) murine model, in which multiple intestinal

polyps are formed as a consequence of a muta-

tion in the APC gene, similar to human familial

adenomatous polyposis [14]. In this model,

COX-2 is expressed in dysplastic and neoplastic

foci within polyps [15], and administration of

COX inhibitors inhibits intestinal polyp forma-

tion [16]. Similar results were observed in other

murine model of CRC such as APC Δ716 mice

[17]. Another model of CRC induced by

azoxymethane in rats is associated with an

increase in COX-2 expression [18], and treat-

ment with NS-398, a selective COX-2 inhibitor

[19], or aspirin [20], inhibits carcinogenesis.

COX-2 selective inhibitors prevent the growth

of human CRC cell xenografts in nude mice too

[21]. In humans, upregulation of COX-2 has been

found in advanced colorectal adenomas and

almost all CRCs [22]. Moreover, COX-2 expres-

sion has been found to increase parallel to

tumour size and to be associated with more

advance stage, more probability of developing

lymph nodes and worse survival [23]. In addi-

tion, the role of COX-2 in human colorectal

tumorigenesis is supported by the efficacy of

COXIBs in reducing the risk of colorectal ade-

noma recurrence [24–26].

PGE2 is themost abundant prostanoid detected

in human CRC and is considered the most impor-

tant downstream effector of carcinogenesis

[27]. Thus, PGE2 preserves small intestinal

adenomas from NSAID-induced regression in

ApcMin/þ mice [28]. Recent studies showed that

PGE2 treatment dramatically increased intestinal

adenoma cargo in the ApcMin/þ model [29]. In

addition, the increase of endogenous PGE2 due to

loss of 15-hydroxyprostaglandin dehydrogenase

(15-PGDH), the enzyme responsible for PGE2

degradation, augmented colon tumour growth in

both ApcMin/þ and azoxymethane models

[30]. Even more, the leading role of PGE2 in

colorectal cancer has been corroborated by

analysing the development of CCR in mice with

homozygous deletion of PGE2 receptors [31–

33]. PGE2 acts through different signal transduc-

tion pathways producing as a result the stimula-

tion of angiogenesis, cell motility and invasion,

proliferation and the inhibition of apoptosis. In

addition, sincemany of the downstream pathways

of PGE2 upregulate COX-2 expression, such

feedback loops may enhance the activity of the

COX-2 pathway and as a consequence may boost

the potency of COX-2 inhibitors [27].

Clinical Effects of NA-NSAIDs
on Colorectal Cancer

The data supporting the use of NA-NSAIDs as

chemopreventive agents in CRC come from

observational, cohort and case-control studies.

The first description of the inverse relationship

between NSAID use and risk of colorectal cancer

was reported in 1988 [34]. That study aimed to

investigate the associations between colorectal

cancer risk and several chronic diseases,

operations and treatments. It included 715 colo-

rectal cancer cases and 727 age/sex-matched

controls obtained from “the Melbourne Colorec-

tal Cancer Study”, a large population-based

study conducted in Australia. The authors found

significant lower consumption of aspirin and

aspirin-containing drugs among cases. This asso-

ciation was observed for both colon and rectal

cancer and for both males and females. It must be

noted that this association remained after adjust-

ment was made for individuals with arthritis,

who are frequent users of aspirin-containing

compounds. The relationship between

NA-NSAID intake and the risk of colorectal can-

cer has also been investigated. Thus, after that,

other epidemiological studies showed that regu-

lar users of NA-NSAIDs, as well as aspirin, have

a lower risk for CRC than non-users. Risk ratios

reported for NA-NSAIDs ranged from 0.43 to

0.77, resulting in a summary RR of 0.63 (95 %

CI ¼ 0.57-0.70) derived from six studies [35]. A

large population-based study was carried out
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with the aim of determining the association

between the use of aspirin and individual

NA-NSAIDs and risk of CRC, focused especially

on the role of dose and duration of drug con-

sumption [35]. Using the General Practice

Research Database, the world’s largest

computerised database of anonymised longitudi-

nal clinical records from primary care, the

authors studied a final cohort of 943,903 persons.

In that population, the risk of CRC was decreased

in users of NA-NSAIDs; adjusted relative risk

was 0.5 (CI ¼ 0.4-0.7). The protection was

observed after 6 months of continuous treatment

and disappeared 1 year after interrupting NSAID

treatment (Fig. 13.2). Another interesting finding

of this study is the observation that the protection

conferred by NA-NSAIDs was independent of

treatment indication. Regarding the dose of

NA-NSAID necessary to prevent CRC, the

authors found that highdose daily use was

associated with a RR of 0.4 (95 % CI

¼0.3–0.7), in contrast to a RR of 0.7 (95 %

CI¼0.5–1.1) estimate for low-medium use.

Concerning individual NA-NSAIDs, among the

most frequently used NSAIDs, which were ibu-

profen, diclofenac, naproxen, indomethacin and

piroxicam, the latter was associated with the

lowest estimate RR. More recently, a systematic

review including 19 case-control studies with

20,815 cases and 11 cohort studies (1,136,110

individuals) concluded that regular use of aspirin

or NSAID was consistently associated with a

reduced risk of CRC, especially after use of

10 years or more, with no difference between

aspirin and other NSAIDs [36]. In 2007, The

US Preventive Services Task Force (USPSTF)

published a new systematic review that included

randomised trials, case-control and cohort

studies, showing a relative risk reduction in

CRC incidence of 30–40 % and in adenoma

incidence of approximately 23–46 % with

NA-NSAIDs [37].

Another large population-based study in

Denmark assessing the associations between the

use of low-dose aspirin or other NSAIDs and

CRC risk has been very recently published

[38]. The study population included 10,289 case

patients with CRC and 102,800 control

participants. In this population, use of

NA-NSAIDs was associated with a minimal

reduction of the risk of CRC, OR, 0.94 [CI,

0.90–0.98]. However, when duration and inten-

sity of NA-NSAID consumption were analysed,

the authors found a marked inverse association

with CRC risk. Thus, 5 or more years of

NA-NSAID use at an estimated average dose

3210.50 4 5

Non-ASA 
NSAIDs
ASA > 300 mg

NSAlDs < 6m 

Past Users > 1y

Adjusted RRs and (95% CI)

Risk of CRC associated with  NSAID use

Non-use
0.5 (0.4-0.7)

1.0 (0.8-1.2)

0.6 (0.4-0.9)

1.0  (0.9-1.1)

Reference

Garcia Rodriguez and Huerta.  Epidemiology 2001

N = 10,000 Ctls
2002 Cases

Fig. 13.2 Risk of CRC

associated with NSAID use
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per day of 0.3 DDD or higher was associated

with a 30 % decrease in CRC risk, OR, 0.70

[CI, 0.62–0.78]. Similar results were observed

for consistent use of 5 years or longer (�2

prescriptions per year). Concerning the type of

NA-NSAID, the greatest effect was seen for

those with the highest COX-2 selectivity.

Thereby, long-term, high-intensity use of

COX-2 selective NSAIDs was associated with

an OR for CRC of 0.57 [CI, 0.44–0.74], whereas

for non-selective NSAIDs, the associated OR

was of 0.73 [CI, 0.64–0.84].

The combination of different

chemopreventive agents has been proposed to

increase the effectiveness of NSAIDs and at the

same time minimise their side effects [39]. The

strategy consists in giving two or more drugs at

low dose to decrease their side effects but

obtaining the same benefit by the addition of

their individual chemopreventive effects. In this

manner, a phase III randomised, double-blind

placebo-controlled clinical chemoprevention

trial evaluating the combination of the polyamine

synthesis inhibitor difluoromethylornithine

(DFMO) and sulindac for the prevention of

colon polyp recurrence was performed in the

USA in 2008 [40]. In that trial, 375 patients

with a history of resected (�3 mm) adenomas

were randomly assigned to receive oral DFMO

500 mg and sulindac 150 mg once daily or

matched placebos for 36 months, stratified by

use of low-dose aspirin (81 mg) at baseline and

clinical site. Follow-up colonoscopy was done

3 years after randomisation. The results of that

trial indicate that the combination of a low dose

of DFMO plus the nonspecific NSAID sulindac

at a dose one half the usual therapeutic dose

markedly reduced the recurrence of all adenomas

(70 % decrease), advanced adenomas (92 %

decrease) and recurrence of more than one ade-

noma (95 % decrease) in a population of

individuals at moderately high risk for sporadic

adenomas (41 % of patients receiving placebos

developed recurrent adenomas). No significant

differences in the proportion of serious adverse

effects were observed between the two arms.

However, 1 year later, an analysis of the cardio-

vascular safety was published, reporting an

increase in cardiovascular events in those

subjects with cardiovascular risk factors [41].

FAP is characterised by the presence, at an

early age, of multiple adenomatous polyps in the

colon and rectum (hundreds or thousands), with a

cumulative risk of CRC development of nearly

100 % in the fourth to fifth decade of life, if not

detected and treated early. Treatment of these

patients consists in colon removal (pancolectomy

with ileal reservoir); however, it does not remove

totally the risk of developing CRC, and, for this

reason, patients have to be followed up after

surgery. Since surgery has repercussion both on

physical and psychological level on patients,

there is a great interest on chemoprophylaxis

that delay the time of surgery. In this syndrome,

it is difficult to conduct studies with a large

number of patients, and then, most scientific evi-

dence is based on observational and small phase

II/III trials. At the present time, the drugs with

the most evidence as chemopreventive agents in

FAP patients are sulindac among traditional

NSAIDs and COXIBs [39]. Indeed, NSAIDs

have been widely studied as chemopreventive

agents in patients with FAP [42]. The first study

suggesting a role for NSAIDs in chemopreven-

tion in FAP patients was a non-randomised study

of four members of a family with Gardner’s

syndrome; three of them had prophylactic sur-

gery and the other conserved the colon intact. In

all of them, the polyps almost completely

disappeared when sulindac was administered

[43]. This finding was later confirmed in a

randomised, double-blind, placebo-controlled

trial of 22 FAP patients and 18 of them without

previous colectomy. Patients received sulindac at

a dose of 150 mg twice a day or placebo during

9 months. When treatment was stopped after nine

months, both the number and the size of polyps

had diminished to 44 and 35 % of baseline

values. Unfortunately, no patient had complete

resolution of the polyps, and 3 months after the

end of treatment, both the number and size of

polyps had increased again although they

remained significantly lower than baseline

values. No side effects were observed in this

study [44]. The effect of long-term sulindac has

also been investigated. In a study involving
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12 FAP patients who had undergone a colectomy

with ileorectal anastomosis, sulindac (mean dos-

age, 158 mg/day) for a mean period of

63.4 � 31.3 months induced a significant regres-

sion of polyp number in all patients. In addition,

sulindac also prevents the recurrence of higher-

grade adenomas (tubulovillous, villous

adenomas). The most common side effect was

rectal mucosal erosions [45]. The effect of

sulindac in regression of adenomas has been

shown in other randomised, placebo-controlled

clinical trials. In one of them, 10 FAP patients

who had been previously treated with colectomy

and ileorectal anastomosis and had rectal polyps

received sulindac, 300 mg/day, or placebo during

two 4-month periods separated by a 1-month

wash-out phase, showing that sulindac induced

regression of rectal polyps [46]. In another trial

in 24 FAP patients with a previous prophylactic

colectomy and advanced duodenal polyposis,

sulindac therapy during 6 months induced a sig-

nificant regression of rectal polyps although the

effect in duodenal polyps was much smaller and

non-significant [47]. In addition, a large number

of non-randomised clinical trials have assessed

the efficacy of NA-NSAIDs in regression of

polyps in FAP patients. In most of them, the

NSAID used was sulindac given at doses ranging

from 200 to 400 mg/day, the majority

demonstrated a benefit by reducing the polyp

burden [48–54]. Only a few studies used other

NSAIDs. Thus, in two studies, indomethacin

given as suppository or sustained-release formula

decreased the number of polyps but increased

after cessation of treatment [55, 56].

The sulfone derivate of sulindac (exisulind)

has shown antineoplastic effects in colon cancer,

which are attributed to the inhibition of cyclic

guanosine monophosphate (cGMP) phosphodi-

esterase since this sulindac metabolite is not

able to suppress COX activity [42]. This drug

has been tested in a randomised, placebo-

controlled study involving 281 patients with spo-

radic adenomatous polyps. Although exisulind at

the highest dose tested (400 mg) caused signifi-

cant regression of sporadic adenomatous polyps,

it was associated with more toxicity [57]. In this

sense, a phase I trial failed to show a decrease in

the number of polyps and set the maximum safe

dose of exisulind in 300 mg p.o. twice a day [58].

The capacity of sulindac in primary chemo-

prevention in FAP patients has been evaluated in

a randomised, double-blind, placebo-controlled

study of 41 young subjects who were genotypi-

cally affected with familial adenomatous

polyposis but not phenotypically affected at that

moment. After 4 years of treatment with sulindac

at standard doses, no differences in the number

and size of polyps were found between sulindac

and placebo groups [59]. Finally, there is no

evidence that sulindac prevents the development

of CRC. Therefore, at the present time, sulindac

can be given in FAP patients to delay the pro-

gression of polyposis but is not recommended as

a primary chemopreventive agent [42].

Clinical Effects of COXIBs
on Colorectal Cancer

COXIBs were developed in the 1990s with the

objective of conserving the benefits of NSAIDs,

such as the analgesic and anti-inflammatory

effect attributed to COX-2 inhibition, but at the

same time minimising the side effects derived

from COX-1 inhibition, mainly gastrointestinal

toxicity. The first marketed COXIBs were

rofecoxib and celecoxib in 1999. During the fol-

lowing years, other COXIBs were introduced in

the market. These included etoricoxib;

valdecoxib; parecoxib, the water-soluble and

injectable prodrug of valdecoxib; and finally

lumiracoxib. Except lumiracoxib which is a phe-

nyl acetic acid derivate of diclofenac, the rest of

the COXIBs have a similar chemical structure,

since all of them are diaryl heterocyclic derivates

containing a phenylsulphone (rofecoxib and

etoricoxib) or a phenylsulphonamide moiety

(celecoxib and valdecoxib) [7]. From the point

of view of cancer chemoprevention, the develop-

ment of COXIBs raised great expectations, since

indeed these drugs showed to be as effective

as traditional NSAIDs but with less gastrointesti-

nal side effects. Thus, a systematic review

involving 17 trials and more than 25,000 par-

ticipants revealed that serious gastrointestinal
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complications and symptomatic ulcers were

significantly decreased in patients allocated to

COXIBs compared with non-selective NSAIDs

[60]. These findings were confirmed by another

systematic review of randomised controlled trials

that found a 74 % reduction of the RR of gastro-

duodenal ulcers and 61 % reduction of the RR

for relevant ulcer complications, with the use of

COXIBs versus non-selective NSAIDs [61]. It

must be noted that among NSAIDs, some

differences exist, basically dependent on the

dose but also on the type of NSAID. Thus, a

case-control study showed that diclofenac,

aceclofenac and ibuprofen exhibit the lowest

RR of upper gastrointestinal bleeding (UGIB),

whereas piroxicam and ketorolac were

associated with the highest risk. In that study,

the RR of UGIB associated to celecoxib was

similar to that observed with paracetamol or the

combination of NSAIDs with proton pump

inhibitors [62]. The relevance of the dose was

shown in the CLASS trial, a randomised compar-

ison of high-dose regimens of celecoxib versus

diclofenac and ibuprofen in patients with

osteoarthritic pathologies, which failed to dem-

onstrate a statistically significant difference in

ulcer complications between them [63].

The first clinical trial using a COXIB with a

preventive purpose in CRC was performed in

FAP patients. This trial was a randomised,

double-blind, placebo-controlled study where

patients were allocated to two different doses of

celecoxib (400 or 100 mg twice daily) or placebo

for 6 months. A total of 77 patients were included

in the study, who underwent endoscopy at the

beginning and end of the study. Both the number

and size of polyps were evaluated, and the

response to treatment was expressed as the

mean percent change from baseline. After six

months, the patients receiving 400 mg of

celecoxib twice a day showed a significant reduc-

tion both in the mean number of colorectal

polyps (by 28 %) and in the polyp burden

(by 30.7 %) compared with placebo group. By

contrast, 100 mg of celecoxib induced a reduc-

tion of only 11.9 % and 14.6 %, respectively,

which was not statistically significant [26]. The

effect of celecoxib was also evaluated on

duodenal polyposis showing that 400 mg induced

a significant reduction in duodenal polyposis

after 6 months, which was reported in a separate

paper [64]. This effect was more pronounced in

those patients with significant clinically disease

(more than 5 % covered by polyps) at baseline.

Results of this study were the basis for the pre-

liminary FDA approval on the use of celecoxib at

a dose of 800 mg/day for the treatment of patients

with FAP [7]. Interestingly, a mechanistic study

evaluated cell proliferation, apoptosis and PGE2

levels in colorectal epithelia from FAP trial

participants and found suppression of cell prolif-

eration and an increased apoptotic ratio, as well

as the ratio of apoptosis to cell proliferation,

accompanying polyp regression, but any signifi-

cant variation of PGE2 levels was observed nei-

ther in normal mucosa nor in adenomas.

Moreover, PGE2 levels did not differ signifi-

cantly among treatment arms [65]. The safety

and efficacy of celecoxib was assessed in a

phase I, dose-escalation trial in 18 children.

That study concluded that celecoxib at a dose of

16 mg/kg/day, corresponding to the adult dose of

400 mg BID, is safe and well tolerated and sig-

nificantly reduced the number of colorectal

polyps in children with FAP [66]. The results of

a clinical trial assessing the utility of combining

two chemopreventive agents, celecoxib and

DFMO (ClinicalTrials.gov number

N01-CN95040), have just been published. In

this study, celecoxib combined with DFMO

yielded moderate synergy (40 % reduction in

adenoma burden with the combination versus

27 % reduction with celecoxib), although the

difference was not statistically significant.

Importantly, there were no adverse cardiovascu-

lar outcomes in either trial arm [67]. Another

COXIB, rofecoxib, was tested in a small group

of FAP patients, showing a highly significant

decrease in the rate of polyp formation

(70–100 %) in all patients after a median

follow-up of 16 months. In addition, no patient

developed cancer or high-grade adenoma [68].

Data obtained from observational studies

showed the efficacy of COXIBs as

chemopreventive agents in patients with FAP,

propitiated studies to examine the efficacy and
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safety of these agents in preventing the recur-

rence of sporadic colorectal polyps. Thus, three

randomised trials with similar designs

(multicentre, randomised and placebo-

controlled) were initiated between 1999 and

2000: the Adenomatous Polyp Prevention on

Vioxx (APPROVe), the Adenoma Prevention

with Celecoxib (APC) and the Prevention of

Colorectal Sporadic Adenomatous Polyps

(PreSAP) trials (Table 13.1). These studies

examined the role of different COXIBs for

3 years in individuals with a recent history of

adenomas and were followed up to 5 years in

order to evaluate drug safety. Their primary

objective was the incidence of adenomas, and

secondary objectives were the incidence of

advanced adenomas and the number and size of

polyps [39]. The APPROVe trial included a total

of 2587 subjects at high risk of developing

adenomas, who were randomised to receive pla-

cebo or rofecoxib 25 mg daily. The authors found

that rofecoxib reduced the risk of adenoma recur-

rence by 24 % compared with placebo and also

the risk of advanced adenomas. It must be noted

that the chemopreventive effect of rofecoxib was

superior in the first year of the study than in the

subsequent 2 years [25]. Regarding the safety

analysis, the study was discontinued before the

planned end of the trial following the advice of

the External and Monitoring Board because an

increased risk of cardiovascular events was

observed in the rofecoxib arm [69]. In parallel,

the APC trial was performed in a cohort of

patients of high risk of CRC too. This trial

included 2035 patients who had been recently

removed an adenomatous polyp and were

randomised to either placebo or celecoxib

200 mg or 400 mg twice daily. In this trial, a

reduction of adenoma incidence was observed

for the two doses of celecoxib tested (RR 0.55;

95 % CI, 0.48–0.64; p < 0.001 for 400 mg dose

and RR 0.67; 95 % CI, 0.59–0.77; p<0.001 for

200 mg dose) as well as a reduction for advanced

adenoma (RR 0.34; 95 % CI, 0.31–0.61, in the

200 mg group and RR 0.43; 95 % CI, 0.24–0.50,

in the 400 mg group). After 5-year follow-up, the

researchers reported that the chemopreventive

action of both doses of celecoxib persisted

[24]. The last trial, PRESAP, which was run

parallel to ACP trial, confirmed the beneficial

effect of celecoxib in preventing adenomas.

This study compared the effect of celecoxib

given daily in a single 400 mg dose with placebo.

A total of 1561 patients were recruited.

Celecoxib reduced by 36 % the risk of any ade-

noma and by 51 % the risk of advanced

adenomas. The effect was apparent at the first

year follow-up colonoscopy and continued at

year 3. These results were not affected when

low-dose aspirin intake at baseline was consid-

ered [70]. Subjects in the PRESAP trial were

followed up 5 years from baseline and evaluated

Table 13.1 Results of adenoma incidence and adverse events (cardiovascular and gastrointestinal) in COXIB trials in

average-risk individuals

Study Cohort

Subjects,

n Trial arms

RR for adenoma

incidence

RR for CV

adverse events

RR for GI

adverse events

APPROVe Prior

adenoma

2587 Rofecoxib

25 mg once

0.76; 95 % CI,

0.69–0.83

1.89; 95 % CI,

1.18–3.04

4.9; 95 % CI,

1.9–14.5

Placebo

APC Prior

adenoma

2035 Celecoxib

200 mg b.i.d

0.67; 95 % CI,

0.59–0.77

1.5; 95 % CI, 0.9-

2.3

1.0; 95 % CI,

0.8–1.4

Celecoxib

400 mg b.i.d

0.55; 95 % CI,

0.48–0.64

1.8; 95 % CI,

1.2–2.8

0.9; 95 % CI,

0.7–1.3

Placebo

PreSAP Prior

adenoma

1561 Celecoxib

400 mg once

0.64; 95 % CI,

0.56–0.75

1.53; 95 % CI,

0.89–2.64

1.17; 95 % CI,

0.8–1.5

Placebo

Gastrointestinal adverse events included symptomatic upper-GI ulcers in APPROVe trial, or gastrointestinal bleeding,

gastritis or duodenitis, upper- or lower-gastrointestinal ulceration, or other haemorrhages in PreSAP and APC trials
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again (the last 2 years off therapy). In the new

analysis, celecoxib treatment was associated with

a lower cumulative rate of adenomas and

advanced adenomas compared to placebo when

considering the whole period up to year 5, but

when the first 3 years were omitted, the analysis

showed that patients randomised to celecoxib

were more prone to develop adenomas or

advanced adenomas than those on placebo [71].

Expectations generated by positive results

derived from these prevention trials with

COXIBs were soon abrogated because of the

parallel demonstration of their cardiovascular

toxicity. In 2004, rofecoxib was withdrawn

from the market due to the increased cardiovas-

cular toxicity observed in the APPROVe trial. In

that trial, the adverse cardiovascular effects were

shown after 18 months of initiating treatment

[25]. Follow-up of APPROVe participants was

extended after treatment was stopped to evaluate

the long-term cardiovascular toxic effects. This

new analysis revealed that the increased cardio-

vascular risk persisted during the first year of

treatment and probably was present early on

therapy [72]. Cardiovascular toxicity appears to

be a class effect; in fact, other trials with

COXIBs have reported similar results. In the

APC trial, a significant increase of serious car-

diovascular events, including death from cardio-

vascular causes, myocardial infarction, stroke

and heart failure, was observed, with a hazard

ratio of 2.3 (95 % CI, 0.9–5.5) and 3.4 (95 % CI,

1.4–7.8) for the 200 mg dose and 400 mg dose of

celecoxib, respectively [73]. As in the APPROVe

trial, the study was ended early due to CV

toxicity.

The problem of cardiovascular and gastroin-

testinal effects of COXIBs and traditional

NSAIDs has been addressed in a large meta-

analysis with a total sample over 300,000

patients from 639 trials [74]. This study has

shown that high doses of diclofenac and ibupro-

fen are associated with similar vascular risks than

COXIBs. Interestingly, this effect was not

observed with high-dose naproxen. Thus, com-

pared with placebo, COXIBs and diclofenac

were associated with an increase of major vascu-

lar events, RR 1.37; CI 1.14–1.66 and RR 1.41,

CI 1.12–1.78. Ibuprofen use was associated with

an increase of major coronary events, RR 2.22;

CI 1.10–4.48, but not with major vascular events.

Conversely, naproxen did not significantly

increase major vascular events. The most plausi-

ble mechanism to explain cardiovascular toxicity

associated to the use of COXIBs is that they

inhibit COX-2-dependent PGI2 generation while

not affecting platelet function [7]. Other

non-selective NSAIDs, which are reversible

inhibitors of COXs, produce a profound inhibi-

tion of COX-2-dependent PGI2. Although they

can also inhibit COX-1 and hence TXA2 synthe-

sis in platelets, their effect is short and incom-

plete because they have short half-lives. In

contrast, naproxen has a long half-life, so at

high doses it is the only NSAID with the ability

to suppress almost completely platelet COX-1 in

the interval between doses [7, 75].

Ongoing Clinical Trials with Coxibs
or NA-NSAIDS

At this moment, there are only a few clinical

trials assessing the role of NA-NSAIDs or

COXIBs in colorectal cancer. Most of the ongo-

ing trials are being performed in patients with

established colorectal cancer. As we have previ-

ously commented, side effects of NSAIDs/

COXIBs, especially their gastrointestinal and

cardiovascular toxicity, have limited their use

for CRC chemoprevention to high-risk

populations such as hereditary CRC syndromes.

There is a phase 1 study exploring the safety

of combining indomethacin with platinum-

containing chemotherapy (ClinicalTrials.gov

Identifier: NCT01719926) in patients with colo-

rectal, oesophageal and ovarian neoplasms. The

rationale to use indomethacin in this trial is to

inhibit the synthesis of two platinum-induced

fatty acids (PIFAs), the oxo-heptadecatetraenoic

acid (KHT) and the omega-3 fatty acid hexadeca-

tetraenoic acid, that are produced by mesenchy-

mal stem cells via the COX-1 pathway, since

they induce resistance to a broad spectrum of

chemotherapies. Another trial, entitled “A Dou-

ble Blind Placebo-Controlled Trial of
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Eflornithine and Sulindac to Prevent Recurrence

of High Risk Adenomas and Second Primary

Colorectal Cancers in Patients With Stage 0-III

Colon or Rectal Cancer, Phase III - Preventing

Adenomas of the Colon With Eflornithine and

Sulindac (PACES)” (ClinicalTrials.gov Identi-

fier: NCT01349881), aims to assess whether

eflornithine 500 mg or sulindac 150 mg is effec-

tive in reducing the 3-year event rate, defined as

high-risk adenoma or 2nd primary colorectal

cancer, in stages 0, I, II and III colon cancer

patients. Sulindac is also being tested in a

randomised, double-blind, phase III trial in FAP

patients in order to determine if the combination

of eflornithine plus sulindac is superior to

sulindac or eflornithine as single agents in

delaying time to the first occurrence of any

FAP-related event, including FAP-related dis-

ease progression, indicating the need for exci-

sional intervention involving the colon, rectum,

pouch, duodenum and/or clinically important

events which include progression to more

advanced duodenal polyposis, cancer or death

(ClinicalTrials.gov Identifier: NCT01483144).

Another traditional NSAID, naproxen, is being

evaluated in a randomised phase Ib trial to study

the side effects and best dose in preventing

deoxyribonucleic acid (DNA) mismatch repair-

deficient colorectal cancer in patients with Lynch

syndrome, “Naproxen in Preventing DNA Mis-

match Repair Deficient Colorectal Cancer in

Patients With Lynch Syndrome” (ClinicalTrials.

gov identifier: NCT02052908).

Regarding COXIBs, there is a phase II trial

studying how well capecitabine and celecoxib

with or without radiation therapy work in treating

patients with colorectal cancer that is newly

diagnosed or has been previously treated with

fluorouracil and has metastasized (Clinical

Trials.gov identifier: NCT01729923). Celecoxib

is being tested in another clinical trial as part of a

new regimen of treatment (capecitabine, cyclo-

phosphamide, methotrexate, celecoxib

administered orally at low daily doses and with-

out planed brakes) for patients with metastatic

colorectal carcinoma (ClinicalTrials.gov Identi-

fier: NCT02280694). A randomised phase III

trial is giving oxaliplatin, leucovorin, calcium

and fluorouracil together to compare how well

they work when given together with or without

celecoxib in treating patients with stage III colon

cancer previously treated with surgery

(ClinicalTrials.gov Identifier: NCT01150045).

In the setting of chemoprevention, a placebo-

controlled RCT to test whether celecoxib is

effective in preventing colon polyp formation in

children with FAP (ClinicalTrials.gov Identifier:

NCT00585312) was terminated early (31 Oct

2013) due to low enrolment and low endpoint

accumulation rate.

With respect to cardiovascular safety of

COXIBs, there is an ongoing randomised clinical

trial “Prospective Randomized Evaluation Of

Celecoxib Integrated Safety Vs Ibuprofen Or

Naproxen (PRECISION)” (ClinicalTrials.gov

Identifier: NCT00346216), which will compare

the risk of celecoxib with respect to the two most

commonly prescribe traditional non-selective

NSAIDs in the treatment of arthritis pain,

ibuprofen and naproxen, in patients with high

cardiovascular risk. The cardiovascular, gastro-

intestinal and renal safety and symptomatic

benefit in each treatment group will be assessed

accordingly. One potential limitation of this

ambitious study is the fact that patients receiving

low-dose ASA (�325 mg/day) are allowed to

participate in the trial. Since it has been shown

that both ibuprofen and naproxen, but not

COXIBs, may interfere with the inhibition of

platelet COX-1 by ASA, this fact can distort

results obtained in the study [7].

Development of New NSAIDs

In an attempt to improve the potency and safety

of NSAIDs, different chemical modifications

have been introduced in some conventional

NSAIDs in the last years to obtain new chemical

entities that can be used in chemoprevention.

One of these modifications consists in the

incorporation of a part of –ONO2, which releases

nitric oxide (NO). This is achieved by covalent

union through the carboxylic fraction of the

NSAID since most NSAIDS are carboxylic

acids [76]. The rationale to create nitric
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oxide-releasing NSAIDs was to counteract the

ulcerogenic properties of NSAIDs. Since the

damage of gastroduodenal mucosa by NSAIDs

is due to the inhibition of the synthesis of

cytoprotective prostaglandins, and NO acts in a

similar way as prostaglandins at this level, it was

assumed that damage would be prevented if the

NSAID could release locally NO. This hypothe-

sis has been confirmed by several animal and

human studies where NO-NSAIDs have shown

to be able to confer gastric mucosa protection

against the damage that the original NSAID

would have caused [77]. In addition to

their safer profile at gastroduodenal level,

NO-NSAIDs are supposed to have a safer cardio-

vascular profile than traditional NSAIDs, since

the well-known vasodilatory effect of NO can

prevent the increase in blood pressure caused

by NSAIDs. On the other hand, there is substan-

tial evidence at preclinical level of the efficacy of

the anticancer effect of NO-NSAIDs. Thus,

NO-ASA, NO-sulindac and NO-ibuprofen

inhibit the growth of the human colon adenocar-

cinoma cell line, HT-29, much more potently

than their parent NSAIDs [78]. This effect has

been observed with other NO-NSAIDs and other

cell lines. The antitumoural action of

NO-NSAIDs has been confirmed in animal

models of cancer of colon cancer. Thus, tumour

incidence and multiplicity were reduced in both

Min mice and the azoxymethane model of colon

cancer. In addition, the growth of colon cancer

xenografts was significantly reduced with

NO-ASA [79–81]. A large number of mechanis-

tic studies have been developed to reveal the

anticancer action of NO-NSAIDs. NO-NSAIDs

have a strong cell growth inhibitory effect, which

results from inhibition of cell proliferation,

induction of apoptosis and the slowness of cell

cycle phase transitions. Most mechanistic studies

have been performed with NO-ASA, which have

underlined the importance of the induction of

apoptosis for the chemopreventive effect of the

drug. Behind this pro-apoptotic effect are the

induction of oxidative stress followed by activa-

tion of the intrinsic apoptosis pathway and also

the inhibition of the Wnt signalling pathway. In

addition to these effects, NO-ASA has shown to

modulate other molecular targets such as

mitogen-activated protein kinase (MAPK), the

inhibition of NF-kB, inducible nitric oxide

synthase, drug metabolising enzymes such as

NDA(P)H:quinone oxidoreductase (NQO) or

glutathione S-transferase (GST) and transloca-

tion of Nrf2 into the nucleus [77]. Recently, it

has been shown that NO-ASA was more effec-

tive at suppressing microsatellite instability in

mismatch repair-deficient cells than the parent

ASA, which suggest a potential role of

NO-ASA in chemoprevention for HNPCC

patients. Unfortunately, a clinical trial of

NO-ASA for the prevention of colon cancer

was ended before the appointed time due to

potential genotoxicity [77]. This question must

be investigated before NO-NSAIDs can be con-

sidered in the area of colon cancer prevention.

Phospho-NSAIDs consist of an NSAID mole-

cule that is connected to dialkylphosphate via a

linker. Structurally, phospho-NSAIDs can be

considered as diethylphosphate analogs of nitrate

NO-NSAIDs [82]. The antitumoural activity of

these compounds has been extensively assessed

both in vitro and in animal studies. Thus,

phospho-sulindac (OXT-328), phospho-

ibuprofen (MDC-917), phospho-flurbiprofen

(MCD-813), phospho-aspirin (MCD-118) and

phospho-deoxysulindac (MCD-922) have been

shown to inhibit tumour growth by decreasing

cell proliferation and inducing apoptosis.

Phospho-aspirin and phospho-sulindac were

also found to display anticancer activity in vivo

without showing detectable toxicity [83]. In

addition, phospho-sulindac synergised with

DFMO to prevent CRC, decreasing tumour mul-

tiplicity in the APC/Min mice by 90 % [84]. It

has been proposed that the chemopreventive

effect of phospho-NSAIDs is mediated by a

COX-independent mechanism. Among the

mechanisms involved, the increase of intracellu-

lar levels of reactive oxygen species (ROS), the

inhibition of the thioredoxin system and a redox-

sensitive transcription factor NF-kB or the induc-

tion of spermidine/spermine acetyltransferase

activity has been reported [76, 82]. Another

group of NSAID derivates which have been

shown to possess chemoprevention action in
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experimental models of CRC is NSAIDs

associated with phosphatidylcholine

(PC-NSAIDs). Thus, PC-aspirin and

PC-ibuprofen have been reported to inhibit the

growth of colon cancer cells and also the devel-

opment of colonic aberrant crypt foci in

azoxymethane-treated rats. These compounds

have been demonstrated in rodents and in pilot

clinical trials that protect against GI side effects

but maintain their capacity to inhibit cyclooxy-

genase activity [76].

Anticholinergic NSAIDs were designed with

the aim of conferring local anticholinergic activ-

ity in the gastrointestinal tract and hence protec-

tion against gastric ulcers since anticholinergic

agents through the block of M1, M2 and M3

muscarinic receptors generate an optimal blood

flow and oxygen supply. On the other hand, other

NSAID prodrugs with acetylcholinesterase

inhibitory activity (AChEI-NSAIDs) have been

designed to display an anti-inflammatory activity

through the increase in the levels of acetylcholine

for receptor binding [82].

Tetramethyl-1-piperidinyloxy (TEMPO) and

4-hydroxy-TEMPO (TEMPOL) can play an anti-

oxidant role. Two TEMPO-NSAIDs, TEMPO-

ASA and TEMPO-indomethacin, have been

synthesised. These two compounds have been

shown to scavenge superoxide and also inhibit

PGE2 synthesis. Interestingly, both of them also

inhibited leukotriene B4 (LTB4) synthesis, which

is a very potent activator of leukocytes. Regard-

ing their safety, TEMPO-INDO was shown to be

about 10 times less ulcerogenic than the parent

drug. Finally, hydrogen sulphide-releasing

NSAIDs (HS-NSAIDs) have been synthesised.

The anticancer activity of these compounds is

substantially increased when combined with an

NO donor. One of these NOSH-NSAID, the

salicylic ester NBS-1120, has shown potent

in vitro and in vivo anticancer activity [82].
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of Colorectal Cancer 14
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Introduction

Despite the efforts of population-based screening

programs, colorectal cancer continues to rank as

one of the leading causes of cancer-related mor-

tality in economically developed countries and is

responsible for over 690,000 deaths each year

globally [1]. The majority of colorectal cancers

arise from adenomatous polyps via the so-called

traditional adenoma-carcinoma sequence [2],

although the contribution of the serrated neopla-

sia pathway has been increasingly appreciated

over the past decade [3]. Although there is robust

evidence to support the efficacy of lower endos-

copy and polypectomy in the reducing colorectal

cancer incidence and mortality [4–6], the success

of endoscopic screening has been limited by poor

uptake, patient inconvenience, high cost, and

some risk of morbidity [7, 8]. Furthermore, no

currently available screening modality offers

absolute protection against colorectal tumor

development or colorectal cancer-related death.

The concept of colorectal cancer chemopreven-

tion, the use of natural or synthetic agents to

prevent, suppress, or reverse carcinogenic pro-

gression to invasive cancer, has therefore gained

popularity as an attractive preventive strategy

[9, 10].

There is compelling evidence that aspirin

(acetylsalicylic acid, ASA) and other nonsteroi-

dal anti-inflammatory drugs (NSAIDs) prevent

the development and progression of colorectal

neoplasia [9, 10]. Aspirin has been marketed as

an analgesic and antipyretic for over a century,

and the pharmacologic use of salicylates spans

millennia, with the use of willow leaves to alle-

viate fever described in the Ebers Papyrus of

1550 BCE [11]. With proven effectiveness in

the prevention of cardiovascular events and

worldwide aspirin production and consumption

running at some 40,000 metric tonnes annually

[12], aspirin has garnered an unparalleled clinical

pedigree. Clinicians are eminently familiar with

aspirin’s toxicity and side effect profile, an asset

that stands aspirin in good stead as chemopre-

vention candidate, particularly in light of adverse

events encountered during clinical experience

with more novel agents, such as the selective

COX-2 inhibitors [13]. In this chapter we present

a summary of the evidence that underpins the
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case for aspirin in the prevention of colorectal

neoplasia, highlight putative mechanisms of

action, and explore the factors that have thus far

limited the widespread adoption of aspirin as a

chemopreventive agent.

Aspirin and Sporadic Colorectal
Cancer: Evidence from Observational
Studies

Although initial reports on the effect of the

NSAID, sulindac, on polyp burden in patients

with familial adenomatous polyposis (FAP) had

begun to emerge during the early 1980s [14], it

was not until 1988 that evidence for an associa-

tion between aspirin and sporadic colorectal can-

cer was demonstrated [15]. In a case-control

analysis of data from the Melbourne Colorectal

Cancer Study, which examined associations

between medications, chronic illnesses and

operations, and colorectal cancer risk, a lower

frequency of colorectal cancer was observed in

those who used aspirin or aspirin-containing

medications (odds ratio [OR], 0.53; 95 % confi-

dence interval [CI], 0.40–0.71). This finding was

unexpected, and the authors urged early replica-

tion given the potential implications for cancer

chemoprevention [15]. However, results of the

next major study of aspirin and cancer risk,

published in 1989, were conflicting. In a prospec-

tive cohort of 13, 987 elderly residents of a

retirement community in California, daily aspirin

use was associated with a modestly increased

risk of incident colon cancer (relative risk [RR],

1.5; 95 % CI, 1.1–2.2) over six and a half years

of follow-up [16]. Large-scale, population-based,

prospective data for aspirin and colon cancer

mortality were first published in 1991, derived

from the US Cancer Prevention Study II (CPSII)

[17]. In this analysis of 662,424 men and women,

the use of aspirin 16 or more times per month for

at least 1 year was associated with a 40 % reduc-

tion in colon cancer mortality over 6 years of

follow-up (hazard ratio [HR], 0.60; 95 % CI,

0.40–0.89) [17]. In a subsequent cancer inci-

dence analysis, conducted within a subset of

CPSII participants [18], daily use of standard-

dose aspirin (�325 mg) for at least 5 years was

associated with a RR for colorectal cancer of

0.68 (95 % CI, 0.52–0.90). Similar associations

have been observed in other large population-

based cohort studies. In an analysis of 47,363

male US health professionals in the Health

Professionals Follow-Up Study (HPFS), who

were followed up over 18 years, regular use of

aspirin (at least twice per week) was associated

with a 21 % reduction in colorectal cancer risk

(RR, 0.79; 95 % CI, 0.69–0.90) [19]. A similar

magnitude of risk reduction was obtained for

women in an analysis of 82,911 participants of

the Nurses’ Health Study (NHS) [20]. During

20 years of follow-up, the use of two or more

standard-dose aspirin tablets per week was

associated with a 23 % reduction in colorectal

cancer risk (RR, 0.77; 95 % CI, 0.67–0.88)

[20]. In a separate analysis of 79,439 women

enrolled in the NHS, current aspirin use was

associated with a 28 % reduction in colorectal

cancer mortality and a 25 % reduction in

all-cause mortality [21]. In an additional large

US cohort of older men and women, the

NIH-AARP Diet and Health Study

(N ¼ 301,240), compared to no aspirin use, a

reduction in incident colorectal cancer was

observed in association with daily or weekly

use of aspirin over the preceding 12 months

(HR, 0.88 and 95 % CI, 0.80–0.97, and HR

0.86 and 95 % CI, 0.79–0.94, respectively) [22].

An inverse association between aspirin use

and colorectal cancer risk has been observed in

several smaller cohort studies and in a number of

case-control analyses [23]. A meta-analysis of

26 case-control studies generated a pooled risk

estimate of 0.67 (95 % CI, 0.60–0.74) for any

aspirin use and 0.62 (95 % CI, 0.58–0.67) for the

maximum category of aspirin intake across

17 studies that stratified by aspirin intake [23].

Finally, in addition to an association between

aspirin use and risk of incident or fatal colorectal

cancer, observational data also suggest that

pre-diagnostic aspirin use may be associated with

disease stage at presentation. In a meta-analysis of

five cohort studies that included information on

stage, regular aspirin use was associated with a

reduced risk of cancers with distant metastases

(OR, 0.69; 95 % CI, 0.57–0.83), but not with the

likelihood of regional spread [23].
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Data from Randomized Trials
of Aspirin in the Prevention
of Cardiovascular Events

Linking aspirin exposure during cardiovascular

trials, where treatment was assigned rather than

self-selected, to long-term outcomes represents a

valuable research approach. Details of the major

cardiovascular trials of aspirin are summarized in

Table 14.1. Rothwell and colleagues evaluated

cancer incidence and mortality in randomized

trials of aspirin from the UK and Sweden,

where post-trial outcome data could be reliably

obtained from death and cancer registries

[24]. Two primary prevention studies fulfilled

the inclusion criteria of minimum recruitment

of 1000 participants and treatment duration of

least 2.5 years: the British Doctors Aspirin Trial

(BDAT) [25], which recruited apparently healthy

male physicians, and the Thrombosis Prevention

Trial (TPT) [26], which identified men with high

cardiovascular risk scores through their primary

care physicians. Two secondary prevention trials

were included: the Swedish Aspirin Low-Dose

Trial (SALT) [27] and the UK-TIA Aspirin Trial

[28], which examined women and men with a

history of cerebrovascular disease or retinal

artery occlusion. Aspirin dose in the treatment

arms of these trials varied from 75 mg to

1200 mg daily, and the median duration of sched-

uled treatment ranged from 2.6 to 6.9 years

[24]. Among a total of 14,033 participants

randomized to aspirin or control, there were

397 documented colon and rectal cancers in

391 individuals, including 240 fatal cases. In a

pooled analysis of individual patient data from

the four trials, allocation to aspirin reduced colo-

rectal cancer incidence by 24 % and colorectal

cancer-specific mortality by 35 %, over a median

of 18.3 years of follow-up [24]. Rothwell and

colleagues subsequently conducted a further

pooled analysis, incorporating individual patient

data from eight trials where the mean scheduled

aspirin treatment was at least 4 years (BDAT,

UK-TIA, TPT, Early Treatment Diabetic Reti-

nopathy Study [ETDRS] [29], Swedish Angina

Pectoris Aspirin Trial [SAPAT] [30], Japanese

Primary Prevention of Atherosclerosis with

Aspirin for Diabetes [JPAD] study [31], Preven-

tion of Progression of Arterial Disease and Dia-

betes [POPADAD] study [32], and Aspirin for

Asymptomatic Atherosclerosis [AAA] trial

[33]). Among 25,570 participants, there were

674 within-trial cancer-related deaths. Assign-

ment to aspirin at doses ranging from 75 mg to

1200 mg per day was associated with a statisti-

cally significant 21 % reduction in cancer-related

mortality [34]. In an analysis restricted to data

from the six trials that included site-specific can-

cer data, the HR for risk of death from colorectal

cancer (N ¼ 54) among those assigned to aspirin

was 0.41 (95 %, CI, 0.17–1.00) after at least five

years of follow-up. For BDAT, UK-TIA, and

TPT, up to 20 years of extended posttrial

follow-up was obtained; for an aspirin treatment

duration of 5 years or longer, the pooled colorec-

tal cancer mortality HR over 20 years was 0.69

(95 % CI, 0.45–0.81) [34].

The effect of aspirin on the risk of cancer

metastases has also been examined by exploiting

data from five UK cardiovascular randomized

trials of daily aspirin [35]. Among 17,285

participants, there were 775 in-trial incident solid

cancers for which the metastasis status was

known. Compared to the control groups, those

randomized to aspirin had an OR of 0.59 (95 %

CI, 0.44–0.78) for metastases from all solid

tumors and an OR of 0.36 (95 % CI, 0.18–0.74)

for colorectal cancer metastases [35]. These data

are consistent with observational data for regular

aspirin use [23] and suggest that an effect of aspi-

rin on cancer metastasis may partly explain the

greater reduction in CRC fatality relative to CRC

incidence observed in the meta-analysis of long-

term effects of aspirin in randomized trials [24].

While these data on aspirin and cancer are

certainly persuasive, it should be remembered

that these were secondary analyses of cardiovas-

cular prevention trials. Thus, the capture of

within-trial cancer and cancer-related deaths

may be less reliable compared to studies where

cancer outcomes were primary endpoints. Fur-

thermore, where post-trial follow-up was possi-

ble, ascertainment of outcomes was dependent

on linkage with registry entries, and data on

exposure to aspirin, NSAIDs, or cancer
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surveillance and screening were not available.

Thus, bias could have arisen through higher

rates of endoscopy and polypectomy for the

investigation of bleeding in those taking aspirin.

Importantly, because of differences in aspirin-

dosing schedule, these meta-analyses did not

include the two largest aspirin primary prevention

trials to date, the Physicians’ Health Study (PHS)

[36] and the Women’s Health Study (WHS)

[37]. The PHS, which randomized 22,071 male

physicians to alternate-day aspirin 325 mg or pla-

cebo, reported no difference in incident colorectal

cancer between groups after the 5-year scheduled

treatment period [38], nor after extended follow-

up to 12 years [39]. The WHS, which used an

alternate-day regimen with an aspirin dose of

100 mg, was the only clinical trial specifically

designed to examine the effect of aspirin on the

primary prevention of cancer as well as cardiovas-

cular disease [37]. After an average of 10 years of

follow-up, randomization to aspirin was not

associated with a reduction in the risk of total

cancer or colorectal cancer [37]; however, in a

subsequent analysis, which included post-trial fol-

low-up through a median of 18 years, a 20 %

reduction in incident colorectal cancer was

observed in the aspirin group (HR, 0. 80; 95 %

CI, 0.67–0.97) [40]. It remains unclear why the

PHS and WHS, which both used alternate-day

dosing, generated disparate results. The equivalent

daily dose of aspirin in WHS is lower than that

used in the PHS and some aspirin cardiovascular

trials included in the Rothwell meta-analyses. It is

of note that the latency period for the development

of colorectal cancer has been estimated to be at

least 10 years, and it remains possible that the

post-trial follow-up in the PHS was still too brief

to detect the effect of aspirin on colorectal carci-

nogenesis in this particular population.

Randomized Controlled Trials
of Aspirin for the Prevention
of Colorectal Adenomas

Adenomatous polyp occurrence or recurrence

is a marker of colorectal cancer risk and is a

widely accepted shorter-term intermediate or

surrogate outcome measure that can be exploited

in chemoprevention studies [41]. In 2009, Cole

and colleagues published a meta-analysis of all

known trials that had evaluated aspirin’s effec-

tiveness in the secondary prevention of colorectal

adenomas [42]. The four studies that were

included (summarized in Table 14.2) randomized

a total of almost 3000 participants, with a recent

Table 14.2 Trials of aspirin in the prevention of colorectal adenomasa

Trial

Participants

initially

randomized Inclusion criteria Aspirin dose

Median

follow-up

(months)

Risk ratio (95 % CI)

Any

adenoma

Advanced

adenoma

APACC 272 Recent history of sporadic

colorectal adenomas

160 mg or

200 mg daily

vs. placebo

47.2 0.95

(0.75–1.21)

0.91

(0.51–1.60)

ukCAP 939 Recent history of sporadic

colorectal adenomas

300 mg daily

vs. placebo

37.5 0.79

(0.63–0.99)

0.63

(0.43–0.91)

AFPPS 1121 Recent history of sporadic

colorectal adenomas

81 mg daily

vs. 325 mg daily

vs. placebo

32.2 0.88

(0.77–1.02)

0.74

(0.52–1.06)

CALGB

9270

635 Previous history of resected

colorectal cancer

325 mg daily

vs. placebo

31.3 0.61

(0.44–0.86)

0.77

(0.29–2.05)

J-CAPP 311 Previous history or

sporadic colorectal

adenomas

100 mg daily

vs. placebo

24.0 0.60

(0.36–0.98)

–

APACC Association pour la Prévention par l’Aspirine du Cancer Colorectal, ukCAP United Kingdom Colorectal

Adenoma Prevention, AFPPS Aspirin/Folate Polyp Prevention Study, CALGB Cancer and Leukemia Group B, J-CAPP
Japan Colorectal Tumor Prevention Study: Randomized Controlled Trial by Low-Dose Aspirin
aReferences [44–48]
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history of sporadic adenomas or previous colo-

rectal cancer, to aspirin doses of between 81 mg

and 325 mg per day or placebo [42–46]. The

analysis was based on 2698 participants who

had completed colonoscopic follow-up. The pri-

mary endpoint was adenoma occurrence after

randomization, while incidence of advanced

lesions (adenomas that were �1 cm in size,

contained high-grade epithelial dysplasia or

invasive cancer, or featured villous or

tubulovillous morphology) served as a secondary

endpoint. After median follow-up of 33 months,

compared to placebo, the pooled risk estimate for

any adenoma at any aspirin dose was 0.83 (95 %

CI, 0.72–0.96) and 0.72 (95 % CI, 0.57–0.90) for

any advanced lesion [42]. Interestingly, the

greatest benefit from aspirin was apparent during

the first year after randomization, suggesting that

aspirin may exert an effect on early stages of

adenomagenesis. In one of the component stud-

ies, the Association pour la Prévention par

l’Aspirine du Cancer Colorectal (APACC) trial

[47], in contrast to the findings at 1 year, no

ongoing benefit in adenoma prevention was

seen for daily low-dose aspirin after 4 years

[43]. It should be noted, however, that the

APACC trial was the smallest of the studies

included in the meta-analysis and suffered a sub-

stantial attrition rate; only 185 of the initial

272 randomized participants underwent colonos-

copy at 4 years [43].

All four of adenoma prevention studies

included in the meta-analysis by Cole and

colleagues were conducted in European or

North American populations. Subsequently,

however, a multicenter, randomized controlled

trial involving 311 Japanese subjects with a his-

tory of single or multiple adenomas also reported

a reduction in the risk of recurrent adenomas

over 2 years in those assigned to aspirin 100 mg

daily, compared to placebo (OR, 0.60; 95 % CI,

0.36–0.98) [48]. Interestingly, a greater magni-

tude of risk reduction was reported for

nonsmokers (OR, 0.37; 95 % CI, 0.21–0.68),

with an apparent increase in the risk of recurrent

adenomas observed among smokers (OR, 3.44;

95 % CI, 1.12–10.64), although the estimates for

this stratified analysis are based on relatively

small participant and event numbers [48]. In a

recent adenoma prevention trial, which found no

benefit from aspirin 75 mg daily in combination

with calcitriol and calcium, a borderline statisti-

cally significant interaction (P ¼ 0.046) was

observed between smoking and treatment in sub-

group analyses according to smoking status

[49]. Since smoking has been implicated in

“resistance” to the antiplatelet effects of aspirin

[50], the possibility of aspirin effect modification

by smoking status deserves scrutiny in future

studies.

Aspirin Trials in Familial Cancer
Syndromes

Further evidence for the antitumor activity of

aspirin in humans comes from clinical trials

conducted in individuals with the two most com-

mon familial colorectal cancer syndromes, FAP

and Lynch syndrome (also known as hereditary

nonpolyposis colorectal cancer, HNPCC). Clas-

sic FAP, which arises due to dominantly

inherited mutations in the adenomatous

polyposis coli (APC) tumor suppressor gene, is

characterized by the development of hundreds or

thousands of colorectal polyps starting in the

second decade of life. Progression to colorectal

cancer is inevitable, if not treated by prophylactic

colectomy or proctocolectomy, with the average

age at colorectal cancer diagnosis being 39 years

[51]. Chemoprevention could have a role in

delaying the time to prophylactic surgery in

some patients with FAP or reducing polyp

growth in residual rectal mucosa or in the small

intestine. Somatic mutation of APC is a common

early event in sporadic adenomas [52]. Thus, the

results of chemoprevention studies among

individuals with FAP may have broader rele-

vance to sporadic colorectal neoplasia.

Early clinical studies in FAP using sulindac

[53], and later trials involving the selective

COX-2 inhibitors, celecoxib and rofecoxib

[54, 55], indicate that these agents are effective

in reducing polyp burden. Aspirin was first

evaluated in the setting of FAP in the Colorectal

Adenoma/Carcinoma Prevention Programme
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1 (CaPP1) study, an international, randomized,

placebo-controlled trial of aspirin (600 mg/day)

and/or resistant starch (30 g/day) over 1–12 years

in a two-by-two factorial design [56]. The pri-

mary endpoint was polyp number in the rectum

and sigmoid colon. Of the 206 patients, aged

10–21 years, who were randomized, 133 had at

least one follow-up lower endoscopy. Compared

to placebo, individuals in the aspirin intervention

arm experienced a statistically nonsignificant

reduction in polyp number (RR, 0.77; 95 % CI,

0.54–1.10) and a significant reduction in average

maximum polyp size when the analysis was

restricted to those who had received treatment

for more than 1 year (6.0 mm vs. 3.0 mm,

P ¼ 0.02) [57]. A Japanese randomized con-

trolled trial has investigated the effect of

low-dose aspirin (100 mg/day) compared to pla-

cebo in subjects with FAP. Although the target

sample size determined by power calculations

was 100, only 51 eligible patients were initially

identified, of whom only 34 patients went on to

complete the trial. Adverse events in three

patients receiving aspirin lead the monitoring

committee to suspend further recruitment. Since

all subjects were already undergoing frequent

surveillance and polypectomy, the average size

of polyps assessed in the study was around

1.7 mm. After 6–10 months, there was no differ-

ence in the primary endpoint of reduction in

polyp diameter between treatment and control

groups, except in a subgroup analysis of subjects

with polyps �2 mm at the baseline (P ¼ 0.046)

[58]. The implications of these results are limited

by the small sample size and the diminutive size

of the polyps, which were evaluated on a

submillimetric scale.

The efficacy of aspirin as a chemopreventive

agent has also been studied in Lynch syndrome,

where autosomal dominantly inherited mutations

in genes encoding components of the mismatch

repair (MMR) system confer greatly elevated

risk of colorectal cancer as well as risk for a

spectrum of tumors at extracolonic sites, includ-

ing the endometrium, stomach, ovaries, small

intestine, and urological tract [51, 59].Microsatel-

lite instability (MSI) is the hallmark of colorectal

cancers arising in the context of Lynch

syndrome, which accounts for an estimated 3–5

% of all colorectal cancers. The effect of aspirin

on tumorigenesis in Lynch syndrome may be

relevant to the roughly 15 % of sporadic colorec-

tal cancers that display MSI, commonly as a

result of acquired epigenetic silencing of the

MMR gene, MLH1 [60]. The CaPP2 study

employed a factorial design similar to that of

CaPP1, with a daily aspirin dose of 600 mg. Of

1009 eligible patients, 746 completed the trial

and were included in the analysis [61]. A geneti-

cally confirmed diagnosis was present in 83 % of

participants, with the remainder having a clinical

diagnosis of Lynch syndrome. After an average

of 29 months of follow-up (27 months of mean

treatment duration), there was no difference in

colorectal cancer or adenoma incidence between

the aspirin and placebo groups [61]. The CaPP2

study included a preplanned double-blind post-

intervention follow-up period, and a further anal-

ysis was conducted when the earliest recruited

participants reached 10 years post-randomization

[62]. At this point, the average follow-up was

55.7 months, and 48 participants had developed

a first colorectal cancer despite standard surveil-

lance (18 of 427 assigned aspirin and 27 of

329 assigned aspirin placebo). In an intention-

to-treat analysis, a nonsignificant trend toward

reduced cancer incidence in the aspirin group

was observed (HR, 0.63; 95 % CI, 0.35–1.13)

[62]. Since the original CaPP2 protocol had

specified an intervention of two years of duration

[56], an analysis was performed including only

those who had consumed a minimum of 1400

aspirin tablets (rounded down from the equiva-

lent of two 300 mg tablets per day for two years).

In this per-protocol analysis, aspirin treatment

significantly reduced colorectal cancer incidence

(HR, 0.41; 95 % CI, 0.19–0.86) and, in a planned

secondary analysis, also reduced the risk of any

Lynch-associated cancer (HR, 0.45; 95 % CI,

0.26–0.79) [62].

The CaPP3 study, for which recruitment has

already started in the UK, is a dose inferiority

trial that plans to randomize 3000 participants

with Lynch syndrome to 100 mg, 300 mg, or

600 mg of aspirin per day for two years, followed

by 100 mg daily for all. The study will collect
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participant blood samples to evaluate potential

biomarkers of aspirin response and is expected to

run until at least 2021 [63].

Aspirin Use Following Colorectal
Cancer Diagnosis

One adenoma prevention study, the Cancer and

Leukemia Group B (CALGB) 9270 trial,

demonstrated that, compared to placebo,

325 mg of aspirin daily over median follow-up

of 30.9 months lead to a 35 % reduction in inci-

dent adenomas in patients with a history of colo-

rectal cancer resection [45]. Although these data

suggest that aspirin prevents recurrent colorectal

neoplasia after colon cancer diagnosis‚ and data

from cardiovascular trials have demonstrated a

reduced risk of colorectal cancer metastasis

among those assigned to aspirin, there are cur-

rently no randomized trial data on adjuvant aspi-

rin and recurrence or survival following

colorectal cancer diagnosis. Several observa-

tional studies have, however, explored this ques-

tion. In an analysis of 1279 men and women with

nonmetastatic colorectal cancer enrolled in the

NHS and HPFS cohorts, regular aspirin use after

diagnosis, compared to nonuse, was associated

with a 29 % reduction in the risk of colorectal

cancer-related death over median follow-up of

11.8 years (HR, 0.71; 95 % CI, 0.53–0.95)

[64]. In a subgroup analysis of NHS and HPFS

participants with tumor tissue available for

immunohistochemical assessment, aspirin use

was associated specifically with reduced mortal-

ity in individuals whose primary tumors

overexpressed COX-2 (HR 0.39 and 95 % CI,

0.20–0.76, compared to HR 1.22 and 95 % CI,

0.36–4.18, for COX-2 negative tumors;

Pinteraction ¼ 0.04) [64]. A later analysis, also

conducted using data from the NHS and

HPFS cohorts, suggested that the reduction

in mortality associated with aspirin was

restricted to the 10–20 % of individuals whose

colorectal cancers harbored a mutation in the

gene encoding phosphatidylinositol-4,5-

bisphosphonate 3-kinase, catalytic subunit alpha

(PIK3CA), which leads to upregulation of PI3K

activity [65]. Among 964 all-stage colorectal

cancer cases, compared to no aspirin use, post-

diagnostic regular use of standard-dose aspirin

was associated with a mortality HR of 0.18

(95 % CI, 0.06–0.61) for PIK3CA-mutated

cancers, but was not associated with colorectal

cancer mortality among those with PIK3CA

wild-type cancers (HR, 0.96; 95 % CI,

0.69–1.32) [65]. Similar results were obtained

from a post hoc analysis of data from

896 participants in the Vioxx in Colorectal Can-

cer Therapy: Definition of Optimal Regime

(VICTOR) trial of adjuvant rofecoxib compared

to placebo [66]. Among individuals with

PIK3CA-mutated tumors, compared to no aspirin

use, the use of low-dose aspirin was associated

with a reduction in the risk of colorectal cancer

recurrence 0.11 (95 % CI, 0.001–0.832) [66]. In

both studies, the number of aspirin users with

PIK3CA-mutated tumors was limited (66 and

14, respectively), and event numbers were

small. In a survival study of 999 colorectal can-

cer patients from the Eindhoven Cancer Registry,

no interaction was observed between post-

diagnostic aspirin use and PIK3CA mutation

[67]. Similarly, a lack of association between

PIK3CAmutation and survival according to aspi-

rin use was reported in an analysis of 1487 colo-

rectal cancer patients from two Australian

hospital-based cohorts [68]. A major limitation

of this analysis is the fact that aspirin use was

defined as exposure at the time of diagnosis,

rather than after diagnosis.

In a recent meta-analysis of aspirin use and

colorectal cancer survival, which included seven

cohort studies of pre-diagnostic aspirin use and a

similar number of cohort studies of post-

diagnostic aspirin use, an overall survival benefit

was observed for post-diagnostic aspirin use

(HR, 0.84; 95 % CI, 0.75–0.94), but not for aspi-

rin use before diagnosis (HR, 1.01; 95 % CI,

0.96–1.06) [69]. No association was observed

between pre- or post-diagnostic aspirin use and

colorectal cancer-specific mortality; however,

only three of the seven post-diagnostic aspirin

use studies included this as an endpoint [69].
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A meta-analysis of studies that included stratifi-

cation by tumor PIK3CA status reported that the

association between aspirin use and colorectal

cancer survival was restricted to individuals

with PIK3CA-mutated tumors, although the

authors of the analysis conceded that the number

of available studies remains too small to make

any definitive conclusions [70].

A number of imminent or ongoing clinical

trials will investigate the benefit of adjuvant aspi-

rin among colorectal cancer patients. The

ADD-Aspirin double-blind, randomized con-

trolled trial aims to recruit around 11,000

patients from the UK and India who have had

potentially curative treatment for breast, colorec-

tal, esophageal, gastric, or prostate cancer

[71]. After an 8-week active run-in period on

aspirin 100 mg daily, participants will be

randomized to continue on aspirin at a dose of

100 mg or 300 mg daily or receive placebo for

5 years [71]. The primary outcome measure for

colorectal cancer will be disease-free survival,

and follow-up beyond 5 years will be possible

using registry data. The Aspirin for Dukes C and

High Risk Dukes B Colorectal Cancers

(ASCOLT) trial is an ongoing study based in

Singapore that anticipates eventual enrollment

of 1200 predominantly Asian colorectal cancer

patients [72]. Participants are randomized to

aspirin 200 mg daily or placebo for 3 years,

with disease-free survival as the primary end-

point and overall mortality at 5 years serving as

a secondary endpoint. The estimated trial com-

pletion date is late 2021. Given the conflicting

results from observational studies, prospective

evaluation of the predictive capacity of PIK3CA
mutation is essential. A Swiss multicenter clini-

cal trial, which is due to commence recruitment

in October 2015, plans to randomize 185 eligible

patients with PIK3CA-mutated stage II or III

colorectal cancers to aspirin, 100 mg daily, or

placebo for 3 years. The completion date for the

primary endpoint of disease-free survival is late

2018. Subject to funding, the ADD-Aspirin study

also plans to assess tumor PIK3CA mutation

status during the run-in period and use this as a

stratification factor during randomization [71].

Mechanisms of Action of Aspirin
in Cancer Chemoprevention

In common with traditional NSAIDs, the central

mechanism responsible for the anti-inflammatory

effect of aspirin involves inhibition of the

prostaglandin-endoperoxide synthase (PTGS)

enzyme, more commonly referred to as cycloox-

ygenase (COX). There are two COX isoforms,

and both are selectively acetylated and irrevers-

ibly inactivated by aspirin. Most cell types con-

stitutively express the COX-1 (PTGS1) isoform.

COX-2 (PTGS2), in contrast, is constitutively

expressed only in limited number of tissues, but

can be rapidly induced by a variety of stimuli

including tissue injury, hypoxia, growth factors,

cytokines, and activated oncogenes [73]. The

COX enzymes catalyze the conversion of

arachidonic acid to prostaglandin (PG) H2,

which is the rate-limiting step in the generation

of prostanoids such as PGE2, PGI2, and throm-

boxane (TX) A2 [74]. The conversion of PGH2 to

prostaglandins and other biologically active

mediators is achieved by tissue-specific

isomerases.

COX-2 is overexpressed in around 80 % of

colorectal cancers and is upregulated at an early

stage in a proportion of adenomas [75]. Most

hypotheses relating to the chemopreventive

mechanisms of aspirin have therefore tended to

focus on COX-related pathways and COX-2 in

particular [76]. Among the COX-2 metabolites

present in colorectal cancer tissues, the

pro-inflammatory prostanoid, PGE2, is the most

abundant and appears to act in an autocrine and

paracrine fashion to modulate neoplastic cellular

attributes such as proliferation, resistance to

apoptosis, migration, and invasion [77]. PGE2

has also been identified as a driver of tumor-

associated angiogenesis and is implicated in

colorectal cancer metastasis [78–80].

Accumulating evidence also points to a critical

role for PGE2 in facilitating tumor evolution by

suppressing myeloid cell activation and promot-

ing tumor immune evasion [81].

The ability of PGE2 to effect a

pro-tumorigenic cellular phenotype is likely to
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depend on a number of different molecular

mechanisms including MEK-ERK and PI3K-

AKT signal transduction via epidermal growth

factor receptor activation [82, 83], deregulation

of Wnt signaling [84, 85], and modulation of

gene transcription as a result of aberrant DNA

methylation [86]. In Apcmin/þ and ApcΔ716 mice,

animal models of human FAP, genetic or phar-

macologic inactivation of COX-2 markedly

reduces the number and size of intestinal polyps

[87–89]. Moreover, administration of PGE2

augments intestinal tumorigenesis in Apcmin/þ

mice [90] and increases colon tumor multiplicity

in a rat model of chemical-induced carcinogene-

sis [91]. Indirect evidence supporting the impor-

tance of COX-2 inhibition in colorectal cancer

chemoprevention in humans comes from ade-

noma prevention trials using selective COX-2

inhibitors [41, 92, 93]. Although these drugs

effectively prevent adenoma recurrence, coxibs

have been reported to have pleiotropic effects

involving COX-independent pathways, such as

inhibition of AKT pathway signal transduction

and altered sphingolipid signaling [94, 95].

Aspirin may also exert an antineoplastic effect

on COX-dependent tumorigenesis through

mechanisms other than blockade of PG synthesis.

Aspirin appears to be capable of transcriptional

repression of COX-2 [96] and has been shown to

prevent COX-2-peroxidase-mediated activation

of co-carcinogens [97]. Furthermore, acetylation

of COX-2 by aspirin renders the enzyme capable

of generating 15-epi-lipoxin-A4, or “aspirin-trig-

gered lipoxin,” which has anti-inflammatory and

growth inhibitory properties [98].

COX-2 appears to be a promising target for

chemoprevention. However, it remains uncertain

whether aspirin’s antineoplastic effects in vivo

result primarily from inhibition of COX-2. Aspi-

rin has a short plasma half-life of around 20 min,

and it has been estimated that aspirin is 60–170

times more effective at acetylating COX-1 than

COX-2 [99]. Orally administered aspirin is sub-

ject to first-pass metabolism in the gut and liver,

resulting in negligible systemic bioavailability

following low-dose administration [100]. Inhibi-

tion of COX-1 in the pre-systemic (i.e., portal)

circulation therefore may be an important

contributor to the antiplatelet effect of low-dose

aspirin [101]. Although inhibition of COX in

anucleate platelets is irrecoverable, nucleated

cells can overcome COX inhibition within

2–4 h by regenerating COX enzymes. Thus,

although once-daily low-dose aspirin appears

sufficient to influence colorectal cancer risk

[35], it seems doubtful that this is achieved by

sustained inhibition of systemic COX-2 alone.

Several COX-independent mechanisms have

been proposed to account for the antitumor effect

of aspirin; these include activation of NFkB

[102], direct interference with Wnt or MEK sig-

naling [103–105], interaction with cell cycle

regulators [106, 107], disruption of mitochon-

drial and proteasome function [108, 109], acety-

lation of non-COX proteins [110], enhanced

catabolism of polyamines [111, 112], and atten-

uation of MMR deficiency [113]. Data

supporting these alternative mechanisms derive

almost entirely from in vitro experiments, which

generally require high concentrations of aspirin,

several orders of magnitude greater than peak

plasma levels achieved after ingestion of stan-

dard therapeutic doses.

Could inhibition of COX-1 therefore be rele-

vant to aspirin’s chemopreventive effect? It is

interesting that genetic inactivation of COX-1 is

as effective as COX-2 knockout in reducing

tumor burden in Apc min/þ mice [88]. In humans,

daily administration of low-dose (81 mg) aspirin,

which is considered inadequate to inhibit periph-

eral COX-2, can reduce PGE2 levels in colonic

mucosal biopsies taken over 3 days after the last

dose of aspirin [114]. While this might suggest

the involvement of COX-1 inhibition, one would

expect once-daily aspirin dosing to only tran-

siently inactivate COX-1 in nucleated colonic

epithelial cells. Furthermore, over the course of

several days, much of the colonic epithelium

itself will have been regenerated. The only cell

type susceptible to durable inhibition of COX-1

over this time frame is platelets, and it has thus

been hypothesized that the antineoplastic and

cardiovascular effects of aspirin might share a

common mechanism [115].

The role of platelets in cancer metastasis has

been appreciated for several decades [116, 117];

228 P.J. Lochhead and A.T. Chan



however, it has been suggested more recently

that platelets could influence earlier phases of

tumorigenesis by contributing to chronic inflam-

mation [118]. A model has been proposed

whereby activated platelets act as a source of

inflammatory mediators that induce COX-2

expression in non-epithelial cells in the mucosal

tissue microenvironment (Fig. 14.1) [119, 120].

Platelet-induced COX-2 expression by stromal

and endothelial cells then acts as a source of

PGE2 that promotes epithelial cell transforma-

tion and growth [119, 120]. This model is attrac-

tive since it accommodates both platelet COX-1

and tumoral COX-2 and PGE2-dependent

mechanisms. Activated platelets have the poten-

tial to influence the behavior of other cells

through direct contact, via the release of soluble

pro-inflammatory, growth promoting, and

pro-angiogenic molecules, including PGE2,

transforming growth factor beta (TGF-β), and

vascular endothelial growth factor [121], or by

shedding microparticles and exosomes

[121, 122]. Platelets have been shown to be

capable of inducing COX-2 expression in the

colorectal cancer cell line, HT29, during

co-culture [123], and evidence from a mouse

model of metastasis suggests that platelet-

derived TGF-β can induce epithelial-

mesenchymal transition and promote tumor cell

metastasis [124]. These data derive from experi-

mental conditions where there is direct contact

between platelets and neoplastic cells, such as

COX-1 inhibition by
low-dose aspirin

COX-2 inhibition by
high-dose aspirin,

NSAIDs and coxibs

Activated platelets Angiogenesis

↑ Stromal and endothelial cell COX-2

↑ Colonic epithelial cell COX-2

PGE2

↑ Cell growth and survival

Soluble mediators
(e.g. TXA2, PGE2,

TGFβ, VEGF)

PGE2, other pro-inflammatory
and pro-angiogenic mediators

Exosomes and
microparticles

Fig. 14.1 Proposed mechanism through which inhibition of platelet COX-1 by low-dose aspirin can influence

colorectal tumorigenesis [119, 120]. Platelet activation generates soluble mediators, microparticles, and exosomes,

which alter the behavior of adjacent nucleated cells. Induction of COX-2 expression in stromal and endothelial cells in

the colorectal mucosal tissue microenvironment leads to the release of prostanoids and other pro-inflammatory

mediators that, in turn, induce COX-2 expression in epithelial cells. Epithelial COX-2 expression generates PGE2,

which, along with mediators from stromal and endothelial cells, promotes cell growth, resistance to apoptosis, and

angiogenesis. Abbreviations: COX cyclooxygenase, NSAID nonsteroidal anti-inflammatory drug, PGE2 prostaglandin

E2, TGF-β transforming growth factor beta, TXA2 thromboxane A2, VEGF vascular endothelial growth factor
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might occur during vascular transit. Data

supporting an influence of platelets on earlier

stages of tumor evolution are currently

limited [118].

Clinical Considerations in Adopting
Aspirin for CRC Chemoprevention

Aspirin Toxicity

Toxicity associated with regular aspirin use

represents the major factor that has limited the

recommendation of aspirin for cancer chemopre-

vention [125]. Among the adverse events

associated with regular aspirin use, serious

bleeding-related complications, comprising gas-

trointestinal and intracranial hemorrhage, are the

most clinically important. For regular use of

aspirin at standard doses (> 325 mg/day), the

risk of upper GI bleeding appears to increase in

a dose-dependent manner [126, 127]. Evidence

for a dose-response relationship for low-dose

aspirin (75–325 mg/day) is conflicting [128–

133]. Nonetheless, low-dose aspirin has consis-

tently been found to increase GI bleeding risk. In

a meta-analysis of 35 randomized controlled

trials, compared to control agents, daily

low-dose aspirin increased the risk of major GI

bleeding by 55 % (HR, 1.55; 95 % CI,

1.27–1.90), equivalent to an additional one to

two significant GI bleeds per 1000 person-years

[134]. Data from epidemiologic studies and

randomized trials suggest that the elevated GI

bleeding risk associated with aspirin use

diminishes with increasing time since the initia-

tion of therapy [135, 136]. In a meta-analysis of

six primary prevention trials of daily low-dose

aspirin, no excess major extracranial bleeding

was observed in the treatment group when the

follow-up period was restricted to �3 years

[136]. Furthermore, the case fatality rate for

major extracranial bleeding across these trials

was lower for individuals on aspirin compared

to controls, suggesting a protective effect of aspi-

rin on death from major extracranial bleeding

(OR, 0.32; 95 % CI, 0.12–0.93) [136]. The GI

bleeding risk associated with long-term low-dose

aspirin may be partly mitigated byH. pylori erad-
ication [137, 138], which could potentially

reduce upper GI complications of aspirin therapy

in the general population by up to 30 %

[139]. The UK-based Helicobacter Eradication

Aspirin Trial (HEAT) aims to recruit in excess

of 6000 H. pylori-positive individuals (�60

years of age) who are taking low-dose aspirin

[140]. The study will address whether eradica-

tion therapy, compared to placebo, is effective in

preventing ulcer bleeding complications. Con-

comitant administration of proton pump

inhibitors (PPIs) has been estimated to reduce

upper GI complications of aspirin therapy by

66 % in a meta-analysis of three randomized

trials [134]; however, the overall benefit and

cost effectiveness of this approach in the general

population remain uncertain [141].

Although intracerebral and subarachnoid

hemorrhage attributable to aspirin use is rela-

tively rare, it is considered the most serious com-

plication of aspirin therapy on account of the

associated risk of death or long-term disability

[142]. A meta-analysis by the Antithrombotic

Trialists’ (ATT) Collaboration, which included

individual participant data from six primary pre-

vention trials and 16 secondary prevention trials

of low-dose aspirin, found that aspirin increased

the relative risk of intracranial bleeding by 39 %

(RR, 1.39; 95 % CI, 1.08–1.78), which translates

to an absolute risk of one or two excess bleeds

per 10,000 patient-years [143]. Hypertension is a

major risk factor for intracranial bleeding, and it

has been proposed that adequate blood pressure

control may reduce the risk associated with aspi-

rin use [142]. In the Hypertension Optimal Treat-

ment (HOT) study, which enrolled hypertensive

subjects to targeted blood pressure reduction,

there was no difference in the rate of intracranial

bleeding between the aspirin and control groups

after achieving blood pressure control [144].

Based on data from randomized trials, the

absolute risk of major bleeding associated with

low-dose aspirin use appears modest; however,

data from a population-based cohort study sug-

gest that the “real-world” hemorrhagic risks

associated with aspirin may have been

underestimated [145]. In the analysis, which
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utilized administrative data from 12 regional

health authorities in Puglia, Italy, over 186,000

individuals being prescribed low-dose aspirin

were propensity sore-matched 1:1 to controls

who did not take prescribed aspirin

[145]. Among aspirin users, the incidence of

major bleeding was around fivefold higher than

estimates obtained from meta-analyses of

randomized trials (incidence rate ratio, 1.55;

95 % CI, 1.48–1.63) [145]. The rate of bleeding

in controls in this population was also consider-

ably higher than that observed in clinical trials,

which may reflect differences in the prevalence

of other bleeding risk factors such as hyperten-

sion and the use of non-aspirin NSAIDs [145]. It

has therefore been suggested that results from the

ATT Collaboration’s meta-analysis [143] remain

the most robust risk estimates for general

populations in Europe and North America [146].

Dose and Duration of Treatment

Since the adverse effects of aspirin appear to be

largely dose related, at least for standard doses

(>325 mg/day), it is important to establish the

smallest dose of aspirin capable of effectively

preventing colorectal neoplasia. In the meta-

analysis of long-term trial follow-up data by

Rothwell and colleagues [24], there appeared to

be no difference in the effectiveness of lower

doses of aspirin (75 mg–300 mg/day) compared

to higher doses (500–1200 mg/day). Data on

cancer outcomes from trials including head-to-

head comparisons of aspirin doses are limited

[28, 147]; however, follow-up of participants in

the Dutch TIA study [147] showed an increased

risk of fatal colorectal cancer in the group who

received a very low-dose of aspirin, 30 mg/day,

compared to those who were assigned to 283 mg/

day [24]. These findings suggest that long-term

daily aspirin doses of at least 75 mg are required

to prevent colorectal cancer incidence and mor-

tality. For alternate-day dosing, analysis of

extended follow-up in the WHS demonstrated a

reduction in the risk of incident CRC with

100 mg of aspirin [40], although men assigned

325 mg on alternate days did not experience a

reduction in CRC risk over 12 years of follow-up

in the PHS [39].

Observational data tend to suggest that higher

aspirin doses, �300 mg/day, might be necessary

to prevent incident colorectal cancer [148],

although many of these studies captured limited

information on aspirin dose and duration of use.

In the NHS and HPFS prospective cohorts, where

data on aspirin use frequency is available over a

prolonged period, the greatest reduction in CRC

risk was associated with the maximum use cate-

gory of 14 or more standard aspirin tablets per

week [19, 20].

In meta-analysis of adenoma prevention trials,

which employed aspirin doses between 81 mg

and 325 mg/day [42], lower doses (�160

mg/day) resulted in a reduction in the risk of

recurrent adenoma that was of comparable mag-

nitude to that observed for any aspirin dose

[42]. Comparison of higher aspirin doses (�300

mg/day) to placebo also demonstrated a statisti-

cally significant reduction in absolute risk for any

adenoma. However, in a pooled analysis of the

two studies that directly compared lower-dose to

higher-dose aspirin, significantly greater risk

reduction was found with low-dose aspirin

[42]. This atypical dose-response relationship

precludes firm conclusions about the relative

effectiveness of lower vs. higher doses of aspirin

for adenoma prevention.

The results of two ongoing multinational,

placebo-controlled, primary prevention trials of

low-dose aspirin (100 mg/day), the Aspirin in

Reducing Events in the Elderly (ASPREE)

[149] and the Aspirin to Reduce Risk of Initial

Vascular Events (ARRIVE) [150], may provide

additional evidence for low-dose aspirin in colo-

rectal cancer chemoprevention, although the

scheduled follow-up duration in both trials is

only five years. In addition, the outcome of the

CaPP3 trial may be extrapolated to help inform

choice of aspirin dose for sporadic colorectal

cancer prevention [63].

Randomized trials and observational studies

have consistently shown that there is a duration-

risk relationship between aspirin use and CRC

[148]. In analyses of data from the UK-TIA and

BDAT studies, reduction in CRC incidence was
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observed after a latency period of around

10 years following assignment to aspirin for

5 or more years (Pinteraction ¼ 0.004 for aspirin

and follow-up time in the UK-TIA) [148]. In the

UK-TIA study [28], no unblinding was

performed at the end of the 5-year treatment

period, and, since participants would have been

unaware of their study assignment, one would

not expect there would be significant differences

in self-selected use of aspirin post-trial. Thus, the

reduction in CRC incidence and mortality

observed beyond 10 years post-randomization is

likely be attributable to aspirin taken for 5 years

during the study period [148]. These findings are

generally consistent with data from additional

randomized trials and observational studies

[24, 148].

Tumor Location

A number of observational studies have

suggested that aspirin, or non-aspirin NSAIDs,

may have differential associations with CRC risk

depending on tumor location, with some studies

reporting stronger associations for proximal

colon cancer risk and weaker or nonexistent

associations for distal colon and rectal cancer

risk [22, 151, 152]. Site-specific associations

are inconsistent across the literature, and in a

meta-analysis of 19 case-control studies and

11 cohort studies, no convincing differential

associations were observed for aspirin and CRC

risk according to tumor location, age, sex, race,

or family history [148]. In the meta-analysis of

long-term individual data from four randomized

trials by Rothwell and colleagues, assignment to

daily aspirin for an average of 5.8 years reduced

the 20-year risk of colon cancer (HR, 0.76; 95 %

CI, 0.60–0.96), but not rectal cancer (HR, 0.90;

95 % CI, 0.63–1.30) [24]. Where data on colonic

subsite were available, aspirin reduced the risk of

proximal (HR, 0.45; 95 % CI, 0.28–0.74), but not

distal (HR, 1.10; 95 % CI, 0.73–1.64; Pdifference

¼ 0.04) colon cancer [24]. When analyses were

restricted to participants with a treatment dura-

tion of at least 5 years, a 70 % reduction in the

risk of proximal colon cancer was observed in

addition to a statistically significant reduction in

rectal cancer risk (HR, 0.58; 95 % CI,

0.36–0.92); however, no effect on the incidence

of distal colon cancer was observed [24]. Thus,

the magnitude of benefit from aspirin may differ

according to tumor anatomic location as well as

duration of use.

Overall Risk-Benefit of Aspirin
and Strategies to Personalize
Chemoprevention

Any decision to recommend regular aspirin for

primary disease prevention must take into

account the balance of absolute risks and

benefits, including effects on total cancer inci-

dence and mortality. In a recent analysis of pro-

phylactic aspirin use, modeled using data from

the UK population, 10 years of aspirin use

starting at age 50, 55, 60, or 65 years was

associated with a consistently favorable benefit-

harm profile over a 15- to 20-year period

[146]. The net absolute mortality reduction

associated with commencing aspirin at age

55 years was 1.43 % for men and 0.7 % for

women, with almost all of this benefit (89 %–

96 %) resulting from prevention of deaths from

cancer [146]. It has been suggested that the

estimates for aspirin-associated harms used in

this analysis were excessively high and failed to

take into account the diminution in the risk of

extracranial bleeding that occurs over time

[153]. Since the study authors aimed to use con-

servative estimates of harm, it is possible that the

actual net benefits of aspirin use in the general

population may be greater than their predictions.

Even in the absence of increased cardiovascular

risk, the beneficial effect of aspirin on cancer

mortality makes it possible that aspirin prophy-

laxis would be cost saving or cost-effective, at

least in men [154].

In 2007, the US Preventive Services Task

Force recommended against the routine use of

aspirin or NSAIDs for colorectal cancer preven-

tion, citing a lack of evidence and concerns over

toxicity [125]. Having recently reevaluated the

available evidence, the USPSTF has put forward
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a draft proposal that recommends 10 years of

low-dose aspirin use for combined cardiovascu-

lar and cancer prevention among individuals

aged 50–59 years who have a 10-year cardiovas-

cular risk of >10 % and are not at increased risk

for bleeding complications [155]. This is a sig-

nificant step forward from the previous USPSTF

position statement and will no doubt lead to an

increase in aspirin use in the general population.

There will, however, be a proportion of the pop-

ulation who stand to benefit from the cancer

preventive effects of aspirin, but who do not

fulfill the cardiovascular risk criteria. It would

therefore be desirable to be able to personalize

chemoprevention by stratifying individuals

according to their predicted benefit from aspirin.

Several metabolic and genetic markers

have recently emerged that may facilitate

personalized CRC chemoprevention with aspirin.

15-Hydroxyprostaglandin dehydrogenase

(15-PGDH) acts as a metabolic “brake” on PGE2

synthesis [156]. 15-PGDH null mice are resistant

to the antineoplastic effects of celecoxib, and,

among 16 participants in the Adenoma Prevention

with Celecoxib (APC) trial, higher pretreatment

mucosal 15-PGDH predicted response to

celecoxib [156]. In an analysis of a subset of

participants from the NHS and HPFS cohorts,

higher normal mucosal 15-PGDH expression

was associated with a >50 % reduction in CRC

risk with regular aspirin use, but there was no

association between aspirin and CRC risk for

those with lower levels of 15-PGHD expression

[157]. Prostaglandin E metabolite (PGE-M), the

major urinary metabolite of PGE2, has also been

proposed as a metabolic biomarker of colorectal

neoplasia. In a nested case-control study within

the NHS, aspirin use was associated with a

reduced risk of colorectal adenoma only among

participants with urinary PGE-M concentrations

in the highest three quartiles [158]. In contrast, no

association between urinary PGE-M and adenoma

recurrence according to aspirin assignment was

observed in the Aspirin/Folate Polyp Prevention

Study (AFPPS) [159]. Thus, additional large pro-

spective analyses are required to further evaluate

PGE-M as a potential predictive marker of aspirin

responsiveness.

In a recent genetic association study,

exploiting the databases of the Colon Cancer

Family Registry and Genetics and Epidemiology

of Colorectal Cancer Consortium, two common

genetic polymorphisms demonstrated interaction

with aspirin use status in their associations with

CRC risk [160]. Compared to nonusers, a

reduced risk of CRC was associated with aspirin

or NSAID use among those with the most com-

mon, AA, genotype of rs2965667, at 12p12.3,

whereas increased CRC risk was observed with

aspirin use in the minority of individuals with AT

or TT genotypes (Pinteraction ¼ 4.6 � 10-9)

[160]. Similarly, the commonest, AA, genotype

of rs16973225, at 15q25.2, was associated with

reduced CRC risk among aspirin or NSAID

users; however, the minor, AC and CC,

genotypes were not associated with differential

CRC risk according to aspirin or NSAID use

[160]. While the functional significance of these

variants remains unknown, a possible mecha-

nism for rs2965667 might relate to its proximity

to the microsomal glutathione S-transferase

1 gene (MGST1), a xenobiotic metabolizing

enzyme that has high sequence homology with

PGE2 synthase and whose activity confers cellu-

lar resistance to oxidative stress [161]. It is also

notable that rs16973225 polymorphism is

located downstream of the gene encoding the

pro-inflammatory cytokine, interleukin 6, which

has been implicated in the pathogenesis of colo-

rectal cancer [162]. It is possible that these two

genetic variants could help identify a minority of

individuals for whom aspirin use is ineffective or

harmful; however, validation in additional

populations is required.

Conclusions

The balance of evidence is shifting in favor of

aspirin as an agent for the chemoprevention of

colorectal neoplasia. This trend toward the

acceptance of aspirin for broader indications,

beyond cardiovascular prophylaxis, is reflected

in the recent USPSTF draft recommendation.

Nonetheless, many areas of uncertainty remain

that are fundamental to the adoption of aspirin

14 Aspirin and the Prevention of Colorectal Cancer 233



for population-based CRC chemoprevention.

Most important among these are the optimal

dose and duration of aspirin therapy, which

have yet to be defined. It is not clear what the

durability or persistence of aspirin’s protective

effect is and at what age aspirin should be

discontinued for maximal net benefit. Although

ongoing clinical studies of aspirin, combined

with accumulating data from post-trial follow-

up of completed randomized trials, may help

shed light on some of these areas of uncertainty,

the prospect of a large randomized trial of aspirin

for CRC primary prevention seems highly

unlikely given the long follow-up that would be

required, the already high prevalence of aspirin

use with the potential for “drop-in” off protocol

use of aspirin, and the attendant logistical and

cost issues. Elucidating molecular mechanisms

that participate in the chemopreventive effect of

aspirin at physiologically relevant doses remains

a crucial research goal. Defining these

mechanisms may help inform the optimal dosing

for cancer prevention and could yield targets for

synergistic chemopreventive approaches in com-

bination with other agents.

A further area of uncertainty is whether there

are subgroups of the population who do not stand

to benefit from aspirin use. A recent analysis

conducted using data from the WHS suggests

that alternate-day low-dose aspirin may be inef-

fective or harmful for the majority of women

aged �45 years of age [163]. Furthermore, the

impact of aspirin use on CRC incidence and

mortality in individuals who are already

participating in colorectal screening is not

known. The identification of predictive

biomarkers of benefit and harm from aspirin

therapy should also, therefore, be a research pri-

ority as we strive to develop precision colorectal

cancer chemoprevention strategies.
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Introduction

In 2016 colorectal cancer (CRC) is still the third

most common cancer in men and women and the

third leading cause of cancer-related death in

men (after lung and prostate cancer) and third

in women (behind lung and breast cancers) in

the United States [1]. On a worldwide basis,

there were more than 1,200,000 new cases in

2012, with more than 600,000 deaths

[2]. Although there has been an increase in

early detection and reduced number of meta-

static diseases at presentation over the last few

years [3], this has mainly occurred in countries

with national screening programs. However,

this is not sufficient, as the number of deaths

due to CRC remains alarmingly high, making

the prevention crucial. The development of

primary prevention strategies to reduce the risk

of developing colorectal neoplasia remains an

important goal, particularly in view of the inher-

ent limitations of population-based secondary

prevention programs that rely on detection and

removal of adenomas.

Chemoprevention is defined as the use of

drugs, vitamins, or other agents to try to reduce

the risk or delay the development or recurrence

of cancer. The aim is to interfere with the process

of carcinogenesis by targeting key molecular

pathways that provides a promising approach to

reduce the incidence of and mortality from can-

cer. Chemoprevention involves the use of a vari-

ety of natural or chemical compounds that can

delay, prevent, or even reverse the adenoma to

carcinoma process in the colon. Early stage of

CRC fits the criteria for chemopreventive inter-

vention as adenomatous polyps are identifiable

and treatable, therefore allowing the implemen-

tation of therapeutic and preventative

strategies [1].

The ideal chemopreventive agent should ful-

fill the following criteria: (1) the drug must be

effective; (2) it should have minimal side effects

or an acceptable safety profile in high-risk popu-

lation; (3) it should have a convenient dosing

schedule, ideally once a day; (4) it should be

easily administered; and (5) it should be inexpen-

sive. Whenever we administer any agent to a

patient and in particular when we are treating

healthy individuals, we must carefully assess
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the risk/benefit ratio. We wish to emphasize that

the profile of safety and efficacy for any given

drug varies significantly and depends on the

severity of the disease and the tolerance of the

individuals receiving the specific drug.

Based on reports of chemopreventive activity

in the literature and/or efficacy data from in vitro

models of carcinogenesis, several agents have

been studied including phytochemicals,

vitamins, minerals, inhibitors of proliferation,

metabolic inducers, differentiation agents, and

most importantly nonsteroidal anti-inflammatory

drugs (NSAIDs) including aspirin. Representa-

tive examples include folic acid, calcium, estro-

gen, vitamin D, oltipraz, curcumin, selenium,

green tea, ursodiol, statins, and fiber, which

have been encouraging, but shown modest effi-

cacy in humans.

In this regard, the most promising drugs

are aspirin and NSAIDs mainly due to their

ability to inhibit cyclooxygenase, although

COX-independent pathways play a major role

as well. Cyclooxygenase (COX) is probably the

most common therapeutic drug target in human

history. Inhibitors of this enzyme have been used

extensively and widely. Research in this area has

been dominated by investigations of the COX-1

and COX-2 enzymes, and the therapeutic market

has been revolutionized by the development of

drugs that are selectively targeted against

COX-2.

Supportive evidence for the role of aspirin and

NSAIDs in the prevention of CRC has been

derived from more than 200 well-conducted,

randomized, placebo-controlled animal studies,

in which the administration of various NSAIDs

consistently resulted in fewer tumors per animal

and fewer animals with tumors, thereby clearly

showing a preventive effect on carcinogen-

induced colorectal tumorigenesis in rodents

[4, 5]. These findings were also supported by

studies in genetically manipulated rodent

models [6] that reported a reduction in number

and size of colorectal neoplasms in animals

treated with NSAIDs. Epidemiologic

observations and population-based studies also

showed that long-term use of aspirin and other

NSAIDs reduced the risk of CRC [4–11].

However, treatment is associated with risks

which will be discussed in details, and

recommendations will be provided.

NSAIDs

The hypothesis that nonsteroidal anti-

inflammatory drugs (NSAIDs) might inhibit the

occurrence or growth of CRC arose in the

mid-1970s. Bennett, Del Tacca [12], and Jaffe

[7] reported that the concentration of prostaglan-

din E2 (PGE2) was higher in CRC than in the

surrounding normal mucosa. The protective

effect of NSAIDs has been documented in 70 of

72 epidemiologic studies that showed that the

prevention of adenoma recurrence, inhibition of

incidence, and even a lower mortality rate in both

women and men were evident in patients that

consumed NSAIDs. This protective effect

depends on the dose and type of the drug but

more importantly is directly related to the dura-

tion of exposure [10]. The exact mechanism by

which NSAIDs exert their chemopreventive

effect is not fully understood, but inhibition of

the COX enzyme, also known as prostaglandin–

endoperoxide synthase, has been the most exten-

sively studied target. The COX enzyme is proba-

bly the most common therapeutic drug target in

human history. Aspirin, a nonselective, COX

inhibitor, has been used for almost 4000 years.

Research in this area has been dominated by

investigations into the COX enzymes that are

central and rate-limiting enzymes in the biosyn-

thesis of prostaglandins [13, 14]. Three COX

isoforms have been identified: COX-1, COX-2,

and COX-3. COX-1 and COX-2 are located on

different chromosomes, and their expression is

tightly regulated [14]. COX-1 is mapped to chro-

mosome 9q32-q33.2, is encoded by the PTGS1
gene, and is constitutively expressed in normal

tissues. It serves as a “housekeeper” of mucosal

integrity. COX-1 is the central enzyme in the

biosynthetic pathway to prostaglandins from

arachidonic acid; it produces prostacyclins,

prostaglandins, and thromboxane, which pro-

tect the gastric mucosa and play a key role in

platelet aggregation and renal microvasculature
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dynamics. COX-2 is mapped to chromosome

1q25.2-q25.3 and is encoded by the

PTGS2 gene, an immediate early response

gene that is highly inducible by either neoplas-

tic or inflammatory stimuli. COX-2 is involved

in the synthesis of prostaglandins and

thromboxanes, which are regulators of pro-

cesses that are relevant to cancer development.

It is generally accepted that alterations in

COX-2 expression and the abundance of its

enzymatic product PGE2 have key roles in

influencing the development of CRC.

COX-3, a third distinct COX isozyme, is a

COX-1 variant formed by intron retention, a

form of alternative splicing [15]. COX-3 shares

all the catalytic features of COX-1 and -2; how-

ever, its exact role is yet to be fully understood

[15]. Relative to the normal mucosa, COX-2

overexpression occurs in about half of colorectal

adenomas and in 85 % of human CRCs, making

COX-2 an attractive therapeutic target

[16, 17]. Moreover, the fact that COX-2 expres-

sion is upregulated in both premalignant and

malignant colorectal tissue has also potential

implications for the prevention of this type of

cancer. Most NSAIDs are nonselective; however,

in the last decade, selective COX-2 inhibition has

been extensively studied and will be discussed at

a later stage.

It is well known that not all NSAIDs that

inhibit COX have similar anticancer activity

and that the anticancer activity is not related

directly to the degree of COX inhibition. Alter-

native COX-independent pathways have an

important role in their chemopreventive effect.

A number of COX-independent targets have

been identified as being involved in the antican-

cer activity of NSAIDs. Cyclic guanosine

monophosphate (cGMP) phosphodiesterases

(PDEs) are such targets that are known to

inhibit the normal apoptosis signal pathways.

This inhibition permits the apoptotic signal

pathway to proceed unopposed, resulting in

apoptotic cell death. The potencies of certain

NSAIDs for the inhibition of colon tumor cell

growth correlate with their potencies for the

inhibition of cGMP PDEs in vitro [5, 18–26],

and certain NSAID metabolites and derivatives

that lack COX inhibitory activity but maintain

the anticancer activity also inhibit cGMP PDEs.

The anticancer activity of NSAIDs that

involves inhibition of cGMP PDEs, for exam-

ple, sulindac, results in increased intracellular

cGMP levels with activation of cGMP signaling

[27–30].

A number of NSAIDS have called much

attention over the years as chemopreventive

agents among the nonselective NSAIDs sulindac

and aspirin and among the selective COX-2

inhibitors celecoxib and rofecoxib have caused

the most attention and will be discussed in fur-

ther details.

Aspirin

Aspirin, a nonselective NSAID, was first devel-

oped in Germany by Felix Hoffman in 1897.

Today it is the best-known and most widely

used medication with an estimated 100 billion

tablets consumed annually across the world

(http://www.aspirin-foundation.com/). Over the

years aspirin has been in use as a pain reliever,

an anti-inflammatory drug in many chronic

inflammatory diseases, as well as an antiplatelet

medication in cardiovascular diseases.

The first evidence of aspirin’s

chemopreventive role in cancer development

came from a large Australian case–control

study published in 1988 exploring potential rela-

tion between numerous chronic illnesses, medi-

cation use, and CRC [31]. An inverse association

was found between aspirin use and risk of CRC.

Subsequently, aspirin has been investigated

extensively in the chemoprevention of colorectal

adenomas and CRC, based in part on their inhi-

bition of cyclooxygenase COX-1 and COX-2

enzymes, both of which are important mediators

of prostaglandin production. However

COX-independent mechanisms have also been

hypothesized [32]. Other molecular targets of

aspirin have been extensively studied [33] but

have been the focus of far fewer studies than

the COX pathways.

Different pathways may play a role at diverse

points during cancer development, from
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inhibiting adenoma formation to staling progres-

sion [32] at later stages in carcinogenesis. Pri-

mary targets of investigation include inhibition

of IkB kinase (IKK)-β, prevention of NF-kB

activation, extracellular signal-regulated kinase

(ERK) inhibition, mitochondrial functions, and

inhibition of the Wnt/β-catenin pathway. Other

reports indicate that targets of aspirin may

directly or indirectly modulate the activity of

transcription factors [34], cell signaling proteins,

metabolic enzymes, and mitochondrial proteins

[35–37].

Taken together aspirin has many mechanisms

of action making the drug a potential target for

the prevention and/or treatment of CRC. The

Nurses’ Health Study was initiated in 1976 and

included >120,000 nurses aged 30–55 years

[38]. Data on lifestyle, diet, and medications

have been retrieved from self-administered

questionnaires that had been modified over the

years. Chan et al. [39] found a significantly lower

rate of RC among regular aspirin users (two or

more regular 325-mg tablets per week). The risk

reduction was evident only after 5 years of expo-

sure, with the protective effect being more sig-

nificant after a decade. The dose of aspirin was

important as well. Women consuming 2–5 regu-

lar tablets of aspirin per week experienced a

modestly reduced relative risk (RR, 11 %),

whereas those who consumed at least 14 doses

per week experienced the highest (32 %) reduc-

tion in CRC incidence. The mortality in the

Nurses’ Health Study was recently evaluated

after 24 years follow-up. Aspirin users had a

0.75 and 0.65 RR of cardiovascular and CRC

death, respectively [40]. In the observational

health professionals’ study on 50,000

individuals, regular aspirin use, of more than

twice a week, was associated with a 32 % reduc-

tion in mortality from CRC [41]. Jacobs

et al. [42] recently examined the associations

between long-term daily use of aspirin (325 mg/

day) and overall cancer incidence among 69,810

men and 76,303 women participating in the Can-

cer Prevention Study II Nutrition Cohort. Aspirin

use was reported at enrollment in 1992–1993 and

updated in 1997, 1999, and 2001. Daily aspirin

use for >5 years was associated with a lower

incidence of CRC (RR, 0.68) among men and

women combined.

On the other hand, a few large randomized

trials of aspirin, in primary prevention, showed

no effect on the occurrence of CRC. The

Women’s Health Study randomized healthy

women to low-dose aspirin versus placebo. An

average of 10 years of follow-up failed to show a

primary preventive effect of aspirin [43]. The

Physicians’ Health Study was primarily designed

to assess the effect of aspirin (325 mg every other

day) on the risk of coronary artery disease and

cancer in 22,071 male physicians in the United

States [44]. After 5 years of aspirin therapy, there

was no change in the incidence of CRC or polyps

(nonsignificant odds ratio of 1.15 for CRC and

0.86 for adenomas) between the treatment and

the placebo groups. The British Doctors Aspirin

Trial (N ¼ 5139, two-thirds allocated 500 mg

aspirin for 5 years, one-third allocated to avoid

aspirin and served as controls [45] and the United

Kingdom Transient Ischemic Attack Aspirin

Trial (N ¼ 2449, two-thirds allocated 300 mg

or 1200 mg aspirin for 1–7 years, one-third

allocated to placebo control [46]) failed to show

a protective effect of aspirin. The long-term

effect of aspirin was analyzed in these two

randomized trials with reliable posttrial follow-

up for>20 years [47]. They also did a systematic

review of all relevant observational studies and

showed that the use of >300 mg aspirin per day

for at least 5 years in the RCT was effective in

primary prevention of CRC, with a latency

period of about 10 years. These results were

consistent with findings from their meta-analysis

of the observational studies. These studies were,

however, unable to circumvent confounders,

such as intermittent and variable dosing and the

use of other NDAIDs and risk-modifying drugs.

It appears that the reduction in risk of the CRC

may require prolonged follow-up (>10 years),

which is biologically plausible given the

prolonged time that take adenomas to progress

to invasive cancer. It is, however, suggested that

long-term follow-up is required to establish the

effects of aspirin on the incidence and mortality

from CRC.
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Aspirin’s effect on adenoma incidence in the

general population without a history of prior ade-

noma or CRC has been evaluated in 27,077

healthy women, 34–77 years of age, from the

Nurses’ Health Study. These women underwent

screening colonoscopy and adenoma occurrence

was documented. Regular, short-term use of aspi-

rin was inversely associated with the risk for colo-

rectal adenoma. Reduced risk of adenoma

incidence was associated with at least least six

325-mg aspirin tablets per week (RR, 0.68

[95 % CI, 0.55–0.84]) and with more than

14 tablets/week (RR, 0.57 [95 % CI, 0.42–0.77])

of aspirin, higher doses than those were

recommended for the prevention of cardiovascu-

lar disease. The duration of follow-up was not

specified, but RRs were adjusted for the duration

of aspirin use [48].

In the moderate-risk setting of patients with

previous adenoma or CRC, three randomized

controlled trials have shown significant efficacy

in preventing polyp recurrence when aspirin was

given at daily doses of 81–325 mg/day. These

trials were not, however, entirely in agreement as

to the lowest effective aspirin dose, and they

were relatively short term in duration, i.e., up to

3 years. In the first trial, aspirin (325 mg qd) or

placebo was prescribed to 600 patients with a

recent history of CRC. The proportion of patients

who had at least one adenoma was lower in the

aspirin group than in the placebo group (17 %

vs. 27 %, P ¼ 0.004) [49]. Aspirin also delayed

the onset of recurrent adenoma. In the second

trial, 81 mg or 325 mg of aspirin per day was

compared to placebo in patients with a history of

one or more colorectal adenomas. A reduction in

the recurrence of adenomas was associated with

aspirin consumption (17 % and 4 %, respec-

tively), although it was significant only for the

lower dose [50]. The 81-mg dose was associated

with a 3.7 % absolute risk reduction in the inci-

dence of advanced adenomas (RR reduction,

41 %; 95 % confidence interval, 8–62 %). Nota-

bly, protection against advanced adenomas

(>1 cm, high-grade dysplasia, and villous histol-

ogy) was more pronounced than the effect on the

risk of recurrence of any adenoma (e.g.,

reduction rates of 41 % and 17 %, respectively).

The third trial [51] randomized 272 patients with

a history of adenoma to receive lysine acetylsa-

licylate (a form of aspirin) 300 mg, 150 mg, or

placebo daily. Colonoscopies were done at 1 and

4 years. Both dosages were effective in reducing

polyp recurrence. A lesser effect at 4 years was

seen, and the lower (160 mg/day) dose was sur-

prisingly more effective [52]. The benefit was

greatest with the higher (300 mg/day) dose at

1 year [51, 52]. From the combined results of

the above-cited trials, significantly fewer

subjects in the low-dose aspirin group developed

recurrent sporadic colorectal adenomas after 1–3

years [53]. While these trials established causal-

ity, they had relatively short duration of treat-

ment and as such provided limited data on the

necessary duration of treatment needed to pre-

vent cancer. These trials also offered limited data

on dose, and the data they did provide was some-

what conflicting.

The US Preventive Services Task Force

recently [54] updated their data and reached the

same conclusion that the data on aspirin in the

setting of prior adenoma is limited by short-term

follow-up (fewer than 5 years) and studies could

not, therefore, provide sufficient information on

the effect of aspirin use on the incidence in this

setting. However there were some suggestions of

a decreased risk of adenoma incidence in over a

3- to 4-year period [54]. No recommendations

were made.

If no risk had been shown to be associated

with aspirin, it would suggest that the argument

in favor of its use is stronger than that of its

avoidance, even with uncertainty about the

reduction in the incidence of colorectal

adenomas or CRC.

Secondary Prevention
In the setting of patients with history of CRC,

aspirin at a dose of 325 mg for up to 3 years

significantly reduced adenoma recurrence rate. In

799 patients with stage III CRC enrolled in an

adjuvant chemotherapy trial, aspirin use after a

median follow-up of 6.5 years was associated

with improved recurrence-free survival, disease-
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free survival, and reduced mortality [49–51, 55,

56]. In a prospective cohort study of 1279 men

and women diagnosed with stages I–III during a

median follow-up of 11.8 years, the HR (adjusted

for cancer stage and location, sex, age, and body

mass index) for mortality was lower in aspirin

users as compared to nonusers (RR, 0.71; 95 %

CI, 0.53–0.95). Regular aspirin use after the

diagnosis was associated with a lower risk of

CRC-specific mortality, but this was the case

mainly among participants in whom primary

tumors overexpressed COX-2 [57]. It is well

known that CRC is a diverse disease and the

response is not universal. Furthermore as

discussed earlier, aspirin does carry a significant

risk profile, defining biomarkers to better identify

patients for response are crucial. The phosphati-

dylinositol 3-kinase (PI3K)/AKT signaling path-

way plays an important role in CRC

carcinogenesis [58], and mutations occur in

10–30 % of the cases. PI3K mutation results in

an activation of the PI3K and downstream AKT

pathway which enhances COX-2 activity and

PGE2 formation resulting in the inhibition of

apoptosis and enhancement of cell proliferation

which have been associated with the develop-

ment of CRC [59–61]. In addition mutations

have been associated with poor prognosis and

resistance to therapy [62–64]. In this regard

Domingo et al. found that regular aspirin use

after CRC diagnosis was associated with a

reduced rate of CRC recurrence in patients with

PIK3CA-mutant cancers (HR, 0.11; P ¼ .027)

but not in patients lacking tumor PIK3CA muta-

tion (HR, 0.92; P ¼ .71) [65]. A recent meta-

analysis pooled seven studies that received aspi-

rin treatment CRC diagnosis. An overall survival

benefit was found for treated patients with colon

as well as rectal cancers. This survival benefit

appeared to be confined to patients with positive

COX-2 expression and with mutated PIK3CA

tumors (HR ¼ 0.58; 95 % CI, 0.37–0.90) [66].

While this evidence supports pretreatment

patient selection according to tumor profile, the

low number of studies prevents definitive

conclusions. Trials addressing this issue are

warranted to assess the efficacy of aspirin in the

adjuvant setting and ultimate patient selection to

maximize efficacy and reduce unnecessary

toxicity.

Two cohort studies assessed aspirin use before

the diagnosis. These studies found that

pre-diagnosis aspirin use was associated with

lower-specific mortality [50, 51]. However, a

recent meta-analysis found seven publications

on pre-diagnosis aspirin use in patients with

CRC. They were unable to prove a positive asso-

ciation between pre-diagnosis aspirin use and

CRC overall mortality or CRC-specific mortality

[67]. Currently a large international, multicenter

randomized, placebo-controlled phase 3 trial of

200 mg/day aspirin as an adjunct to adjuvant

treatment for Dukes’ C and high-risk Dukes’ B

is ongoing, in several Asian centers (ASCOLT

study). This study will shed light on the effect of

aspirin on disease-free and overall survival

among patients with Dukes’ C and high-risk

Dukes’ B CRC. Results are expected during the

upcoming years.

What About the Use of These Agents
in the Very High-Risk Population?

There is ample data regarding their efficacy in

the setting of familial adenomatous polyposis

(FAP), a hereditary disease with 100 % risk of

developing CRC by the fifth decade. It has

clearly been shown that sulindac or celecoxib is

potent in preventing adenomas in FAP [66]. In

this regard, aspirin has been investigated in the

Colorectal Adenoma/Carcinoma Prevention Pro-

gram 1 (CAPP1) study, a randomized, placebo-

controlled trial of aspirin 600 mg/day and/or

resistant starch 30 g/day in a two-by-two facto-

rial design. Among 133 evaluable patients, aspi-

rin treatment resulted in a nonsignificant

reduction in polyp number (RR ¼ 0.77; 95 %

CI, 0.54–1.10) compared with nonaspirin and a

significant reduction in polyp size among

patients treated for more than 1 year [68]. A

recent paper from Japan Familial Adenomatous

Polyposis Prevention II (J-FAPP II) trial

confirms that aspirin is effective in the Japanese

FAP population with a lower dose of aspirin

246 E. Half et al.



(200 mg). No significant side effects were

reported [69].

Patients with Lynch syndrome represent

another high-risk group with an increased risk

of 85 % for having CRC through their lifetime

[70]. Evidence of a protective effect of aspirin

use was provided by the CAPP2 trial. The

CAPP2 trial was an RCT (aspirin 600 mg per

day vs. placebo) that evaluated aspirin, for the

first time, as a chemopreventive agent with can-

cer as the primary endpoint. At the end of two

years of treatment with a daily high dose

(600 mg) of aspirin, there was no evidence for a

protective effect on CRC risk [71]. However, at a

later follow-up, of 56 months, it was found that

patients who had been randomly assigned to

aspirin had about a 40 % reduction in incidence

as compared to the controls that had received

placebo [72]. No data for adverse events were

available post-intervention. Surprisingly during

the intervention, adverse events did not differ

between the aspirin and the placebo group.

Cancer risk in the setting of Lynch syndrome

is currently being studied in the CAPP3 study.

The study intends to randomize >1000 patients

with a known mutation. Patients are going to be

randomized to three doses of aspirin (100, 300,

600) for 2 years followed by 3 years of open-

labeled aspirin of 100 mg to all participants.

Results are expected in 2020.

The association between aspirin use and CRC

risk in the context of Lynch syndrome has

recently been addressed in a cohort of MMR

mutation carriers who are registered in a multi-

national family cancer registry from the United

States, Australia, and Canada. 1858 MMR

mutation-positive individuals were included.

714 carriers (38 %) were diagnosed with CRC

at a mean age of 42.4 years. A reduced risk of

CRC was associated with aspirin use (for

1 month to 4.9 years HR ¼ 0.49, for �5 years;

HR ¼ 0.25, 95 % CI ¼ 0.10–0.62, P ¼ .003)

compared with less than one month of use.

Regarding the protective effect of aspirin in

Lynch syndrome patients, CAPP3, led by John

Burn, has been launched in 2015. The CAPP3

study is planned to recruit >1000 subjects with a

known Lynch syndrome mutation. Patients are

going to be randomized into three groups receiv-

ing 100, 300, or 600 mg of daily aspirin for

3 years to be followed with 2 years of open-

labeled daily dose of 100 mg of aspirin.

Adverse Events

Aspirin treatment is not without potential harm,

and it has long been recognized that treatment

may be associated with serious side effects

[73]. GI bleeding, ulcers, or, in the more serious

scenario, intracranial bleeding and hemorrhagic

stroke are among the major events. The open

question is regarding the risk in average-risk

population (vs. risk in patients with CVD, the

population in most studies) and timing of the

risk during the therapy (early or late) and

whether the risk continues after treatment

cessation.

Most studies reported on harms during sched-

uled treatment duration, the median of which was

between 2.6 and 10.1 years. The Women’s

Health Study included events during posttrial

follow-up (median of 17.5 years from randomi-

zation). Twelve RCTs (all except ETDRS and

APACC) reported on gastrointestinal bleeding.

Compared to controls, patients assigned to aspi-

rin had higher risks of gastrointestinal bleeding

and serious gastrointestinal bleeding (summary

OR, 1.94 [95 % CI, 1.44–2.62]). Results were

not consistent for fatal gastrointestinal

bleeding [74].

Intracranial bleeding data were available

from 12 RCTs. Patients randomized to aspirin

had a higher risk of intracranial bleeding than

control patients (summary OR, 1.53 [95 %

CI, 1.21–1.93]). Aspirin users had a higher

risk of hemorrhagic stroke than controls

(summary OR, 1.47 [95 % CI, 1.16–1.88])

[74]. Regarding age-related macular degener-

ation, the USPSTF did not identify

publications that reported on macular degen-

eration as part of their systematic search strat-

egy. For all harm outcomes, very limited data

were available on effect modification by
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age, sex, race, comorbidities, or concomitant

medication use.

Major aspirin-related complication is age

dependent and has been reported to be responsi-

ble for about 2–8 % mortality rate [75]. At the

same time, patients with an annual risk for coro-

nary heart disease of 1.5 % should take aspirin to

prevent cardiovascular mortality [76]. These

patients will also benefit from the decrease in

the incidence of colorectal neoplasia and mortal-

ity. It is also confirmed that patients with a low

risk for coronary heart disease (<0.7 % per year)

should not take aspirin to prevent cardiovascular

events or CRC.

Dosing of Aspirin

The adverse effects of aspirin appear to be

largely dose related. The minimally effective

dose required for the prevention remains a criti-

cally important question. Rothwell et al. [77, 78]

published a meta-analysis and reported that doses

of aspirin typically used for cardiovascular dis-

ease prevention (75–325 mg daily) were as effec-

tive as high-dose (1200 mg/day) aspirin

[78]. However, the short-term follow-up data

from the two trials of alternate day of aspirin

that were not eligible for inclusion in the meta-

analysis (i.e., aspirin 325 mg in the PHS and

100 mg in the WHS) did not show a reduction

in the risk of CRC [76, 77]. Although the nega-

tive findings of these studies could be attributed

to their relatively short follow-up and/or

alternate-day dosing, they do leave some uncer-

tainty regarding the effects of low-dose

regimens. The adenoma trials indicate that aspi-

rin doses in the range of 81–325 mg daily reduce

the risk. However, the dose–response patterns in

the studies are difficult to integrate. Two trials

compared higher (300–325 mg/day) and lower

(81–160 mg/day) doses of aspirin; a reduction

in the risk of all recurrent adenomas was found

only with the lower (81–160 mg/ day) doses

[79]. Nonetheless, two other trials that only stud-

ied the higher (300–325 mg/day) doses of aspirin

both reported reductions in risk of all adenomas

from the active treatment. Overall, the estimates

for the risk reduction associated with lower

(81–160 mg)- and higher (300–325 mg)-dose

aspirin were similar both for all adenomas and

for advanced adenomas. On the other hand,

observational studies are not as conclusive.

Some studies suggest that 300–325 mg/day may

be required [39, 42, 47, 80, 81].

In two prospective cohort studies that could

examine the use of aspirin over a long duration,

greater efficacy was observed with intake as high

as 14 (325 mg) tablets per week [39, 47]. An

extension of the Women’s Health Study which

was published in 2013 included 39,876 women,

aged 45 years or older, who continued to take

100 mg of aspirin on alternate-day basis or pla-

cebo. At follow-up of a median of 10 years, the

CRC risk was reduced in the aspirin group (HR,

0.80 [CI, 0.67–0.97]; P ¼ 0.021), primarily for

proximal cancer (HR, 0.73 [CI, 0.55–0.95];

P ¼ 0.022) but not distal tumors. Taking the

clinical trial and observational data together,

there is a very strong evidence that aspirin in

doses of 325 mg per day reduces the risk. Most

probably if taken for a long period of time (more

than a decade), as low as 75 mg on a daily basis

or even alternate day of 100 mg aspirin may be

sufficient in CRC.

Screening and Aspirin
Chemoprevention

An RCT of aspirin and screening colonoscopy

are very much appealing but most probably will

never occur. Aspirin probably cannot be consid-

ered as a substitute for screening. What about

combining them? Data is lacking regarding the

effect of aspirin implementation into screening

programs.

However, it does make sense as approxi-

mately 30–40 % of individuals do not adhere to

their screening schedule; colonoscopy is less effi-

cient in detecting right-sided lesions with the

emergence of interval cancers and aspirin that

has been shown to be more effective in
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preventing proximal cancer. Further data is

needed before recommendations can be made.

Benefit and Risk Assessment

Currently, no health or professional

organizations recommend aspirin for the primary

prevention in average-risk adults. The American

Cancer Society [82], the American Medical

Association (AMA), and the American College

of Physicians (ACP) explicitly recommend

against the use of aspirin for chemoprevention,

with the AMA and ACP citing the 2007 USPSTF

guidelines as the basis for their recommendation

[83, 84]. The American College of Gastroenter-

ology, the National Institute for Health and Care

Excellence, and the National Institutes of Health

have no chemoprevention recommendations for

CRC [85–87]. However, some organizations

acknowledge possible roles for aspirin in both

primary and secondary prevention in high-risk

adults. The American Gastroenterological Asso-

ciation recommends that aspirin can be consid-

ered for patients with a personal history of CRC

[88, 89] and advanced colorectal adenoma or a

strong family history, but not for people with a

history of peptic ulcer disease or hemorrhagic

stroke. National Comprehensive Cancer Network

[90] limits their recommendation for aspirin use

to primary prevention in adults with a personal

history of classical FAP or attenuated FAP to

reduce polyp burden as an adjunct to endoscopic

surveillance. The updated USPSTF guidelines do

not provide any new recommendations for the

general population; however, the USPSTF

provided a grade “B” recommendation

(a USPSTF assessment that there is “high or

moderate certainty that the net benefit is moder-

ate to substantial”) for the use of low-dose aspi-

rin for chronic disease prophylaxis, including

the prevention, for US adults between 50 and

59 years of age with more than 10 % of 10-year

risk of cardiovascular events (USPSTF

September 2015). For these individuals aspirin

was predicted to gain life years as well as

quality-adjusted life years [91, 92]. For adults

between ages 60 and 69 with a 10-year risk of

CVD events of >10 %, the USPSTF issued a

grade “C,” indicating “at least moderate cer-

tainty that the net benefit is small.” As such it

is advised that physicians use a CV risk score

assessment scale as the Framingham risk score,

which accounts for risk differences between

women and men, to estimate 10-year CVD

risk, and after taking into consideration the

risk for bleeding events, prescribe aspirin to

adults aged 50–59 without known risk factors

for bleeding who have a risk of at least 10 % for

cardiovascular disease. This recommendation is

in no circumstance instead of CRC screening

but should be in addition to standard CRC

screening programs.

Sulindac

In humans, in the high-risk setting, the efficacy of

sulindac as chemopreventive agents was first

suggested in a small nonrandomized study in

FAP patients with desmoid tumors. Sulindac dra-

matically decreased the number of adenomas in

four patients [8]. Similar observations were

reported in 1983 [8] and 1989 and later on in a

number of randomized studies of sulindac in

FAP patients [93–95].

Sulindac is a prodrug, derived from

sulfinylindene and converted reversibly by liver

enzymes to sulindac sulfide and irreversibly to

sulindac sulfone. Sulindac sulfide has antineo-

plastic effects via inhibition of COX and prosta-

glandin synthesis. Sulindac sulfone (exisulind)

may induce apoptosis via suppression of cyclic

guanosine monophosphate (cGMP) phosphodi-

esterase and subsequent increase in cGMP-

dependent protein kinase G with resultant

programmed cell death; despite the lack of the

ability to inhibit COX, it retains the ability to

induce apoptosis in colon adenocarcinoma

in vitro [30, 96].

Although sulindac is a less potent anti-

inflammatory drug, its effect on cancer preven-

tion has been detrimental. In FAP setting, with

many young patients with little, if any, risk for

catastrophic GI bleeding and a significant risk of

cancer, sulindac-proven efficacy outrages its
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potential toxicity. However, to the best of our

knowledge, sulindac has not been studied in

average-risk individuals or as secondary preven-

tion in subjects with history of adenomas

or CRC.

Selective Cyclooxygenase (COX)-2
Inhibitors

COX-2 is an inducible enzyme that is

overexpressed in sites of inflammation and neo-

plasia. Genetic evidence supports the role of

COX-2 in the development of intestinal neopla-

sia [6]. Furthermore, COX-2 is overexpressed in

40–50 % of adenomas and in 85 % of CRC

[97]. The benefits of the chemopreventive effects

of NSAIDs without the deleterious side effects

could potentially be achieved with selective

COX-2 inhibition. In FAP patients the colorectal

adenoma burden has been shown to be reduced

by 28 % in patients treated with 400 mg of

celecoxib twice daily for six months as compared

with a reduction of 4.5 % in the placebo group

(P ¼ 0.003) [55]. Furthermore, in the same

study, a significant reduction in duodenal

polyposis was found as well with a 31 % reduc-

tion in involved areas compared with 8 % on

placebo (P ¼ 0.049) [98]. In this short-term

study, celecoxib 100 and 400 mg twice daily

were safe and well tolerated compared with

placebo.

In patients with known sporadic adenomas,

three prospective, randomized, placebo-

controlled, international, multicenter trials across

the globe were launched in the end of the last

millennium. The primary endpoint was the num-

ber of patients with recurrent adenomatous

polyps after 1 and 3 years. The Adenomatous

Polyp Prevention on Vioxx (APPROVe) trial

recruited 2586 patients that received 25 mg of

rofecoxib (Vioxx; Merck, Whitehouse Station,

NJ) daily (N ¼ 1257) or placebo (N ¼ 1299)

for 3 years [99]. A 25 % reduction in adenoma

recurrence was found in the treatment group

[100]. The Adenoma Prevention with Celecoxib

(APC) trial included 2026 patients, with

randomization to either placebo or celecoxib

(200 or 400 mg twice daily). Follow-up at

3 years disclosed a significant reduction in

polyp recurrence (P ¼ .0001) [101].

The Prevention of Sporadic Adenomatous

Polyps (PreSAP) trial recruited 1561 patients

that were randomized (3:2) to receive either

400 mg celecoxib or placebo daily. The adenoma

recurrence rate was 33 % in the celecoxib group

versus 49.3 % in the placebo group (P ¼ .0001)

[14]. Of note, in all these studies, a greater effect

was observed in advanced adenomas [14, 99,

101]. Although all three trials clearly showed

that selective COX-2 inhibitors reduced polyp

recurrence, in the APPROVe and the APC stud-

ies, this efficacy was associated with an increased

risk of cardiovascular events (mainly myocardial

infarction, stroke, and heart failure). In

September 2004, Merck dramatically announced

the early termination of the APPROVe study.

Rofecoxib was subsequently withdrawn from

the market due to increased cardiovascular toxic-

ity in patients receiving the drug for more than

18 months. A total of 46 patients in the rofecoxib

group had a confirmed thrombotic event com-

pared with 26 patients in the placebo group

(RR, 1.92) [14]. In December 2004, the National

Cancer Institute suspended the APC trial. The

study was stopped because the analysis by an

independent cardiovascular adjudication com-

mittee showed a significant dose–response

excess of major cardiovascular events of 2.5

(95 % CI, 1.0–6.4) and 3.5 (95 % CI, 1.4–8.5)

for the celecoxib 200 and 400 mg twice daily

groups compared with the placebo group

[102]. At the same time, in the PreSAP trial, the

RR of the celecoxib 400 mg once daily group

compared with the placebo group was nonsignif-

icant at 1.3 (95 % CI, 0.6–2.6) [14]. A secondary

analysis of the APPROVe study also found that

patients assigned to rofecoxib had a higher inci-

dence of confirmed peptic ulcer bleedings than

those randomized to placebo (0.88 vs. 0.18

events per 100 patient-years; relative risk, 4.9;

95 % confidence interval, 1.98–14.54)

[103]. The incidence of all confirmed compli-

cated peptic disease including ulcer perforation,
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obstruction, or bleeding was low, but was numer-

ically higher in the rofecoxib than in the placebo

group (0.23 vs. .06 events per 100 patient-years;

relative risk, 3.8; 95 % confidence interval,

.72–37.46; P ¼ .14).

Short-term use of COX-2 inhibitors appears to

be safe, while long-term use necessary for

achieving the goals of chemoprevention confers

significant hazards. Determining specific

subpopulations of individuals who may benefit

from these drugs vs. populations who are at

increased risk for these side effects remains an

important and open question. As a result, the

COX-2 inhibitors are not recommended for

CRC prevention. The goal of future studies is to

develop ways of blocking COX-2 activities with-

out disrupting the cardiovascular system and

protecting the gastric mucosa [104].

Recent studies have investigated

polymorphisms in the COX2 gene and their rele-

vance to disease risk [105–109]. No

non-synonymous single-nucleotide poly-

morphisms (SNPs) in Caucasians have been

found. In contrast, V511A, a rare COX-2 polymor-

phism, is foundin~5 %allele frequency inAfrican-

Americans. This allele might decrease the risk of

CRC adenoma and CRC cancer [110]. More com-

monpolymorphismofCOX-2(–765G>C) (dbSNP

rs20417) has been under extensive research. It is

associated with lower expression level and with

lower serum concentrations in the serum of the

C-reactive protein in patients after coronary bypass

surgery [111]. In addition, it has been shown that

individuals carrying the variant –765CC genotype

(about 3 %of the population) have a reduced riskof

developing colorectal adenoma and hyperplastic

polyps [109]. Crucially, the chemopreventive

effects of NSAIDs on colorectal polyps were

mostly among individuals carrying the wild-type

(GG) genotype. These findings indicate that

NSAIDmight not be useful for colorectal adenoma

prevention among genetically defined subgroups,

who already bear reduced expression levels of

COX-2. So this supports a functional role of this

variant that is relevant to the pharmacogenetics of

NSAIDs and coxibs [26].

Further studies investigating the genetic

polymorphisms in r enzymes that are associated

with eicosanoid synthesis and the pharmacoki-

netics of NSAIDs are underway.

COX-Independent Effect of NSAIDs
on the Prevention

Numerous studies challenge the theory that COX

inhibition is solely responsible for the

chemopreventive action of NSAIDs by providing

evidence that these effects can be exerted, at least

partially, through COX-independent mecha-

nisms. The nonselective COX inhibitor indo-

methacin has much lower antiproliferative

activity compared with sulindac sulfide despite

having a similar chemical scaffold and an

approximately tenfold lower IC50 to inhibit both

COX-1 and COX-2 in the whole blood COX

assays [112]. Similarly, while selective COX-2

inhibitors celecoxib and rofecoxib inhibit COX-2

with similar IC50 values, celecoxib has much

higher antiproliferative activity in both COX-2-

positive and COX-2-negative cell lines

[113]. Other studies confirm these findings

through the use of genetic methods by showing

that (1) tumor cells in which the expression of

COX-2 has been knocked down by antisense

cDNA do not display increased apoptosis but

remain sensitive to COX-2 inhibitors, (2) the

level of knockdown does not affect sensitivity

to COX inhibitors, and (3) fibroblasts from

COX-1�/�, COX-2�/�, or COX-1/2�/�knockout
mice retain sensitivity to various NSAIDs

[114–116].

One example of a chemopreventive agent that

lacks COX inhibition is exisulind.

Exisulind, a selective apoptotic antineoplastic

drug, was investigated for the treatment of a

variety of malignancies including colon cancer

[117]. In contrast with the parental sulindac,

exisulind lacks antiprostaglandin synthetase

activity and as such has no influence on levels

of PGE2 [118]. Despite its lack of effect on

cyclooxygenases, exisulind inhibits cellular

growth in vitro and prevents chemically induced
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neoplasia in vivo [119]. The antineoplastic

effects of exisulind may be due to the inhibition

of cyclic guanosine monophosphate phosphodi-

esterase, with subsequent activation of protein

kinase G, resulting in the induction of apoptosis

[30]. In a phase 1 clinical trial [120–122] involv-

ing 18 FAP patients, daily administration of

exisulind 600 mg, over a period of six months,

produced 56 % regression of exophytic polyps.

Seventeen of the 18 patients were maintained on

exisulind for 24 months with continued clinical

response [120]. In a study published in 2006, we

studied 155 individuals with FAP who received

exisulind 200 or 400 mg or placebo daily for

12 months. The decrease in median polyp size

was significantly greater (P ¼ 0.03) in patients

who received exisulind 400 mg compared with

those who received placebo, and complete or

partial response was significantly higher in the

exisulind 400 mg group (54.6 %) compared with

the placebo group (30.2 %). In another trial of

FAP patients after subtotal colectomy, exisulind

(600 mg/day) significantly decreased new polyp

formation by 25 % over 12 months and by an

additional 54 % over 24 months [123, 124]. At

the same time, however, treatment with exisulind

was associated with elevated risk of toxicity. The

higher dosage of exisulind was less tolerated

with a significant increase in abdominal pain,

hepatic transaminase elevations, and biliary

events which had been previously described in

FAP patients and also in prostate cancer patients

treated with exisulind [117, 121]. One should

mention that although toxicity was more com-

mon in treated patients, transaminase elevations

that typically occurred early in the therapy were

mild to moderate in intensity and resolved in

many cases despite continued treatment. How-

ever, a chemopreventive agent drugs must have a

very low profile of side effects as treatment will

continue over many years.

Conclusions

After summarizing the benefit and risks of major

NSAIDs in CRC prevention, we conclude that

NSAIDs are useful chemopreventive agents.

They have been shown in vitro and in vivo as

well as in epidemiological and case–controlled

studies to inhibit polyp formation and progres-

sion in the high-risk as well as medium-risk

population (prior history of sporadic adenomas).

However at the same time, one should keep in

mind that the vast majority of subjects with CRC

(~70 %) are considered average risk. In this pop-

ulation, the effect of NSAIDs as

chemopreventive agents is less convincing, and

COX-2 inhibitors have been found to carry major

adverse effects limiting their use.

The most studied agent by far has been aspi-

rin. Randomized trials have provided compelling

evidence of a causal relationship between aspirin

usage and colorectal neoplasia. Nonetheless, pro-

spective data on long-term risk of aspirin

according to the dose or duration of therapy

remain limited.

The data consistently show that the rates of

colorectal neoplasia are significantly lower in

aspirin users than in nonusers. However, the bal-

ance of risks and benefits does not make aspirin

suitable for primary prevention in all average-

risk populations. Rather, its use should be con-

sidered in several groups with an increased risk

of CRC (e.g., patients with a personal or a family

history of colorectal neoplasia) (Table 15.1). All

of these subjects should be offered surveillance

colonoscopy but with the increasing recognition

of lesion miss rate; during colonoscopy, aspirin

may be used to decrease this miss rate.

Randomized studies of aspirin as adjuvant

therapy in patients with CRC are expected in

the upcoming years.

Patients with an annual risk for coronary heart

disease of 1.5 % are advised to take aspirin to

prevent cardiovascular mortality [74]; these

patients in addition to patients aged 50–59 with

a general risk of over 10 % for CVD should be

prescribed low-dose aspirin as these patients will

also benefit from the decrease in the incidence of

colorectal adenomas and CRC mortality. How-

ever at the mean time, in the average-risk popu-

lation, aspirin should not be subscribed solely for

the prevention as long-time risk might outweigh

its benefit.
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