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PREFACE

In “Inflammation in the Pathogenesis of Chronic Diseases: The COX-2
Controversy”, a panel of leading experts chronicles the evidence supporting the
role of inflammation in the pathogenesis of major chronic diseases and discusses
the current controversy regarding beneficial versus adverse effects of selective
cyclooxygenase-2 (COX-2) inhibitors. Experts in multiple disciplines of medical
research provide exciting and enlightening perspectives on COX-2 and related
molecular targets in the future of medicine. The book is broadly divided into
five sections. We begin with historical perspectives on the discovery and devel-
opment of aspirin, ibuprofen, and compounds that selectively inhibit COX-2,
including discussion of risk versus benefit and the potential for development
of new compounds with better efficacy and safety in the 21st century. This is
followed by a section illuminating the role of inflammatory mechanisms in the
pathogenesis of arthritis, cardiovascular disease, cancer, neurodegenerative disease,
diabetes mellitus, obesity, and other life-threatening and debilitating conditions.
Specific chapters then explore the “COX-2 controversy” regarding the potential
for positive versus negative impact of selective COX-2 inhibitors on the cardio-
vasculature. Recent findings suggest that cardiovascular risk associated with some
COX-2 inhibitors may not be due to a class effect involving COX-2 inhibition,
but rather depends upon the molecular structure of specific compounds that have
independent effects unrelated to COX-2 and prostaglandin biosynthesis. Important
findings are documented in cancer research showing that selective COX-2 inhibitors
have powerful antineoplastic effects against major forms of cancer. A special section
explores the current evidence supporting the role of COX-2 and inflammation in the
development of Alzheimer’s disease and other neurodegenerative conditions and
the potential benefit of compounds that modulate COX-2 and other inflammatory
cytokines. The final section addresses nutritional modulation of inflammation in the
pathogenesis of chronic disease and the chemopreventive value of anti-inflammatory
nutraceutical agents.
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SECTION I

HISTORICAL PERSPECTIVES



CHAPTER 1

ANTI-INFLAMMATORY DRUGS IN THE 21ST CENTURY

K.D. RAINSFORD∗

Biomedical Research Centre, Sheffield Hallam University, Howard Street, Sheffield,
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Abstract: Historically, anti-inflammatory drugs had their origins in the serendipitous discovery of
certain plants and their extracts being applied for the relief of pain, fever and inflam-
mation. When salicylates were discovered in the mid-19th century to be the active
components of Willow Spp., this enabled these compounds to be synthesized and from
this, acetyl-salicylic acid or Aspirin™ was developed. Likewise, the chemical advances
of the 19th–20th centuries lead to development of the non-steroidal anti-inflammatory
drugs (NSAIDs), most of which were initially organic acids, but later non-acidic
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4 Rainsford

compounds were discovered. There were two periods of NSAID drug discovery post-
World War 2, the period up to the 1970’s which was the pre-prostaglandin period and
thereafter up to the latter part of the last century in which their effects on prostaglandin
production formed part of the screening in the drug-discovery process. Those drugs
developed up to the 1980-late 90’s were largely discovered empirically following
screening for anti-inflammatory, analgesic and antipyretic activities in laboratory animal
models. Some were successfully developed that showed low incidence of gastro-intestinal
(GI) side effects (the principal adverse reaction seen with NSAIDs) than seen with their
predecessors (e.g. aspirin, indomethacin, phenylbutazone); the GI reactions being detected
and screened out in animal assays. In the 1990’s an important discovery was made
from elegant molecular and cellular biological studies that there are two cyclo-oxygenase
(COX) enzyme systems controlling the production of prostanoids [prostaglandins (PGs)
and thromboxane �TxA2�]; COX-1 that produces PGs and TxA2 that regulate gastroin-
testinal, renal, vascular and other physiological functions, and COX-2 that regulates
production of PGs involved in inflammation, pain and fever. The stage was set in the
1990’s for the discovery and development of drugs to selectively control COX-2 and spare
the COX-1 that is central to physiological processes whose inhibition was considered a
major factor in development of adverse reactions, including those in the GI tract. At the
turn of this century, there was enormous commercial development following the intro-
duction of two new highly selective COX-2 inhibitors, known as coxibs (celecoxib and
rofecoxib) which were claimed to have low GI side effects. While found to have fulfilled
these aims in part, an alarming turn of events took place in the late 2004 period when
rofecoxib was withdrawn worldwide because of serious cardiovascular events and other
coxibs were subsequently suspected to have this adverse reaction, although to a varying
degree. Major efforts are currently underway to discover why cardiovascular reactions
took place with coxibs, identify safer coxibs, as well as elucidate the roles of COX-2 and
COX-1 in cardiovascular diseases and stroke in the hope that there may be some basis for
developing newer agents (e.g. nitric oxide-donating NSAIDs) to control these conditions.

The discovery of the COX isoforms led to establishing their importance in many
non-arthritic or non-pain states where there is an inflammatory component to patho-
genesis, including cancer, Alzheimer’s and other neurodegenerative diseases. The appli-
cations of NSAIDs and the coxibs in the prevention and treatment of these conditions
as well as aspirin and other analogues in the prevention of thrombo-embolic diseases
now constitute one of the major therapeutic developments of the this century. Moreover,
new anti-inflammatory drugs are being discovered and developed based on their effects
on signal transduction and as anti-cytokine agents and these drugs are now being
heralded as the new therapies to control those diseases where cytokines and other non-
prostaglandin components of chronic inflammatory and neurodegenerative diseases are
manifest. To a lesser extent safer application of corticosteroids and the applications of
novel drug delivery systems for use with these drugs as well as with NSAIDs also
represent newer technological developments of the 21st century. What started out as
drugs to control inflammation, pain and fever in the last two centuries now has exploded
to reveal an enormous range and type of anti-inflammatory agents and discovery of
new therapeutic targets to treat a whole range of conditions that were never hitherto
envisaged

1. HISTORICAL DEVELOPMENTS

The anti-inflammatory analgesic drugs have their origins in the use of extracts of
salicylate-containing plants, especially the bark of the willow tree (Salix alba and
other members of the Salix species), in the treatment of fever, pain and inflammatory
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conditions (Rainsford, 2004a). These treatments date from early Chinese, Indian,
African and American eras and were initially described in some detail by Roman
and Greek medical authorities. During the 17th–19th centuries, the popularity of
these plant extracts became evident following the publication by the Reverend
Edward Stone in the 17th century of probably what were the first clinical trials of
willow bark extract for the treatment of agues or fever. Isolation of the principally-
active salicylate components followed in the early 19th century and with advances
in chemistry in Europe and developments in the German chemical industry in
the mid-late 19th century, there followed the synthesis or salicylic and acetylsal-
icylic acids, the latter being highly successfully commercialised by Bayer AG as
Aspirin™ over 100 years ago. The historical aspects of the origins and development
of aspirin and other salicylates are told in detail elsewhere (Rainsford, 2004a).
During the period of the exploitation of the by-products of the coal tar industry in
Germany in the 19th century came also the development of antipyretic/analgesic
agents, antipyrine, aminopyrine, phenacetin and later following recognition of parac-
etamol (acetaminophen) as the active metabolite of phenacetin, this was eventually
commercially developed for use as an analgesic/antipyretic agent in the 1950’s
(Prescott, 2001).

1.1. Discovery of NSAIDs

The development of the first of the category of what are now known as the non-
steroidal anti-inflammatory drugs (NSAIDs) of which aspirin has now become
recognised as the progenitor, was phenylbutazone in 1946 (by JR Geigy, Basel,
Switzerland) and later indomethacin in the 1960’s (by Merck & Co, Rahway, NJ,
USA) (Otterness, 1995). Phenylbutazone was initially employed as a combination
with antipyrine in the belief it would enhance the actions of the latter. However,
it emerged to have greater anti-inflammatory/analgesic activity than antipyrine and
was for the best part of 30 years successfully used for the treatment of arthritic and
other painful inflammatory conditions until its popularity progressively waned after
associations with life-threatening agranulocytosis and bone marrow suppression
(still essentially not conclusively proven today), upper gastrointestinal ulcers and
bleeding and subsequent popularity of more advanced NSAIDs.

Ibuprofen was developed by Boots (UK) in the 1950–1960’s and after estab-
lishing its favourable safety profile at dose ranges for analgesic and anti-pyretic
efficacy (up to 1200mg daily) it was the first NSAID (other than aspirin) to
be approved for non-prescription (over-the-counter or OTC sale) use in the UK
(in 1963), then the USA (in1964) and later in many other countries worldwide
(Rainsford, 1999). Just after ibuprofen was developed, a large number of pharma-
ceutical companies undertook the discovery and development of NSAIDs with a
range of chemical and biological properties (Evans & Williamson, 1987; Otterness,
1995; Rainsford, 1999, 2004a; 2005a). The general chemical categorization of
these drug classes are shown in Figure 1. Most of these drugs developed in the
1960’s were discovered in the pre-prostaglandin era (i.e. before Vane and his



6 Rainsford

Carboxylic acids Carboxamides
or Oxicams

Sulphonanilides Diaryl-substituted
pyrazoles/furanones

• Salicylates
Aspirin
Diflunisal

• Fenamates
Flufenamic acid
Mefenamic acid
Meclofenamic acid
Tolfenamic acid

• Indole/indene
   acetates
Indomethacin
Sulindac

• Phenylacetates
Diclofenac
Etodolac
Ketorolac
*  Lumaricoxib

• Propionates
Dexibuprofen
Dexketoprofen
Flurbiprofen
Ketoprofen
Ibuprofen
Naproxen
Tiaprofenic acid

• Oxicams
Piroxicam

• Carboxamides
Meloxicam

• Coxibs
Celecoxib
Etoricoxib
Parecoxib
**  Rofecoxib
** Valdecoxib

Nimesulide

* Described as a Coxib but is not
chemically in this class
** Now withdrawn

Figure 1. Chemical Classification of the NSAIDs

colleagues had discovered the inhibitory actions of aspirin and related drugs on
the production of prostaglandins). Their anti-inflammatory, analgesic and anti-
pyretic properties were discovered using animal models with some supportive
properties being established in some biochemical systems which were known also
to be important in inflammation (e.g. mitochondrial oxidative, intermediary and
connective tissue collagen and proteoglycan metabolism; stability of albumin; and
later oxyradicals).

2. COX-2 SELECTIVE AGENTS AND THE COXIBS

Coxibs belong to a class of nonsteroidal anti-inflammatory drugs (NSAIDs) that
are used to treat pain and inflammation in a variety of acute and chronic conditions.
They have been principally employed for treating rheumatoid and osteo-arthritis,
and other arthritic diseases, dental and surgical pain in post-operative settings,
dysmenorrhoea, and acute injuries (Kean & Buchanan, 2005). The coxibs have
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also been explored for the prevention of colorectal and some other cancers (Harris,
2002a; see later section) as well as Alzheimer’s disease (Firuzo & Practico, 2006),
although the outcomes of these studies have not been particularly favourable largely
through lack of efficacy and/or cardiovascular complications. Indeed, the apparent
high risk of myocardial infarctions and the exacerbation of symptoms of hyper-
tension and elevation of blood pressure led to the worldwide dramatic withdrawal
of one of the leading members of the coxib class, rofecoxib, by the Merck Company
on September 29, 2004 (Rainsford, 2005b). This has been followed by the recom-
mendation of the US Food and Drug Administration in April 2005 that Pfizer Inc,
the company manufacturing other leading coxibs (celecoxib and valdecoxib) also
withdraw valdecoxib from the US market because of the same adverse events.
Questions have now been posed whether a cardio-renal syndrome is associated with
the entire class of coxibs – a class effect – that may account for the mortality or
non-fatal myocardial infarctions and elevation of blood pressure associated with
these drugs, possibly in at risk subjects (as yet undetermined). The US FDA
has subsequently specified a black box warning on the use of celecoxib and all
other coxibs (that remain on the market or in clinical trial) and also a general
warning of cardiovascular risk with all other NSAIDs. The European Medicines
Evaluation Agency (EMEA), now the European Medicines Agency (EMA) has
also re-evaluated the cardiovascular risk with the coxibs and has recommended
only restricted use of these drugs. Thus, in somewhat over half a decade since
their much-heralded introduction as being safer to the gastrointestinal tract and
kidneys than traditional NSAIDs and with rofecoxib and celecoxib having achieved
worldwide market domination, they have now plummeted from sales to almost
obscurity in the therapeutic armamentarium. There are indications, however, that
celecoxib may find its way back onto the world markets but the future of rofecoxib
is less certain and maybe it will find applications (e.g. in juvenile rheumatoid
arthritis in which it was especially effective) but under very strictly restricted condi-
tions. Another Merck drug, etoricoxib, might not be associated with an excess risk
of cardio-renal effects and associated myocardial infarction and exacerbation of
hypertension. Likewise, although less adequate data are available with lumiracoxib,
there are suggestions this drug may not have the same risks as seen with rofecoxib
or other coxibs.

A key factor that has emerged from the analysis of reasons why rofecoxib, valde-
coxib, and celecoxib may have led to development of the cardio-renal syndrome
thought to underlie myocardial infarction and hypertension appears to have been
that these effects were apparent with high dose levels of these drugs. It is possible
that in some of the conditions where they were being used (e.g. a colorectal
preventative trials of rofecoxib and celecoxib and post-operative coronary bypass
in the case of valdecoxib) may have been conditions where there were appreciable
manifestations of disease stress that led to pre-disposition to the development of
cardio-renal syndromes and myocardial infarction. A major factor was dosage and
the data indicates that the cardio-renal syndrome and cardiovascular risks were
only evident with high doses of these drugs. Another factor which has emerged is
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that the principal mode of action of these drugs, to specifically inhibit the enzyme,
cyclooxygenase-2 (COX-2) may have been a major factor causing the development
of these site effects – this being an example of what is known as “mechanism-based”
toxicology.

Coxibs are strictly classed as functional analogues since aside from the general
chemical features in common with members of this class there are few common
specific chemical features that uniformly describe their properties. There are, of
course, some features of the biochemical interactions of these with the enzyme,
COX-2, which mediates their main pharmacological actions. With the possibly
unique exception of lumiracoxib, the other coxibs are tricyclic compounds with
high pKa values (pKa 8–9). These contrast with the conventional NSAIDs that
are weakly acidic compounds with pKa values of about 3–5, derived from either
aryl-carboxylic acids or keto-enolic compounds. The coxibs are diaryl-heterocycles
that have a cis-stilbene moiety substituted in one of the pendant phenyl rings with
a 4-methylsulphone (e.g. rofecoxib) or sulfonamide (e.g. celecoxib) substituent
(Figure 2). These moieties are critical together with the diaryl heterocyclic structure
in determining their actions as highly specific COX-2 inhibitors.

The odd drug apparent in these chemical associations within the coxibs is lumira-
coxib. This drug is an analogue of the traditional acid NSAID, diclofenac, and does
not have the tricyclic character of the other coxibs but is an anilino-phenylacetic
acid. The 2,6-dichloro-substituents of diclofenac are replaced by 2-chloro, 6-fluoro-
moieties in lumiracoxib. There are indications that the COX-2 specificity of lumira-
coxib. Perhaps this drug should not be classed as a coxib in view of the lack of
associations both chemically and possibly pharmacologically with the other coxibs.

The term coxib derives logically from cox-inhibit(or) and appears to have been a
marketing ploy by the two major companies that developed these drugs to discrim-
inate them from other NSAIDs. Whether such a pharmacological description is
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Figure 2. The Coxibs
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justifiable is debatable especially since the claims for markedly improved GI safety
with the coxibs are now being increasingly challenged in relation to at least the risk
of serious GI adverse reactions observed with low-risk NSAIDs such as diclofenac
or ibuprofen.

2.1. Rationale for the Discovery of Coxibs

The discovery in 1991 of two COX enzymes that are responsible for the synthesis
of inflammatory prostaglandins gave a new basis for understanding how these
molecules regulate and mediate inflammatory reactions, pain and fever, as well
as a number of diverse physiological reactions such as blood flow, thrombosis,
and gastrointestinal, renal and reproductive functions (Rainsford, 2004e). About
two years previously, a unique COX enzyme was discovered that was produced
in response to inflammatory stimuli. In a short while, the genes coding for two
separate enzyme proteins were isolated and cloned. By convention the enzyme
that is responsible for the production of physiologically important prostaglandins
and thromboxane A2 is termed COX-1. The other enzyme, which is responsible
for prostaglandins involved in inflammation and pain and is induced upon stimu-
lation with various inflammatory stimuli (lipopolysaccharide, growth factors etc.),
is known as COX-2. Actually the term COX refers to the cyclooxygenase enzyme
activity and since peroxidase activity is also present, both enzymatic properties
exist in one protein which is termed prostaglandin G/H endoperoxide synthase or
PGHS. COX-1 is present in PGHS-1 and COX-2 in PGHS-2. Because the enzymatic
activity is the functional response to the gene-regulated and expressed production
of prostanoids (prostaglandins and thromboxane A2) it is usual to term the two
isoforms COX-1 and COX-2 for short.

2.1.1. Prototypes of the coxibs

Two classes of COX-2 selective inhibitors have, in retrospect, emerged as the
prototypes for the development of the coxibs. These are (a) a group of aryl sulfo-
nanilides typified by NS298, nimesulide (R-805), flosulide (CGP28238), diflu-
midone (R-807), T-614, L-745,337 and FR115068, and (b) the 1,2-diarylheterocyles,
DuP697 and SC58125 (De Leval et al., 2000; Rainsford, 2004e). Thus, many
COX-2 selective agents have been discovered by taking the sulfonanilide moiety
and superimposing this on various diaryl heterocyles. The sulfonanilide could be a
4-methylsulfonyl- or sulphonamide in one of the pendant phenyl rings; the former
being attached to a cis-stilbene moiety. It has been suggested that the origins of the
diaryl-substituted heterocycles are from phenylbutazone, which led to the devel-
opment of indoxole and oxaprozin. Indoxole was then considered to have been the
precursor of DuP697 and SC58125. Some have claimed that indomethacin may
have served as a basis for development of diaryl heterocycles with the acetic acid
moiety being modified to be replaced by a sulfonanilide.

Probably the first sulfonanilide to be developed which has emerged as a clinically
successful COX-2 selective drug was nimesulide. This drug was initially discovered
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(coded R-805) by Riker in the 1960’s as part of a programme to identify anti-
inflammatory analgesic drugs based on sulphonamides (Rainsford, 2005a). Clearly,
these studies took place and this drug developed as a clinically effective drug some
three decades before the COX-isoforms were discovered. Screening for relative
COX-1/COX-2 activities of established NSAIDS was initially undertaken by a
number of academic groups as well as in the pharma industry after the COX-
isoforms were discovered in the early 1990’s. Thus, nimesulide emerged from these
studies and as well, meloxicam, a derivative of piroxicam was also found to have
COX-2 selectivity (Trummlitz & van Ryn, 2002). Meloxicam is different from other
COX-2 selective drugs in being an enolcarboxamide although structural studies
with COX-isoforms investigated by molecular modelling has confirmed its fit with
the active site of COX-2 (Trummlitz & van Ryn, 2002).

The development of nimesulide was predicated on the search for anti-oxidant
compounds. The carboxyl group of NSAIDs (then regarded as a prerequisite
for anti-inflammatory activity of aromatic drugs, the NSAIDs) was replaced by
nitro- and sulphonamides to give putative anti-oxidant compounds with higher pKa
values (6.5–7.0) than conventional carboxylates (pKa 2.5–4.0) or keto-enolates
(e.g. phenylbutazone) (pKa 4.5–5.5).

In summary, the identification of nimesulide and meloxicam, along with etodolac
and oxaprozin as agents having COX-2 selectivity, has emerged long after these
drugs were introduced clinically. The search for highly selective COX-2 inhibitors
proceeded on the basis that more potent and selective inhibitors of COX-2 would
be more effective in controlling pain, inflammation and fever, and with fewer
side effects in the gastrointestinal tract and possibly the kidneys than the above
mentioned established COX-2 selective NSAIDs as well as others of this class
of drugs.

2.1.2. Development of the coxibs

The chemical development of the coxibs has been comprehensively reviewed by a
number of authors, to whom the reader is referred for more detailed information
(Dannhardt & Laufer, 2000; De Leval et al., 2000). Here, some of the salient features
of the development of the coxibs are outlined (Rainsford, 2004e). The basis for the
identification of COX-2 selectively has been the development of in vitro assays.
These have comprised (a) isolated recombinant enzymes, (b) cell lines with COX-2
and COX-1 activity, (c) primary cells e.g. platelets or platelet rich plasma as a source
of COX-1 and stimulated macrophages for COX-2 activities respectively, (d) cell
lines (e.g. chinese hamster ovary, (CHO) cells transfected with either human recom-
binant COX-2 or COX-1 genes, and (e) variants of whole blood assays in which
COX-1 activity is determined after 1 hr by measuring thromboxane production, and
COX-2 after incubation with lipopolysaccharide (endotoxin of Escherichia coli) or
interleukin-1 for 24 hr and measuring prostaglandin E2 production. Each of these
assays has its merits and applications. Mostly, assays (a) and (d) were employed
in the discovery of relative COX-2/COX-1 activity. The whole blood assay has
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been regarded as more appropriate for determining the clinically relevant COX-2
selectivity especially in relation to the plasma pharmacokinetics of the drugs.

In determining the structural requirements for COX-2 selectivity, drug modelling
of interaction with the COX-isoenzymes has been made possible because of the
availability of crystal structures of the ovine COX-1, murine COX-2 and human
COX-2, which have been solved to 3 to 3.5 Å resolution (Trummlitz & van Ryn, 2002).

3. NOVEL NSAIDs AND DERIVATIVES

Over the century or more since the discovery of drugs used to treat inflammation,
pain and fever there have been an immense number and variety of chemical
analogues and derivatives that have been developed some of which have found
successful application in treating inflammatory diseases and some have passed out
of favour or use for one reason or another (Adams & Cobb, 1967; Otterness, 1995;
Rainsford, 1999a; 1999b; 2004a; 2004e; 2004f; 2005a). Many of the older agents
could usefully be employed given understanding that they may have unique modes
of action in controlling different pathways or cellular reactions in inflammatory
diseases. Their potential for exploitation is phenomenal!

3.1. Nitric Oxide – Donating NSAIDs

The development of nitric oxide (NO) – donating NSAIDs had its origin in the
recognition that nitric oxide has an important role in regulating blood flow and
vascular functions and that NO donors could protect the gastro-intestinal (GI)
mucosa against injury by NSAIDs and various necrotizing agents (Whittle, 2003).
The idea of chemically coupling an NO-donor to an NSAID in the form of an
acidic ester, such that upon absorption by the gastric mucosa NO would be released
to produce local vasodilatatory effects and protection of the mucosa from injury
from the NSAID seemed an elegant means of developing NSAID derivatives that
would be notably safer to the GI tract than the parent NSAID. It has been known
for over 40 years that simple alkyl or phenyl esters of NSAIDs have less gastro-
irritancy than their parent acids (Rainsford, 2004b; 2004f) so that esterification
with NO-donating groups would also be expected to confer protection against the
injurious effects of the acidic moieties of NSAIDs. To what extent the addition of
an NO-donor to the alkyl or other ester adds to the protective effects has not been
determined. While much work has been done to establish the actions of different
NO-NSAIDs (Keeble & Moore, 2002; Whittle, 2003; Zacharowski et al., 2004;
Corazzi et al., 2003, 2005; Dhawan et al., 2005) and many derivatives have been
developed (Chiroli et al., 2003; Whittle, 2003; Gao et al., 2005) to date this has
not yet clearly translated into clinically useful drugs although many hold promise.
The development of nitro-aspirin for prevention of cardiovascular disease (Whittle,
2003; Abrosini et al., 2005) must hold the greatest promise as present. There are,
however, exciting prospects for exploiting the pro-apoptotic effects of NO-NSAIDs
(Huguenin et al., 2004a, 2004b; Royle et al., 2004; Fabbri et al., 2005; Bolla & Zoli,
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2006; Rosetti et al., 2006), pro-oxidant effects (Gao et al., 2005) and inhibition of
MAP kinase pathways (Hundley & Rigas, 2006) in the prevention and treatment of
a variety of different cancers.

3.2. Resolvins or Epilipoxins

These products of lipoxygenase (LOX) activities, among them the aspirin-triggered
lipoxin (Rainsford, 2004c; Serhan 2005) and the products of omega-3 fatty acid
metabolism through the LOX pathways, and stable analogues thereof that have
been found to have anti-inflammatory activity now attract much interest as potential
therapies not only for treating inflammatory diseases but also the inflammatory
components of cancers and many other chronic diseases (Serhan et al., 2004; Petasis
et al., 2005; Serhan, 2005; Parkinson, 2006). These fatty acid derivatives hold
particular promise because of their structural novelty and unique lipoxin receptor
targets.

3.3. COX-3 as a Therapeutic Target?

There has been much speculation and interest in the possibility that there may be
another cyclooxygenase in addition to COX-1 or COX-2 which could be a target for
actions of analgesics e.g. paracetamol (acetaminophen) (Berenbaum, 2004; Lucas
et al., 2005). Despite earlier discovery of a variant of COX-1 in some regions of the
brain and suggestions that paracetamol may act selectively on this variant, it is now
clear from recent experimental studies and evaluation of the earlier evidence that
COX-3 is actually a splice variant of COX-1 (Figure 3) and that acetaminophen

Figure 3. Structure of the genome for cyclooxygenase-3 contrasted with that of COX-1, showing the
splice variant nature of COX-3 and its derivation by inclusion on intron-1. Based on information in
Berenbaum (2004)
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while inhibiting cyclooxygenase activity in intact cells (but not in broken cell
preparations) does so by interfering with the oxidant status of cells (Lucas et al.,
2005) in a manner that resembles the anti-oxidant actions of phenolic compounds.
Thus the search for analgesics that might act on the suggested COX-3 enzyme
would appear to be an exercise in futility.

4. DISEASE-MODIFYING AGENTS & CORTICOSTEROIDS

The term “disease-modifying” agent (involving use of disease-modifying anti-
rheumatic drugs, DMARDs) has had particular vogue in the therapy of rheumatic
diseases where attempts to achieve control or at best reversal of the chronic inflam-
matory disease have involved a variety of approaches (Paulus, 1995; Abadie et al.,
2004; Simon, 2004). For treatment of rheumatoid arthritis, a whole range of drugs
have been employed over the years. Among these are the parenteral and oral gold
salts (whose use has been given the term “crysotherapy”) and D-penicillamine,
whose uses were discovered serendipitously as well as chloroquine or hydroxy-
chloroquine, sulphasalazine, cyclosporine A, levamisole, azathioprine, cyclophos-
phamide, chlorambucil and methotrexate (Brooks et al., 1985; Simon, 2004) as
well as combinations of some of these drugs in therapy resembling the approaches
employed in cancer therapy (Paulus, 1995). Of these agents, probably methotrexate
has now assumed greatest use as a first line therapy having relatively fewer severe
adverse reactions, some of which are manageable, compared with many other
DMARDs. Likewise, corticosteroids have had considerable popularity since the
discovery by Hench at the Mayo Clinic in 1949 that cortisone had a dramatic
effect in bed-ridden patients suffering with severe rheumatoid arthritis (Evans &
Williamson, 1987; Hirschmann, 1992). Indeed the synthetic developments and large
commercial efforts put into the discovery of corticosteroids (or glucocortocoids)
made in the 1950s–1980’s) (Evans & Williamson, 1987; Hischmann, 1992; Berstein,
1992) only to yield the relatively few drugs used today is a striking reflection of
the complex nature of this class of compounds. Indeed, it was originally considered
that corticosteroids acted by immunosuppressive activity, an idea arising due to the
effects that occurred at the high doses that were given in former times (Brooks
et al., 1985). Long after their discovery, advances in the molecular biology of
inflammatory mediator production have shown that these drugs act principally
through their binding to the specific glucocorticoid receptor (GR∗) and consequent
inhibition of cellular signalling pathways (especially AP-1 and NF�B) that regulate
the production of inflammatory cytokines and chemokines (IL-1, TNF-�, IL-2,
IL-5, IFN-�, GM-CSF, MIP-1, MCP-1, Eotaxin, RANTES), cell adhesion molecules
(I-CAM, V-CAM, E-selectin), COX-2, cPLA2 and iNOS that control production
of eicosanoids and NO, and the production of joint-destructive metalloproteinases
(Vayssiere et al., 1997; Russo-Marie, 2004). The inhibitory effects of corticosteroids
on production of acute phase proteins and erythrocyte sedimentation rate (ESR)
are indicators of the effectiveness of these drugs on pathognomic biomarkers of
chronic disease (Russo-Marie, 2004). In some respects the corticosteroids are ideal
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anti-inflammatory drugs for use in chronic disease but their side-effects are proven
formidable and often severe or irreversible (e.g. bone damage, immunosuppression
and propensity to infection, gastrointestinal ulcers and bleeding, skin thinning) and
in part their undoing. While low-dose corticosteroids are now used commonly in
rheumatoid arthritis, concerns about their long-term use are still a matter of major
concern.

In the past two decades, significant advances have been made in the molecular
biology of the cells and mediators of chronic inflammatory disease and the biotech-
nological processes involved in the production of peptides, anti-bodies (including
“humanized” monoclonal anti-bodies, or hMAbs, from mouse precursors) and the
isolation and cloning of genes regulating the production of endogenous inhibitors
or soluble receptors that interact with pro-inflammatory cytokines as well as the
production of anti-inflammatory cytokines. These developments have led to a
revolution in the therapyofnotonlyrheumatoidarthritis,butalsochronic inflammatory
diseases affecting a large number of organ systems (e.g. ulcerative colitis, Crohn’s
disease, psoriasis) (Katz, 2005). Of the principal anti-cytokine biological therapies
that have been developed and are now given parenterally in treating rheumatoid
arthritis in select patients, the following drugs have specific targets, namely:
1. Target: TNF�
Etanercept – Recombinant TNF-R Fc fusion protein.
Infliximab [Remicade™] – Chimeric human-murine anti-TNF� monoclonal
antibody. Adalimumab – fully human anti-TNF monoclonal antibody.
2. Target: IL-1
Anakinra – recombinant human IL-1Ra protein.
In rheumatoid arthritis, all except infliximab are used as monotherapies; otherwise,
drugs are usually given with methotrexate. The outcomes from therapy with these
agents can be summarized as follows (see Weaver, 2004; Crum et al., 2005).
(1) Anakinra used alone or with methotrexate reduces clinical signs and symptoms

of RA.
(2) TNF inhibitors show similar efficacy and have higher response rates for clinical

and radiological parameters than with anakinra.
(3) There is a question of whether long-term therapy produces radiological evidence

of reduced joint disease.
(4) There are major issues about infections due to immunosuppression.
The applications of these biological therapies have been considered with much
caution following the initial concerns about immunosuppression and consequent
predisposition to conditions such as latent tuberculosis. In many countries there are
now patient registries for rheumatic patients receiving these biological therapies and
this reflects the need for careful therapy and monitoring. What has been learnt from
their application is, however, that the respective pro-inflammatory cytokine targets
have valid “proof of concept” for their importance in treating rheumatoid arthritis,
and where these therapies have also been found effective in other conditions there
is also support for the central concept of controlling pro-inflammatory cytokines in
these chronic inflammatory diseases.
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5. ANTI-CYTOKINE AGENTS AND SIGNAL TRANSDUCTION
INHIBITORS

In the light of the above conclusions about the importance of pro-inflammatory
cytokines in chronic disease, it is not surprising that the emphasis in recent years
has been to develop small molecules to target the processes governing the control
of their actions. Several NSAIDs affect the production or actions of cytokines and
this property has been considered to be a component of their actions, positive or
negative. Thus, indomethacin and some other NSAIDs may increase production of
interleukin-1 (IL-1 or tumour necrosis factor-� (TNF-�) and these effects have been
considered important in the development of GI ulcers and asthma attributed to these
drugs. However, some other NSAIDS such as nimesulide inhibit IL-6 and TNF-�
(Rainsford et al., 2005) while ibuprofen inhibits TNF-� (Jiang et al., 1998). TNF-�
induction of the NF�B/I�B signalling pathway is inhibited by salicylate at the level
of the activity of IKKinase and cAMP-response element binding protein (CREB)
(Rainsford 2004b). These effects are considered among the anti-inflammatory
effects of these drugs. The inhibitory effects on signalling pathways, especially
those involving NF�B/I�B and MAP kinases, may have particular significance in
subsequent inhibition of the expression of mRNAs and the proteins of COX-2, iNOS
and PLA2 (Rainsford, 2004; Rainsford et al., 2005b). With nimesulide there is also
an interesting additional property that this drug activates glucocorticoid receptors
leading to down-regulation of a number of cytokines, metalloproteinase enzymes,
COX-2, iNOS and PLA2 (Rainsford et al., 2005b). Some NSAIDs also affect the
response of T-cells to IL-2 (Hall et al., 1997) and this together with reduction in the
effects of PGE2, due to blockade of the production of this prostanoid by NSAIDs,
may form a component of their immuno-regulatory effects (Smith et al., 1971;
Goodwin et al., 1977, 1978).

The original observations of the inhibitory effects on NF�B activation by high
concentrations of salicylates (Koop and Ghosh, 1994) followed by reports of
effects on this and other intracellular signalling pathways and subsequent actions
in controlling production of COX-2, iNOS etc with other NSAIDs (Paik et al.,
2000; Allgayer, 2003; Bryant et al., 2003; Yoon et al., 2003; Rainsford, 2004)
and naturally occurring anti-inflammatory agents (e.g. curcumins, ginger, resver-
atrol, various plant polyphenols) (Pellegatta et al., 2003; Grzanna et al., 2005;
Yeh et al., 2005; Yoon & Baek, 2005; Bengmark, 2006) together with other
studies on the cellular mechanisms of inflammation (Lo et al., 1998) have provided
insight into the potential effects of regulating intracellular signalling as a means
of controlling cytokines, COX-2, PLA2, iNOS and metalloproteinases and the
actions of reactive oxygen species (ROS; oxyradicals) that are central to the
inflammatory processes (Celec, 2004; Saklatvala, 2004; Jimi & Ghosh, 2005; Wu,
2005; Papa et al., 2006; see Figure 4). Thus, much effort has been devoted in
recent years to discover and develop specific inhibitors of the various signalling
pathways involved in inflammation (Saklatvala, 2004; Miwatashi et al., 2005; Bolos,
2005; Diller et al., 2005; Hynes and Leftheri, 2005; Goldstein and Gabriel, 2005;
Kaminska, 2005; Peifer et al., 2006; Goldstein et al., 2006; Lin et al., 2006; Sabat
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Figure 4. Intracellular Signaling in Inflammation
Source: From Saklatvala (2004)

et al., 2006; Metzger et al., 2006; Kulkarni et al., 2006; Friedmann et al., 2006)
many of which have strikingly different chemical structures (e.g. see Figure 5).
While many of these agents are in early stages of development there are indica-
tions that some (e.g. see Saklatvala, 2004; Miwatashi et al., 2005) are orally
active and effective in rheumatoid arthritis and some other chronic inflammatory
diseases.

Figure 5. (Continued)
Source: (a) From Saklatvala (2004)
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Source: (b) From Friedman et al., 2006

Figure 5. (Continued)
Source: (c) From Sabat et al. (2006)
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Source: (d) R-130823; from Lin et al. (2006)

Figure 5. Inhibitors of p38
Source: (e) From Kaminska (2005)
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Other cell signalling systems that are thought to have potential as targets include
the family of nuclear proteins known as Signal Transducers and Activators of
Transcription (STAT), of which STAT1, which controls production of IFN-� and
growth hormone are of particular interest (de Prati et al., 2005). As with all signalling
pathways which areso ubiquitous in cells, the specificity of attack by drugs on the
components of these pathways will be a determinant of their utility. Any generalised
inhibition of signalling pathways may have generic effects, some of which may be
undesirable. Already, certain p38 MAP kinase inhibitors have been found to have
broad actions that limit their safety in some cases and there has, as a consequence,
been a move to develop drugs with inhibitory effects down-stream of post receptor
pathways (Saklatvala, 2004).

6. NOVEL NON-ARTHRITIC USES OF NSAIDs

Over the past 3–4 decades, there have been a considerable number of develop-
ments involving the use of NSAIDs in conditions other than the treatment of
arthritic disease and other painful states. These developments have mostly arisen
from investigations of the pharmacological actions of these drugs or from chance
pharmaco-epidemiological observations, not necessarily directly related to inves-
tigating the associations with NSAIDs. The first of these observations was by
O’Brien (1968) who found that aspirin, but not salicylate, caused inhibition of the
aggregation of platelets which was initially thought to be, and later confirmed as a
factor in promoting bleeding from the gastroduodenal region (Rainsford, 2004b). It
was not long before the “antiplatelet” effect of aspirin was exploited not only for
its potential anti-inflammatory effects (Rainsford, 2004c) but also for prevention of
thromboembolic- and coronary-vascular diseases, which is now legend (Webert &
Kelton, 2004).

The initial observations that have lead to aspirin and other NSAIDs being recog-
nized for their tumour-inhibiting and anti-metastatic properties have been somewhat
less clear. It was known in the 1970’s that aspirin and some other NSAIDs could
inhibit the growth and metastasis of tumour cells (Gasic et al., 1972; Wood &
Hilgard, 1972; Powles et al., 1973) 1974; LiVolsi, 1973). There were also sugges-
tions that oxyphenbutazone (Tanderil®) could have benefit in radiation treatment
of otorhino-laryngeal tumours (JForl, 1976) by ameliorating inflammatory effects
of radiation (Dargent, 1969; Klein et al., 1972; Muller-Fassbender et al., 1973).
Multiple observations that there were marked increases in the concentrations of
prostaglandins in tumours (Sandler et al., 1968; Bennett, 1971, 1976; Bennett &
Del Tacca, 1975) as well as in cancer cell cultures (Jaffe et al., 1971; Levine et al.,
1972) combined with prostaglandin effects on cell metabolism and proliferation
(Makman, 1971; Van Wijk et al., 1972) and bone resorption and metastasis (Harris
et al., 1973; Bennett et al., 1975, 1976) gave rise to the recognition that increased
prostaglandin production was a major factor in the growth and proliferation of
cancer. The recognition at about the same period (early 1970’s) that prostaglandin
production could be inhibited by aspirin and other NSAIDs (Vane, 1971; Ferriera
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et al., 1971; Flower, 1974) and reduce the growth of tumours (see above) gave rise
to the suggestion that aspirin and other NSAIDs could inhibit growth and prolifer-
ation of malignant tumours (Harris, 2003; Rainsford, 2004d; Rigas & Kashfi, 2005;
Deans & Wigmore, 2005; Wang & Dubois, 2006).

Extensive investigations have now shown that NSAIDs have protective effects
against colorectal cancer (Hull et. Al., 2003; Thun & Henley, 2003; Damjanovic
et al., 2004, Sanborn & Blanke, 2005; Abir et al., 2005). NSAIDs have also been
found to reduce the incidence of gastric tumours (Dai & Wang, 2006), two common
brain tumours (i.e. gliomas and meningiomas) (Nathoo et al., 2004), breast cancer
(Saji et al., 2004; Harris, 2004), cholangiocarcinoma of the biliary tract (Wu, 2005)
and possibly adenocarcinomas and squamous cell carcinomas of the oesophagus or
gastro-oesophageal junction (Tew et al., 2005). A whole range of other cancers are
being considered for potential therapy with NSAIDs (Riedl et al., 2004; Claria &
Romano, 2005; Kashfi & Rigas, 2005). Indeed the application of the NSAIDs,
including those which have novel modes of action (e.g. inhibition of 5-lipoxygenase,
production of nitric oxide from NO-NSAIDs) and what are regarded as non-COX-2
models of action are now broadening the focus of therapeutic attack in prevention
and possibly even treatment of many pathological types of cancers (Rigas et al.,
2003; Claria & Romano, 2005; Kashfi & Rigas, 2005).

NSAIDs have found particular application in the prevention of Alzheimer’s
disease and other neurodegenerative conditions (Rogers, 2004; Piruzi and Practico,
2006). Their application arose from clinico-epidemiological observations of
reduction in the risk of onset and development of Alzheimer’s patients taking
NSAIDs (Rainsford, 1999b; 2004g; 2005a). Later investigations have found variable
effects of different NSAIDs, but with some limited significant benefit from the
coxibs or COX-2 selective agents (Rainsford, 2005a; Piruzi & Practio, 20–06)
suggesting that there may be non-COX mechanisms important in the putative neuro-
protection in this syndrome involving the actions of pro-inflammatory cytokines,
oxyradicals and leucocyte activation (Rainsford, 2004g; 2005a).

Aspirin, ibuprofen and some other NSAIDs have been found to have benefit
in preventing cataract, especially that attributed to diabetes mellitus, as well as in
control of this and other perturbed metabolic states (Rainsford, 2004g).

7. FUTURE SCOPE

There is now enormous scope for the application of new and established anti-
inflammatory agents with various receptors and targets for their actions as well
as the development of novel anti-inflammatory drugs in the future. An immense
array and variety of inflammatory reactions are now known to underlie serious
chronic diseases and conditions which urgently require new therapeutic approaches
centering on control of chronic inflammation. These include cardiovascular disease
(Elhajj et al., 2004), transplantation reactions (Rocha et al., 2003), skin diseases
including difficult conditions such as psoriasis (Lee et al., 2003; Skinner, 2004;
Nash & Clegg, 2005), and actinic keratosis (Jorizzo, 2004), neurodegenerative
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diseases including Alzheimer’s disease (Rogers and Lahiri, 2004), sepsis (Rice &
Bernard, 2005), ageing [here aspirin has given encouraging results] (Phillips &
Leeuwenburgh, 2004), and ophthalmic diseases (O’Brien, 2005). Each of these
has a differing spectrum of inflammatory reactions and varying involvement of
inflammatory mediators as well as cells of the immune system that regulate the
inflammation. NSAIDs, each with differing mechanisms of action on inflammation,
will continue to be exploited for therapy of these and other conditions and the design
of drug delivery systems may help considerably where there is need to get focussed
delivery of the drug at specific body sites e.g. skin, (Skinner, 2004) bone marrow
etc. There are a large number of older NSAIDs and derivatives (e.g. see Rainsford,
1999; 2004f) some of which have passed out of fashion, but these may have utility
in some conditions where their mechanism of action suits the particular application.
There are also the new signal transduction inhibitors that may have specific utility
in a wide variety of inflammatory conditions by virtue of their mechanism of action.
Anti-cytokine agents may eventually prove to be useful for chronic diseases not
only by way of therapeutic benefits and targets for their actions, but also by way of
showing “proof of principle” which can serve to encourage development of small
molecules to control the action of target cytokines either at the level of cytokine
receptors or post-receptor signalling events. Likewise, the successful application of
nutraceuticals, a large number of which have been found effective in controlling
inflammation (Shay and Banz, 2005), may ultimately lead to isolation of their active
components (as shown with the grape component, resveratrol; Pellegatta et al.,
2003) and the development of potent derivatives.

8. CONCLUSIONS

Many of the newer anti-inflammatory agents that have been developed since the
turn of this century were discovered following the investigations of the mechanisms
underlying the control of inflammatory conditions over the past 2–3 decades. We
are now beginning to see an immense array of potential for these new drugs as
well as the long-established drugs (NSAIDs, corticosteroids, DMARDs) and natural
products (nutraceuticals). As better understanding of the mechanisms underlying
chronic diseases progresses, so the applications of individual anti-inflammatory
agents will be investigated and conditions for their optimal use and delivery estab-
lished. There is a whole world of new opportunities awaiting the use of anti-
inflammatory agents, both established and novel, in the future.
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Abstract: Rheumatoid arthritis and osteoarthritis are painful and debilitating diseases with
complex pathophysiology. There is growing evidence that pro-inflammatory cytokines
(e.g., interleukin-1 and tumor necrosis factor alpha) and mediators (e.g., prostaglandins,
leukotrienes, and nitric oxide) play critical roles in the development and perpetuation of
tissue inflammation and damage in joint tissues such as articular cartilage and meniscus.
While earlier studies have generally focused on cells of the synovium (especially
macrophages), there is increasing evidence that chondrocytes and meniscal cells actively

∗ J. Brice Weinberg, MD, VA & Duke University Medical Centers, 508 Fulton Street, Durham, NC 27705.
E-mail: brice@duke.edu

31

R. E. Harris (ed.), Inflammation in the Pathogenesis of Chronic Diseases, 31–62.
© 2007 Springer.



32 Weinberg et al.

contribute to inflammatory processes. In particular, it is now apparent that mechanical
forces engendered by joint loading are transduced to biological signals at the cellular
level and that these signals modulate gene expression and biochemical processes. Here
we give an overview of the interplay of cytokines and mechanical stress in the production
of cyclooxygenases and prostaglandins; lipoxygenases and leukotrienes; and nitric oxide
synthases and nitric oxide in arthritis, with particular focus on the interactions of these
pathways in articular cartilage and meniscus

1. INTRODUCTION

Rheumatoid arthritis (RA) and osteoarthritis (OA) are frequent and important
diseases with complex pathophysiology. There is convincing evidence that cytokines
(e.g., IL-1 and TNF), prostaglandins (PG), and nitric oxide (NO) play critical roles
in the development and perpetuation of inflammation and cartilage and meniscus
damage in RA and OA. While earlier studies have generally focused on cells
of the synovium (especially macrophages), there is increasing evidence that cells
in cartilage (chondrocytes) and meniscus (fibrochondrocytes) contribute to these
processes. We now realize that mechanical force affecting cells is transduced to
biological signals that modulate gene expression and biochemical processes. Here
we give an overview of the interplay of mechanical stress, cyclooxygenases (COX)
and PG, nitric oxide synthases (NOS) and NO, and cytokines in arthritis. We focus
on cartilage and meniscus studies. We also refer the reader to some other recent
pertinent reviews [1–5].

2. NO AND NO SYNTHASES

The simple gas NO has many important physiologic and pathologic functions [6].
These include roles in host resistance to tumors and microbes, regulation of blood
pressure and vascular tone, neurotransmission, learning, and neurotoxicity, carcino-
genesis, and control of cellular growth and differentiation [6, 7]. In the presence
of oxygen, NO rapidly (seconds) is converted to nitrite and nitrate, substances
which are generally not bioactive (8 for review). NO binds with high affinity to
iron in heme groups of proteins such as hemoglobin (Hb) and guanylyl cyclase;
Hb is a very effective quencher of NO action. NO also reacts with O−

2 , and SOD
prolongs NO life by eliminating O−

2 . On reacting with O−
2 , NO may form peroxyni-

trite (OONO−�, a very reactive molecule. In addition to these NO-related species,
S-nitrosothiols (formed by coupling of NO to a reactive cysteine thiol) are very
important regulators of physiology and pathology, playing roles in signaling and
modulating of cellular and enzyme function [9].

NOS converts L-arginine to L-citrulline and NO (Figure 1). Three forms of
the enzyme nitric oxide synthase are encoded by three different genes. Neural
NOS (nNOS or NOS1) and endothelial cell NOS (eNOS or NOS3) are consti-
tutive enzymes, demonstrating low level, constant transcription of mRNA. The
enzymatic actions of NOS1 and NOS3 are modulated by regulation of cytoplasmic
calcium levels, with agents inducing increases in calcium, with subsequent binding
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Figure 1. Nitric oxide synthase, cyclooxygenase, arginine, and arginase pathways and interactions.
Plasma arginine levels are held relatively constant at approximately 100 to 120 uM by endogenous
synthesis by the intestine and kidney, and through absorption of ingested arginine. A variety of factors
and signals can activate certain cells (e.g., mononuclear phagocytes, chondrocytes, and meniscal fibro-
chondrocytes) for COX2, NOS2, and arginase I (inducible arginase) expression and arginine, PG, and NO
production and metabolism. NO may either increase or decrease COX2 activity and PG production, but
we have found the effects to be generally inhibitory in macrophages, cartilage, and meniscus. Likewise,
PG may either increase NOS expression/NO production. NOS2 can bind and nitrosylate COX2 and
consequently enhance its enzymatic activity. PG and NO contribute to the cellular homeostasis and to
inflammatory processes. Arginase can deplete arginine and thus limit NO production. Arginase products
(proline and polyamines) may influence cell proliferation and collagen formation. The dotted lines with
black ovals indicate that NO may modulate (increase or decrease) COX2 and that PG may modulate
NOS2 expression and NO production

to calmodulin and activation of the enzyme. Although inducible NOS (NOS2) was
described initially in mononuclear phagocytes, it also is found in numerous other
cells including synoviocytes, chondrocytes, meniscal cells, smooth muscle cells,
hepatocytes, B lymphocytes and others [6, 10].

Regulation of NOS2 mRNA can occur at multiple steps including mRNA
transcription, mRNA stability, and mRNA translation, but transcription is the major
step of regulation. The promoter region upstream of the 5′ region of the NOS2
gene contains numerous consensus sequences for known DNA-binding proteins
[12–15]. These include 2 activating protein 1 (AP-1), 2 NF-�B, 2 TNF-response
element (TNFRE), 2 IFN-� stimulatable RE (ISRE), 1 X-box, 3 gamma activated
sites (GAS), 1 PU.1/IFN-� element, NF-IL-6, and 10 IFN-� RE (�-IRE). AP-1
(c-fos/c-jun) appears to inhibit transcription [16]. Interferon regulatory factor 1
(IRF-1), a protein factor that binds to �-IRE DNA and initiates gene transcription,
is critical for the production of NOS2 transcription and NO production in transgenic
mice experiments [17]. STAT factors also are important in the activation of NOS2
gene expression [16, 18]. This is true for both IFN-� and IFN-�; IFN-� acts in an
autocrine or paracrine fashion in endotoxin activated macrophages [19].
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Increased NOS2 transcription and increased NOS2 expression induced by IFN-
�/LPS and TNF is mediated in part by members of the MAP kinase family. For
example, engagement of the IFN-�/ receptor activates protein tyrosine kinases (such
and the Janus kinases Jak1 and Jak2) which phosphorylate and activate STAT1�.
The activated STAT1� translocates into the nucleus and induces transcription of
IFN-�-regulated genes by binding the consensus sequences in gene promoters. The
p38 MAP kinase, extracellular signal-regulated kinase (ERK1/2), STAT1�, Janus
kinases, and NF-�B have all been shown to be important in activation of NOS2
transcription by different stimuli [11,16,20–22].

Sequences in the 3′ untranslated region in NOS3 may determine mRNA stability
[23], but this has not been demonstrated for NOS2. At the protein level, NOS may be
regulated in many ways: calmodulin binding, dimer formation (the enzyme requires
dimerization for function), substrate (L-arginine) depletion, substrate recycling
(L-citrulline to L-arginine), tetrahydrobiopterin �BH4� availability, end product
inhibition (NO interaction with NOS heme), phosphorylation, and subcellular
localization. Important NOS co-factors include FAD, FMN, NADPH, tetrahydro-
biopterin, and calmodulin-calcium. For NOS2, calmodulin is tightly bound to
protein, making it relatively resistant to inhibition by calcium chelators. Activities
of NOS can be markedly influenced by levels of tetrahydrobiopterin—depleting
cellular tetrahydrobiopterin by inhibitors of GTP cyclohydrolase I, sepiapterin
reductase, and dihydrofolate reductase reduces NOS activity [24]. Cytokines and
LPS can enhance tetrahydrobiopterin production by induction of GTP cyclohy-
drolase, the rate limiting enzyme for tetrahydrobiopterin synthesis. NOS2 mRNA
translation to protein is dependent on adequate levels of arginine [25]. Reduced
levels of arginine cause decreased NOS2 protein even though NOS2 mRNA levels
are unchanged. Arginine apparently negatively regulates the phosphorylation status
of the eukaryotic initiation factor (eIF2 alpha), which, in turn, regulates translation
of iNOS mRNA [25].

3. ARGININE

Arginine is the substrate for NOS and the precursor of NO. Arginine is generally
considered an essential amino acid in newborns and infants and a non-essential
amino acid in adults [26]. This amino acid serves as a critical precursor for synthesis
of proteins, NO, creatine, proline, citrulline, polyamines, urea, agmatine, and
glutamate. As such, it is very important in eventual signal transduction, connective
tissue physiology, cell proliferation, and general cellular function. In vivo, arginine
derives from exogenous (diet) and endogenous (whole-body protein degradation
plus endogenous synthesis from citrulline) sources [26]. In adults, de novo arginine
synthesis accounts for only 5–15% of endogenous arginine flux. Whole-body protein
turnover probably contributes the most to endogenous arginine flux. The intestine is
the net site of citrulline synthesis from which the amino acid enters the circulation
to be taken up by the kidneys. In the kidney, citrulline is converted to arginine
almost exclusively in the proximal convoluted tubule via actions of the cytosolic
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enzymes ASS and ASL. Thus, the kidneys are considered to be the main organ
site for net de novo arginine synthesis [26]. Arginine can also be synthesized in
cells actively producing NO via the citrulline/NO cycle. As NOS2 is induced by
inflammatory mediators, so are the enzymes that convert citrulline to arginine (ASS
and ASL) [26].

Arginine can be catabolized through multiple pathways by a variety of enzymes.
Some of these enzymes can be expressed within the same cells. For example,
macrophages may express arginase and arginine decarboxylase, as well as NOS. The
complex interactions noted in macrophages (especially those involving arginase)
are likely balanced by the presence of NOS and the NOS intermediate molecule
NG-OH-arginine, a very potent arginase inhibitor in these cells.

Arginine transport is very important because it can regulate substrate availability
and thus control production of NO by NOS [26, 27]. The cationic amino acid
transporters (termed CAT-1 and CAT-2) serve to transport arginine, lysine, and
ornithine across membranes in human cells (the system Y+ amino acid transporters)
[26, 28, 29]. CAT expression is regulated transcriptionally, and is co-induced
with NOS2 in response to inflammatory stimuli [30]. As noted earlier, cellular
production of NO by NOS is dependent on extracellular concentrations of arginine
(and sufficient CAT to transport the arginine inside). Cells with apparent adequate
intracellular levels of arginine (0.1 to 1 mM) for NO synthesis still require extra-
cellular concentrations of arginine in the 75–150 uM range [26]. This “arginine
paradox” (dependence of cellular NO production on exogenous L-arginine concen-
tration despite the theoretical saturation of NOS enzymes with intracellular arginine)
may be explained by the recent findings that arginine depletion suppresses trans-
lation of NOS2 [25]. The arginine controls NOS2 activity by regulating NOS2
expression through translational control pathways involving the amino acid control
kinase GCN2 and eukaryotic initiation factor eIF2 alpha phosphorylation. Increasing
intracellular arginine concentrations by increasing expression of CAT corrects the
problem and allows adequate NOS2 translation and NO production [25]. The newly
transported arginine not only increases arginine concentrations, it also increases the
amount of NOS2 by a mechanism of translation.

Arginine has been safely administered to humans for decades [31, 32], and it
is a component of the normal human diet. Orally supplemented arginine is well
absorbed, with absorption varying from 30 to 70%. Peak plasma concentrations
appear at 2 hours after oral ingestion on an empty stomach. Intravenous arginine is
well tolerated. It is to given to children and adults at doses up to 30 grams by intra-
venous bolus administration in studies of induction of growth hormone secretion
[33, 34], an NO-mediated process. Arginine is well tolerated when given short term
(6–30 g IV or orally) and long term (6–12 g/day orally) in healthy subjects, and
subjects with severe cardiovascular disease and cystic fibrosis with minimal toxicity
[31,32,35–38]. In these diseases, arginine increases NO metabolites and exhaled
NO, with improvements in endothelial function, perfusion, symptom scores and
exercise tolerance [31,32,35–37]. Arginine therapy corrects the hypoargininemia
and impaired NO production found in patients with sickle cell vaso-occlusive
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syndrome (SCD VOCS) [39], a syndrome with endothelial dysfunction and impaired
NO production and low plasma arginine levels similar to malaria [40]. Trials
are also underway for treatment of pulmonary hypertension associated with SCD
and in idiopathic pulmonary hypertension, conditions characterized by functional
lack of NO, perhaps because of cell-free hemoglobin and elevated arginase from
hemolysis.

4. ARGINASES

Arginases are important enzymes that control availability of arginine for synthesis
of NO, polyamines, agmatine, proline, and glutamate [41]. There are two distinct
isozymes of arginase encoded by separate genes. Arginase I, a cytosolic enzyme,
is very high in hepatocytes and a few other cells. Inherited deficiency of arginase
I results in argininemia [42]. Arginase II, a mitochondrial enzyme is expressed at
low levels, primarily in macrophages, kidney, brain, small intestine, and mammary
gland [43]. There are no cases of inherited abnormalities in arginase II. Certain
cells such as endothelial cells and macrophages may express both types I and II.
Presence of arginase with consequent consumption of arginine can limit production
of NO even when high levels of NOS are present [44–46]. Also, as noted above,
specifics of arginine transport by CAT and regulation of NOS2 translation by levels
of arginine may serve to further limit NO formation.

Arginase, through generation of polyamines, regulates cell proliferation and
differentiation [26]. Inhibitors of arginase (e.g., NG-OH-arginine) have been used to
modulate the arginase influence on proliferation and differentiation [47]. Ornithine
derived from arginase action may lead to proline synthesis which in turn is
important for collagen synthesis and connective tissue physiology, and mammary
gland function [26]. Arginase is important for synthesis of glutamate which plays
important roles in neuronal signaling.

The arginase I gene is highly conserved among all mammalian species. Murine
arginase I and II genes have eight exons, and their 5′-flanking sequences are 84%
homologous [43]. The promoter region of arginase II is quite different than that of
the arginase I gene, containing numerous potential binding sites for enhancer and
promoter elements, including AP1, NF-kB, and CRE-BP2. However, arginase II
does not contain a TATA box [43].

Arginase expression is increased by IL-4, IL-10, or IL-13 [44, 45, 48].
Macrophages induced to express arginase produce less NO [44–46, 49] and are
termed “alternatively activated” macrophages [50, 51]. The alternatively activated
macrophages also display other unique proteins such as FIZZ1 and YM1 [52].
Arginase may modulate resistance to parasitic diseases such as shistosomiasis,
trypanosomiasis, and leishmaniasis [53]. These effects likely result from depletion
of arginine and limitation of NO production and by increasing polyamines that
enhance parasite growth and differentiation [29].

Arginase II is increased in synovial fluid macrophages from patients with RA
[54]. Production by these macrophages could be increased by incubation in vitro
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with dibutyryl cyclic AMP, PGE2, or endotoxin, while these factors reduced NO
production by the synovial membrane cells. The researchers speculated that recip-
rocal regulation of arginase and NOS would NO production [54].

5. CYCLOOXYGENASES AND PROSTAGLANDINS

Cyclooxygenases (prostaglandin endoperoxide H synthases) catalyze conversion of
arachidonic acid and oxygen to PGH2, the committed step in prostanoid biosynthesis
(Figure 2). COX enzymes catalyze both a cyclooxygenase reaction in which arachi-
donic acid is converted to PGG2 and a peroxidase reaction in which PGG2 is reduced
to PGH2 [55, 56]. PGH2 can then be processed into various classes of bioactive lipids
including thromboxanes,PGF2�� PGD2� PGI2, andPGE2.NSAIDs(nonsteroidal anti-
inflammatory drugs) compete directly with arachidonic acid binding to the cyclooxy-
genase site and inhibit cyclooxygenase activity. The two main isoforms of COX
(COX1 and COX2) are 60% homologous, and are encoded by separate genes [56].
COX1 function is especially important for platelet, renal, and gastrointestinal mucosa
function. COX2 mRNA is undetectable in most normal tissues. However, COX2 in
increased in most inflammatory states. COX2 is inducible by a number of factors
including IL-1, TNF, LPS, IL-2, GM-CSF, G-CSF, and TGF-�. COX2 is co-induced
with NOS2 by many of the same stimulants (e.g., bacterial endotoxin and cytokines
such as IFN-gamma and TNF). Several agents including glucocorticoids and IL-10
inhibit COX2 expression. Most evidence suggests that COX2 is the primary isoform
involved in inflammation. However, animal studies with specific inhibitors and with
COX2 gene knockout mice suggest that COX1 is also important [57], and COX2 may
be involved in the resolution of inflammation [58]. There is some evidence that

Figure 2. Arachidonic acid metabolism pathways. Simplified version of these pathways with several
intermediates and enzymes omitted
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COX3 is a COX expressed in the brain and heart that is inhibited by acetaminophen,
an agent that can modify pain and fever but not inflammation [59].

Increased prostaglandin synthesis is a cellular response to activation by pro-
inflammatory stimuli [60] and an important component in the pathogenesis of
arthritis. Increased prostanoid release and COX2 expression are seen in arthritic
compared with non-arthritic cartilage [61]. PGE2 is a pleiotropic bioregulator with
the ability to alter the expression of an increasing list of target genes involved
in the pathophysiology of arthritic diseases. Since cartilage is avascular it is
likely that effects are via paracrine and autocrine mechanisms. Cytokine stimu-
lation of articular cartilage leads to PGE2 release due to increased COX2 activity
[62, 63]. PGE2 plays a role in the regulation of chondrocyte proliferation and
synthesis of extracellular components [64]. Low concentrations of PGE2 increase
collagen synthesis, while high doses decrease collagen synthesis [65]. Similarly,
prostaglandins stimulate type II collagen gene (COL2A1) expression [66]. Addition
of PGE2 to chondrocytes can activate both the cAMP-protein kinase A and the
Ca2+ and protein kinase C second messenger systems [67] which may account
for the biphasic effect of PGE2 on cartilage. PGE2 upregulates the expression of
IGF-1 and IGFBP-3 in chondrocytes by a cAMP independent pathway probably
involving Ca2+/calmodulin activated signaling systems [68]. Furthermore, IL-1
induced PGE2 production by chondrocytes seems to involve protein tyrosine kinase
pathway [62].

PGE2 can also exert anti-catabolic and anti-inflammatory effects and can potently
downregulate the expression and synthesis of inflammatory cytokines IL-1 and
TNF, as well as NOS2, MMP1, MMP3 [69–72]. The pro-anabolic effects of PGE2

on cartilage have been identified by increased proteoglycan synthesis and DNA
synthesis [67] and increased collagen synthesis via an effector autocrine loop
involving insulin-like growth factor 1 (IGF1) [65]. The onset of arthritis can be
blocked in vivo using NOS inhibitors [73, 74 for review], but the mechanism likely
involves an increase in PGE2 in the presence of IL-1 in vitro [75]. IL-1 is prevalent
in arthritic cartilage and induces chondrocyte catabolism [76]. Very little is known
concerning the pathways involved in the stimulation of PGE2 production under
physiologic biomechanical conditions in the joint.

COX2 inhibitors have provided an alternative to non-specific NSAIDs in the
treatment of arthritis. They are effective therapeutic agents for both OA and RA
and also attenuate inflammation and hyperalgesia in several animal models of
arthritis [60, 77]. COX2 expression is upregulated in a variety of cell types by
pro-inflammatory cytokines and downregulated by anti-inflammatory cytokines and
glucocorticoid hormones. COX2 is expressed in inflamed synovial tissue [78–80].
Certain drugs that have high selectivity against COX2 such as NS398, celocoxib,
or rofecoxib have proven potent anti-inflammatory compounds with reduced side
effects [81, 82]. However, the given the potential influence of prostaglandins on
cartilage matrix turnover, the effect of COX inhibition on chondrocyte activity is
unclear, particular with respect to mechanical stress. Because of important cardio-
vascular side effects, their overall safety has been questioned [83].
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6. NOS/NO – COX/PG INTERACTIONS

Products of NOS and COX can potently modulate functions of different cells and
enzymes, and NO and PG can cross-regulate COX and NOS (Figure 1). Arachi-
donic acid metabolites play important roles in inflammation, and cyclooxygenase
inhibitors are drugs useful in the management of inflammatory disease. Eicosanoids
can reduce NOS2 expression and NO production [72, 84, 85], and NO modulates
PGE2 formation [86–88]. Stimuli that enhance NOS2 and NO formation also
may induce COX2 expression, but the time course for induction differs. Arginine
analogues such as NG-monomethyl L-arginine (NMMA) may be anti-inflammatory
by inhibiting both COX2 and NOS [89]. Furthermore, aspirin (in high doses) inhibits
both cyclooxygenase and NOS2 [90]. Various researchers report different results.
These divergent results may in part be related to use of different cells and experi-
mental conditions, but some cannot be easily explained. PGE2 has been reported to
decrease NOS2 expression in mouse macrophages [72, 91, 92], or to increase NO
production in rat liver macrophages (Kupffer cells) [93]. Some investigators reported
that modulating NO levels by use NO donors, activation of cells, or inhibition of
NO synthesis by arginine depletion or NOS inhibition either stimulated or inhibited
PG synthesis [86,94–96]. These modulating effects were felt to be the result of
altered transcription of COX genes, modulation of COX activity, or modification of
PG metabolizing enzymes. The NO derivatives peroxynitrite or S-nitrosothiols may
participate in these actions. NO enhances COX1 while inhibiting COX2 in mouse
J774 macrophages [75]. We have consistently noted that NO apparently inhibits
PG production by mouse J774 macrophages and pig cartilage cells [97, 98].

Marnett et al studied regulation of PG synthesis in mice with genetically disrupted
NOS2 [57]. PGE2 production was decreased in cells from the NOS2 knockout
mice, but that COX2 protein was not different in cells from the wild type and
NOS2 knockout mice. Urinary PGE2 was lower and F2-isoprostanes (an index of
endogenous oxidant stress) were less in NOS2 knockout mice. Thromboxane B2

from COX1 of platelets aggregating in vitro was higher in wildtype mice in the
knockout mice. They concluded that NO or NO-related molecules modulate COX
activity and eicosanoid production [57]. Experiments using purified COX showed
that NO could bind to the iron in COX heme, but that in “physiologic” conditions,
there was no evidence that it changed COX enzyme activity [99].

Kim et al [100] recently demonstrated that NOS2 binds and nitrosylates COX2
with resultant increased enzymatic activity of COX2. In experiments with mouse
macrophage cell line cells, induced mouse peritoneal macrophages, and human
embryonic kidney cells transfected with COX2 and NOS2, there NOS2 and COX2
co-immunoprecipitated after treatment with IFN-gamma and endotoxin indicating
that COX2 and NOS2 were bound together. This was specific for COX2 since
COX1 did not co-localize. The binding took place between the oxygenase domain
(N terminus) of NOS2 and the C terminus of COX2. The interaction was accom-
panied and dependent on locally generated NO-induced S-nitrosylation of cysteine
526 of COX2. The authors calculated that about 50% of induced COX2 activity
is determined by S-nitrosylation. The COX2-NOS2 physical proximity facilitates
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COX2 S-nitrosylation [100]. These findings suggest that NOS2 and COX2 physical
and biochemical interactions are key to functional modulation of COX2 activity
and suggest that this NOS2/COX2/nitrosylation may be a target for therapy.

7. CARTILAGE AND MENISCUS

Articular cartilage is a specialized connective tissue covering weight-bearing surfaces
of diarthrodial joints (Figure 3). The cartilage layers covering bone ends function
primarily to permit low-friction movement between bones, to distribute the trans-
mitted forces, and they are responsible for synthesizing an array of molecules.
Chondrocytes are the sole cell present in cartilage, but they synthesize the array
of cartilage molecules. Under normal physiologic circumstances, articular cartilage
functions as a nearly frictionless surface in diarthrodial joints while exposed to loads
of several times body weight for decades. This remarkable function is attributed to
the unique structure and composition that determine the mechanical properties of
the cartilage extracellular matrix. The extracellular matrix of articular cartilage is
primarily water, making up 60–85% of the tissue’s wet weight. The remaining solid
matrix is composed of a crosslinked network of type II collagen (15–22% by wet
wt.), proteoglycan (4–7% by wet wt.), and lesser amounts of other collagen types
(e.g., VI, IX, X) and non-collagenous proteins. The aggregating proteoglycan, or
aggrecan, in cartilage is composed of a hyaluronic acid backbone to which numerous
chondroitin and keratan sulfate chains are attached by a link protein. The constituents
of articular cartilage are organized in a stratified structure that contributes the unique
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mechanical behavior of the ECM. The cartilage ECM is maintained by the metabolic
activity of a sparse population of cells (chondrocytes) embedded within the tissue.

The meniscus was originally believed to be a useless structure, but we now know
that it is a critical component of the function of the knee joint. In the past, menisci
have been primarily considered as anatomic structures that provide these mechanical
functions. However, our recent work documents that the fibrochondrocyte cells in
the menisci play an important role in modulating the biochemical environment of
the knee joint through the synthesis and release of cytokines and inflammatory
mediators such as PGE2, NO, TNF, IL-1, and IFN-�. In this regard, alterations in
the mechanical loading history of the meniscus may have an important influence
on the overall health and function of the knee joint. The menisci serve crucial
biomechanical roles in load transmission, shock absorption, and joint stability [101,
102]. However, excluding ligament strains, the meniscus is the most frequently
injured structure in the knee [103], and meniscal injuries are treated with either
partial or total meniscectomy in up to 61 per 100,000 cases resulting in over 35,000
procedures per year in the US alone [104]. Treatment of meniscal tears usually
involves partial meniscectomy, but specific conditions such as bucket handle tears
or other severe injuries may necessitate total meniscectomy. Injury or removal of the
meniscus eventually leads to progressive osteoarthritic degeneration of the human
[105, 106].

The unique geometry and biomechanical properties of the menisci allow for
their critical biomechanical roles within the knee (Figure 3). These include the
transmission of load across the knee [107], increased joint congruence [101],
distribution of stresses across the tibia [108], and stabilization of the knee [102].
Biomechanically, the meniscus (and other soft hydrated tissues such as articular
cartilage) can be described as composite materials consisting of two separate phases
(fluid and solid). The fluid phase is composed of water and dissolved electrolytes,
comprising 63–75% of the tissue weight. The solid phase can be described as a
porous, permeable, fiber-reinforced matrix consisting principally of type I collagen,
with proteoglycans (primarily aggrecan, biglycan, and decorin), and other proteins,
including collagen types II, III, V, and VI [109]. The mechanical behavior of
the meniscus and articular cartilage can be described by a model that incorpo-
rates the fluid and solid phases. The elastic response of the tissue is governed by
the properties of the solid matrix (shear, compressive and tensile moduli), while
the time-dependent (viscoelastic) behavior is controlled by frictional interactions
between the two phases (represented by the hydraulic permeability of the tissue).
Fluid flow and pressurization are believed to be important factors in the load
support and energy dissipation mechanisms of both meniscus and articular cartilage
[110, 111].

The meniscus and osteoarthritis. Overwhelming evidence indicates that the
presence of functional menisci is critical to the health of the knee. Degenerative
changes resulting from meniscectomy were first noted by King [112] who observed
lesions in the articular cartilage of dogs and rabbits following meniscectomy. In a
later study, Fairbank [105] described radiographic changes after meniscectomy
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in the human knee, including narrowing of the joint space, ridge formation, and
flattening of the femoral condyles. Since that time, these pathological findings
have been reproduced in laboratory studies of partial or complete meniscectomy
numerous animal models. Importantly, clinical studies have demonstrated that
damage to or excision of the menisci results in accelerated osteoarthritis (OA) of
the knee [106,113–115]. These changes include the onset of gross morphologic
alterations such as joint space narrowing, cartilage fibrillation, erosion, osteophyte
formation, and subchondral bone remodeling. Mechanical properties and structure
of articular cartilage are significantly altered after meniscectomy [116]. The
mechanism responsible for these degenerative changes is not known, but is believed
to involve alterations in the normal biomechanics of the knee (e.g., increased contact
stresses or alterations in the normal contact areas). This hypothesis is supported by
the findings that meniscectomy results in a 50–60% reduction in femoral contact
area and a seven-fold increase in stress on the tibial plateau [101, 107, 108].
However, little is known regarding the influence of the menisci on the biochemical
milieu of the synovial joint. In particular, it is not clear whether the menisci are in
part responsible for the production of inflammatory mediators that contribute to the
pathogenesis of OA.

Mechanical stress and meniscus metabolism. Under normal physiological condi-
tions, the components of the meniscus extracellular matrix are in a state of slow
turnover, retained in a homeostatic balance between the catabolic and anabolic events
of the fibrochondrocytes [109]. Meniscal fibrochondrocytes are sparsely distributed
throughout the matrix and occupy only a small volume �< 10%� of the total tissue.
We and others have hypothesized that, despite this relatively low cell density, these
cells have a large effect on the metabolism of not only the meniscus, but also
adjacent cartilage and synovial tissue. The activities of meniscal fibrochondrocytes
are controlled through the processing of both genetic and environmental information,
which includes the action of soluble mediators (e.g., growth factors and cytokines), and
extracellular matrix composition [107, 117, 118]. In other cartilaginous tissues such as
articular cartilage, many studies have shown that the mechanical stress environment
of the joint is an important factor which influences (and presumably regulates) the
activity of articular cartilage chondrocytes [119]. However, little if any information
is available on the response of meniscal fibrochondrocytes to mechanical stress.
Recent evidence from in vivo studies suggests that mechanical stress also plays a
role in regulating the metabolic activity of the meniscus. For example, treadmill
exercise increases collagen and proteoglycan contents in rat menisci [120], while
joint immobilization leads to a decrease in aggrecan gene expression [121]. Of
particular interest is the finding that immobilization of the chick embryo prevents
the formation of the knee menisci [122]. In vivo studies are limited, however,
because of difficulties in determining the precise loading history of the meniscus.
Further, such studies may be complicated by the effect of systemic factors or local
soluble mediators (e.g., hormones, cytokines, enzymes) that are difficult to control
in vivo. These confounding effects make it difficult to relate specific mechanical
stimuli directly to the biological response of the meniscal fibrochondrocytes.
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In vitro studies of the effects of mechanical loading on cartilage and meniscus
metabolism. The sequence of biomechanical and biochemical events through which
fibrochondrocytes perceive and respond to their mechanical environment are not
fully understood. Much of the information available on the response of cartilaginous
tissues to mechanical stress comes from the study of articular cartilage, the tissue
lining the ends of bones in the diarthrodial joints. Previous studies have shown
that mechanobiological factors may play a critical role in the development of the
diarthrodial joint as well as in the etiopathogenesis of OA [123]. Clarification of the
specific mechanisms of mechanical signaling in normal and inflamed tissues would
not only provide a better understanding of the processes which regulate the physi-
ology of meniscus and cartilage, but should also yield new insights on the patho-
genesis of arthritis. In this respect, in vitro explant models of mechanical loading
have provided a model system in which the biomechanical and biochemical environ-
ments can be more carefully controlled, as compared with the in vivo situation.
Explant models of cartilage loading have been used in a number of different
loading configurations, including unconfined compression, indentation, tension, and
osmotic and hydrostatic pressure. The general consensus of these studies of articular
cartilage is that static compression suppresses matrix biosynthesis, and cyclic and
intermittent loading stimulate chondrocyte metabolism [124–129]. These responses
have been reported over a wide range of loading magnitudes, and exhibit a stress-
dose dependency [130 for review]. Excessive loading (e.g., high magnitude, long
duration) seems to have a deleterious effect, resulting in cell death, tissue disruption
and swelling [131]. Other studies showed that fluid shear stress increases proteo-
glycan synthesis by articular chondrocytes in monolayer through an NO-dependent
pathway [132]. Other than our own previous work (detailed below), there is little
information on the effects of mechanical stress on the meniscus in vitro. Imler et.
al. [133] observed a decrease in protein synthesis in immature bovine meniscus
explants subjected to static compression. Dynamic compression at 0.1 and 1.0 Hz
increased protein synthesis rates relative to statically compressed samples, but not
in comparison to free-swelling controls. There were no effects of compression on
the rate of proteoglycan synthesis.

The synthesis and activity of cytokines can be influenced by mechanical stress.
Physical therapy is important in mediating reparative and anabolic effects on
diseased or inflamed synovial joints but its mechanism of intracellular action
is largely unknown [134]. Continuous passive motion induces rapid recovery of
inflamed joints and leads to increased proteoglycan synthesis in articular cartilage
[135]. This has been mainly attributed to increased circulation and dissemination of
inflammatory mediators from the inflamed joint. Cyclic tension has been proposed
as an antagonist of IL-1 actions in chondrocyte monolayers and exerts its effects
via transcriptional regulation of IL-1 response elements [136, 137]. In these studies,
cyclic tension suppresses IL-1 dependent transcription of multiple genes involved
in the initiation, of catabolic responses in chondrocytes such as NOS2, COX2 and
matrix metalloproteinase I (MMP-I). Conversely, cyclic tension suppresses collagen
degradation by abrogating IL-1-induced inhibition MMP-II and collagen type II
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expression. Cyclic tension also counteracts IL-1-dependent inhibition of aggrecan
mRNA expression through hyper-induction of aggrecan, a prominent component
of cartilage proteoglycans. To date, however, these relationships have only been
studied in articular cartilage, without much work in meniscal fibrochondrocytes.
We have been recently studying these relationships in meniscal explants (see
below) [138].

Cytokines and arthritis. The disease pathogeneses of OA as well as rheumatoid
arthritis (RA) have been associated with the presence of pro-inflammatory cytokines
such as interleukin 1 (IL-1) and tumor necrosis factor alpha (TNF) [139]. Various
cytokines can induce production and release of the mediators NO and PGE2 in
joint tissues [140–142]. These mediators are elevated in the articular cartilage,
synovium, and synovial fluid of OA and RA joints [140,141,143–147]. IL-1 and
TNF have been associated with matrix degradation, and more recently interleukin
17 (IL-17) has also been implicated in cartilage degradation and inflammation
[148]. Importantly, there is significant evidence for potential synergy in the inter-
action of these cytokines in the stimulation of NO production in other cells types
[149], although their effects on meniscal fibrochondrocytes are unknown. We have
evidence that TNF and IL-1 markedly interfere with the repair of torn/damaged
menisci [150].

TNF and IL-1 play important roles in several human inflammatory diseases
including rheumatoid arthritis, juvenile RA, Still’s disease, inflammatory bowel
disease, psoriasis, and inflammation associated with hereditary periodic fever
syndromes [151–155]. A variety of antagonists against TNF and IL-1 are known
to markedly improve all of these severe problems, and they are clinically approved
and in clinical use. These include anti-TNF antibody (both humanized mouse anti-
TNF antibody, and fully human anti-TNF antibody), soluble TNF receptor, and the
IL-1 receptor antagonist [154]. In earlier work, our group demonstrated that the
beneficial effects of the anti-TNF antibody infliximab in humans with RA is linked
to NOS2. We demonstrated conclusively that the effectiveness of this anti-TNF
therapy correlated closely with the degree of reduction in the overexpression of
NOS2 in blood monocytes-lymphocytes from RA patients [155]. We proposed that
some or all of the antibody’s beneficial effects in RA are related to reducing the
overproduction of NO in RA [155, 156]. The agents have been given successfully
to many patients with RA, inflammatory bowel disease, and psoriasis. It is very
important to note that the agents could be given locally (not systemically) to achieve
benefit and to avoid any potential systemic side effects. Chevalier and co-workers
have recently reported the safe use of intra-articular injection (up to 150 mg) in OA
patients [157], but rigorous efficacy studies have not been done. We are not aware
of any experimental or clinical use of the anti-cytokine treatments to enhance speed
and effectiveness of meniscal repair.

NO and arthritis. NO has many actions including serving as a proinflammatory
agent [158]. Several lines of evidence implicate NO in the pathogenesis of joint
inflammation. Rodents in animal models of arthritis generate abundant quantities
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of NO as reflected by high levels of serum and urinary NOx that develop in
association with disease manifestations [159–163]. Treatment of these animals
with NOS inhibitors or NO quenchers suppresses NO production and effec-
tively abrogates joint inflammation. These findings prompted studies in humans to
determine if patients with RA, like the rodents with arthritis, also have heightened
NO production. Some investigators analyzed NO production and NOS in human
synovial tissue. For example, Sakurai et al [164] showed that macrophages and
endothelial cells from synovial tissue of RA patients express NOS2 mRNA and
protein, and generate NO in vitro. We noted that circulating mononuclear cells
from patients with RA are activated to express NOS2 and overproduce NO [156].
Grabowski and colleagues [165] showed that patients with RA have 3-fold higher
urinary nitrate/creatinine ratios than controls, implying that urinary NOx can be used
in this clinical setting as a reliable index of excessive NO production. Farrell et al
found that patients with RA or OA had higher serum nitrite (not nitrite + nitrate)
levels than normal controls (with RA being higher than OA) [166]. Likewise, Euki
and colleagues found that serum nitrite was higher in RA patients compared to
normal controls and OA patients, and that nitrite levels correlated with clinical
parameters of RA activity, C reactive protein, serum TNF, and serum IL-6 [167].
Onur and co-workers showed that patients with RA had higher serum NOx levels
than controls, and that NOx correlated significantly C reactive protein and clinical
disease activity [168]. Pham et al showed that RA patients had significantly higher
serum NOx levels in comparison to normal control individuals and patients with
OA [169].

We studied in detail a strain of mice (MRL-lpr/lpr) that spontaneously develop an
autoimmune disease comparable to human RA and SLE [170, 171]. We discovered
that these mice spontaneously overexpress NOS2 and overproduce NO and super-
oxide, and that blockage of NO production with an NOS inhibitor prevents the
inflammatory disease and death. We have documented that the mice have high
levels of nitrosohemoglobin and presence of a renal non-heme nitrosoprotein [172],
and elevated levels of nitrated proteins in kidneys (evidence of in vivo peroxynitrite
formation) [173].

We postulated that cells from patients with inflammation or infections would
produce higher levels of NO. We have found that blood mononuclear cells (MNC)
or monocytes from patients with inflammation or infection express more NOS2
and are more responsive to in vitro “activation” [156]. RA patients’ monocytes
had increased NOS activity, NOS2 antigen expression, NO production in vitro,
increased NOS2 mRNA expression, and increased responsiveness to activation
with IFN-gamma ± endotoxin [156]. There was a significant correlation between
NOS activity and RA disease activity. This was the first demonstration of systemic
activation of monocytes for NOS2 expression and NO production in RA. As noted
above, we also found that patients treated with humanized, monoclonal anti-TNF
antibody for RA had reduction of the overexpression of NOS activity and NOS2
antigen, and that the reduction in NOS correlated extremely closely with the degree
of clinical improvement [155].
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8. OUR STUDIES OF CARTILAGE AND MENISCUS

We have been studying the interactions and influences of mechanical stress,
cytokines, NO, and PG in normal and diseased/damaged cartilage and meniscus for
the last several years. In these studies, we have used acutely isolated tissue explants
of articular cartilage and meniscus from the knee joints of normal pigs and from
human with RA or OA. The tissues are removed, and the cartilage and meniscus
are carefully dissected and prepared for sterile culture and testing. Using this model
system, we can examine the interactions of cytokines with controlled mechanical
stresses relative to biochemistry, gene expression, and metabolic activity of these
tissues. Figure 4. shows experimental methods for applying defined (mechanical
stress quantity and desired stress regimen [static or dynamic]).

Mechanical stress induces NOS, COX, and LOX expression in cartilage. Using
explants of porcine articular cartilage, we showed that static (0.1 MPa for 24 h) and
intermittent (0.5 to 1.0 MPa at 0.5 Hz for 6 h-24 h) compression increased cartilage
NO production and induced expression of NOS2 (but not NOS1 or NOS3) protein
determined by immunoblot [174]. The increased NO production was inhibited by
1400W, a specific NOS2 inhibitor. In other studies, we showed that intermittent
mechanical compression of cartilage induced not only NOS2 expression and NO
production, but also COX2 expression and PGE2 production [98] (Figure 5). PG
production was fully inhibited the COX2-specific inhibitor NS398, and this drug
also blocked NO production. On the other hand, compression in the presence
of the NOS2-specific inhibitor 1400W markedly increased PGE2 production (10
fold compared to uncompressed explants with 1400W and 40 fold compared to
uncompressed explants without 1400W). These results suggest that PGE2 production
by chondrocytes in vivo may be regulated in part by mechanical stress through an
NO-dependent pathway.

Figure 4. Experimental configuration for dynamic compression of tissue explants. Cartilage or meniscus
(shown here) is manually dissected from the bone in a sterile fashion. Matched pairs of cylindrical discs
5 mm diameter and from 2 to 4 mm thick are harvested using a biopsy punch (left panel). Explants (either
freshly-isolated or cultured as described) are subjected to precise compressive stresses in individual
loading chambers using a computer-controlled instrument (Flexcell International, Hillsborough, NC).
See references 98, 138, and 178 for further details
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Figure 5. Cartilage production of NO and PGE2 and expression of COX2 protein after mechanical
compression and treatment with the NOS2 inhibitor 1400W. “A” shows the production of NO and
“B” PGE2 by articular cartilage explants intermittently compressed at 0.5 Hz at 0.1 MPa for 24 h
in the presence of 1400W. Results are normalized to mean control value for each animal and are
presented as mean ± SEM (n = 48, with ∗ signifying p < 0	05 and ∗∗ signifying p < 0	01). “C” shows
immunoblot analysis for COX2 (approximately 72 kD). Each lane represents a separate explant that was
not compressed (lanes 1–3), compressed (lanes 4–6), or compressed in the presence of 1400W (lanes
7–9). The final lane is a positive control for COX2. From reference 98; see the text and reference 98
for more details
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To determine if cartilage could express other enzymes in the arachidonate
metabolism pathway, we examined the effects of mechanical stress on porcine
production of leukotriene B4�LTB4
 [175]. Application of dynamic compression
for 1 hour in vitro followed by 23 hours of recovered resulted in appearance
of 5-lipoxygenase (LOX) protein (by immunoblot) but no detectable of LTB4.
However, if the explants were cultured with the NOS2 inhibitor 1400W, there
was more compression-induced LOX protein expression and markedly high LTB4

production (Figure 6). The LTB4 was functional as evidenced by the presence of
chemotactic activity of the LTB4-containing medium for rat basophilic leukemia
(RBL) cells. RBL cells without LTB4 receptor had minimal chemotaxis toward
the medium from cartilage compressed in the presence of 1400W [175]. Thus,
compression of cartilage induces production of both COX2 and LOX and PGE2 and
LTB4 production in vitro. Furthermore, inhibition of NOS2 appears to superinduce
PGE2 and LTB4 production by the chondrocytes in vitro. Leukotrienes, like certain
prostaglandins, are proinflammatory, and LTB4 antagonists can block experimental
arthritis in mice [176].

Articular cartilage is an avascular tissue that functions at an oxygen tension that
is lower than that of most tissues (6% oxygen in superficial zones and 1% in deep
zones). Also, with mobilization and weight bearing, joints may undergo cycles of
hypoxia and reoxygenation. We studied porcine cartilage explants to determine the
effects of hypoxia and reoxygenation on cytokine-induced NO and PGE2 production
[177]. IL-1 and TNF induced increased NO and PGE2 production in both hypoxic
(1% oxygen) and normoxic (20% oxygen) conditions, but NO production was signif-
icantly lower in hypoxia. Explants cultured for 72 hours in 1% oxygen followed
by 24 hours in 20% oxygen had sustained NO production with IL-1 or TNF, and
this was significantly higher that tissues that had been cultured in only normoxic
conditions. While IL-1 did not significantly increase PGE2 production, co-culture
with the NOS2 inhibitor 1400W resulted in a “superinduction” of PGE2 [177].

Mechanical stress induces NOS and COX expression in meniscus. Like cartilage,
the meniscus undergoes much mechanical compressive stress with normal function.
We studied porcine meniscus to determine details of stress-induced meniscus NO
and PG production in vitro [178]. Dynamic compression of medial or lateral
meniscus significantly increased NO production. Compressed menisci contained
NOS2 by immunoblot analysis, but those not compressed did not. There were some
zonal differences in NO production (both basal and compression-induced), with
surface zones producing more NO [178]. Our findings provide direct evidence that
dynamic mechanical stress influences the biological activity of fibrochondrocytes.
These results suggest that NO production in vivo may be in part regulated by
mechanical stress acting upon the menisci.

We next examined menisci from patients with OA undergoing total knee
replacement to determine production of basal and cytokine-stimulated PG and NO
production [138]. All menisci constitutively produced NO, and significant increases
in NO production were observed in the presence of IL-1, TNF, or IL-17. The combi-
nation of IL-17 and TNF significantly increased NO production compared to any
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Figure 6. Cartilage production of leukotriene B4 and expression of 5-lipoxygenase protein after
mechanical compression and treatment with the NOS2 inhibitor 1400W. The upper panel shows LTB4

production by porcine cartilage after application of compression at 0.1 MPa, 0.5 Hz for 1 h followed by
23 h recovery (with n = 24 and ∗ signifying p < 0	001). The lower panel shows immunoblot analysis
with an anti-5-LOX antibody demonstrating 5-LOX at approximately 78 kD. From reference 175; see
the text and reference 175 for more details

cytokine alone. Basal and cytokine-stimulated NO synthesis was inhibited by the
NOS inhibitors NMMA or 1400W. IL-1 significantly increased PGE2 production.
Combining IL-1 and TNF had an additive effect on PGE2 production, while addition
of IL-17 to TNF or IL-1 synergistically enhanced PGE2 production. Inhibition of
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NO production by 1400W significantly increased IL-1-stimulated PGE2 production,
and inhibition of PGE2 production by the COX2 inhibitor NS398 significantly
increased IL-17-stimulated NO production [138] (Figure 7). These results document
that freshly isolated menisci from OA patients constitutively produce NO and PG,
and that there is a complex interplay of the COX2 and NOS2 pathways in human
arthritis.

Regulation of meniscus matrix turnover by IL-1, mechanical stress, and NO.
We studied the influences of mechanical stress and IL-1 on porcine meniscal
protein synthesis, proteoglycan synthesis and release, and NO production [179].
Mechanical stress (dynamic compression of approximate amplitude and frequency
encountered physiologically) increased protein and proteoglycan synthesis and NO
production as compared to uncompressed explants. IL-1 prevented compression-
induced increases, and the NOS2 inhibitor 1400W blocked the IL-1 effect. IL-1
and compression increased release of proteoglycan from meniscus, and 1400W
prevented the proteoglycan release. These findings suggest that IL-1 modulation of
meniscus extracellular matrix turnover is dependent on NO [179].

Effects of mechanical tensile strain on meniscus NO and PG production. The
meniscus repeatedly undergoes compressive forces, but the wedge-like cross-section
of the meniscus also causes radial transmission of axial loads across the knee joint,
producing tension in the radial periphery and circumferentially-oriented collagen
fibers. This radial transmission of compressive forces causes cells to experience
tension as well as compression in situ. This stretch of meniscal cells initiates
signaling pathways in meniscal cells and brings about biological changes [180,
181]. Tensile forces can abrogate the effects of IL-1 on proteoglycan synthesis in
temporomandibular joint fibrochondrocytes by inhibiting both the NOS2 and COX2
pathways [180], while as noted above IL-1 inhibits the anabolic effects of dynamic
compression in meniscus explants through an NO mediated pathway [179]. We
worked to determine if cyclic mechanical tensile strain of meniscal cells modulates
the biosynthesis of matrix macromolecules and pro-inflammatory mediators, and to
determine if this response is altered by TNF [182]. Cells were isolated from the inner
two-thirds of porcine medial menisci and subjected to biaxial tensile strain of 5–15%
at a frequency of 0.5 Hz. Cyclic tensile strain increased production of NO through
the upregulation of NOS2 and also increased synthesis rates of PGE2, proteoglycan,
and total protein in a manner that depended on strain magnitude. TNF increased
the production of NO and total protein, but inhibited proteoglycan synthesis rates.
TNF prevented the mechanical stimulation of proteoglycan synthesis, and this
effect was not dependent on NOS2. These findings indicate that pro-inflammatory
cytokines can modulate the responses of meniscal cells to mechanical signals,
and suggest that both biomechanical and inflammatory factors could contribute
to the progression of joint disease as a consequence of altered loading of the
meniscus.

In separate recent work, we tested for intrinsic differences in the responsiveness
of isolated meniscal cells from the inner and outer regions of porcine meniscus to
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Figure 7. Modulation of human meniscus NO and prostaglandin production by IL-1, IL-17, TNF, and
NOS inhibitors. Osteoarthritic human meniscus tissues from 17 patients were examined after they had
received total knee replacements. Tissues were cultured for 24 hours with 0.1 ng/ml IL-1, 1 ng/ml TNF,
or to 50 ng/ml IL-17, with or without the NOS inhibitors 1400W or NMMA (2 mM) or the COX inhibitor
NS398. The upper panel shows results from NO production measurement (where “a” signifies p < 0	05
vs. control; “b” that p < 0	01 vs. IL-17), and the lower panel measures PGE2 production (with “a”
signifying p < 0	05 vs. control and “b” signifying p < 0	01 vs. IL-1). From reference 133; see the text
and reference 133 for details
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equivalent levels of biaxial stretch [183]. Results showed that inner meniscal cells
have a more chondrocytic phenotype, as evidenced by the combination of higher
levels of proteoglycan synthesis, increased gene expression for aggrecan, type II
collagen, and NOS2, and decreased gene expression for type I collagen). Gene
expression patterns for key extracellular matrix components differed in meniscus
cells from the inner and outer regions during in vitro culture regardless of stretching
condition. Cells from the inner meniscus expressed higher mRNA levels for type II
collagen and lower mRNA levels for type I collagen as compared to outer meniscus
cells. Inner cells expressed mRNA for aggrecan at significantly higher levels than
that of outer meniscus cells. In contrast, meniscus cells from both regions expressed
similar mRNA levels for the small proteoglycans decorin and biglycan. In addition
to differences in gene expression for extracellular matrix proteins, inner and outer
meniscus cells expressed significantly different mRNA levels for NOS2. Cyclic
tensile biaxial stretch at a magnitude of 5% induced increases in protein synthesis
and NOS2 mRNA expression in both inner and outer region cells [183].

Effects of mechanical force, IL-1, and NO on meniscus matrix turnover. We
examined the influence of mechanical stress on matrix turnover in the meniscus
in the presence of IL-1 and determined the role of NO in these processes [179].
Explants of porcine menisci were subjected to dynamic compressive stresses at
0.1 MPa for 24 h at 0.5 Hz with 1 ng/ml IL-1, and the synthesis of total protein,
proteoglycan, and NO was measured. Dynamic compression significantly increased
protein and proteoglycan synthesis by 68 and 58%, respectively, compared with
uncompressed explants. This stimulatory effect of mechanical stress was prevented
by the presence of IL-1 but was restored by specifically inhibiting NOS2 with
1400W. Release of proteoglycans into the medium was increased by IL-1 or
mechanical compression and further enhanced by IL-1 and compression together.
Stimulation of proteoglycan release in response to compression was dependent on
NOS2 regardless of the presence of IL-1. These finding suggest that IL-1 may
modulate the effects of mechanical stress on extracellular matrix turnover through
a pathway that is dependent on NO [179].

9. SUMMARY AND CONCLUSIONS

NO and PG play critical roles in the pathophysiology of inflammation. COX-
nonspecific and COX2-specific inhibitors are used clinically to treat a variety of
conditions. While NOS inhibitors are not now clinically approved for treatment of
human disease, investigators and pharmaceutical companies are attempting to use
these drugs for a variety of diseases including cardiovascular diseases, headache,
inflammatory bowel disease, RA, and OA. Mechanical stress interacts with NO,
NOS, PG, and COX to contribute to inflammation and tissue damage in arthritis.
There are complex relationships of these enzymes and mediators relative to cartilage
and meniscus. Our findings of overexpression of COX2 and 5-LOX and overpro-
duction of PGE2 and LTB4 after treatment with NOS inhibitors indicates that
treatment of inflammation with NOS alone could result in submaximal benefit or
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actual worsening of inflammation because of the induction of PGE2 and LTB4.
Development of agents that simultaneously inhibit these multiple inflammation
pathways will likely be the most beneficial.
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Abstract: Insulin resistance, both in nondiabetic and diabetic subjects, is frequently associated with
obesity, particularly with an excess of central fat. With the growing prevalence of obesity,
scientific interest in the biology of adipose tissue has been extended to the secretory
products of adipocytes, since they are increasingly shown to influence several aspects in
the pathogenesis of obesity-related diseases

Until relatively recently, the role of fat itself in the development of obesity and its
consequences was considered to be a passive one; adipocytes were considered to be little
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more than storage cells for fat. It is now clear that, in addition to storing calories as
triglycerides, they also secrete a large variety of proteins, including cytokines, chemokines
and hormone-like factors, such as leptin, adiponectin and resistin. This production of
pro-atherogenic chemokines by adipose tissue is of particular interest since their local
secretion, e.g. by perivascular adipose depots, may provide a novel mechanistic link
between obesity and the associated vascular complications.

Recent research has revealed many functions of adipocytokines extending far beyond
metabolism, such as immunity, cancer and bone formation. This remarkable understanding
is allowing us to more clearly define the role that adipocytes play in health and in obesity
and how inflammatory mediators act as signaling molecules in this process.

Moreover, on a molecular level, we are beginning to comprehend how such variables
as hormonal control, exercise, food intake, and genetic variation interact and result in
a given phenotype, and how pharmacological intervention may modulate adipose tissue
biology

1. INTRODUCTION

The metabolic syndrome is a constellation of abnormalities—generally considered to
include abdominal obesity, high blood glucose/impaired glucose tolerance, dyslip-
idaemia, and high blood pressure—that together increase risk of overt diabetes
mellitus and cardiovascular disease (CVD). A variety of data indicate that glucose
intolerance plays a central role in coronary artery disease (CAD) risk.

Obesity, the most common nutritional disorder in industrial countries, is
associated with increased cardiovascular mortality and morbidity. [1–3] Until
recently, the adipocyte was largely thought to be an inert storage cell whose main
function was to store excess energy in the form of triglycerides. It is now apparent
that adipocytes have a more complex role in the organism. [4] For example,
adipocytes produce a large number of hormones, peptides, and smaller molecules
that affect metabolism and cardiovascular function, not only in an endocrine manner,
but also by autocrine and paracrine influences. [5–7]

One of the key vasoactive substances produced by adipocytes is leptin, which
is an important regulator of food intake. [8] Other adipocyte-derived molecules,
including prostaglandins, adiponectin and the more recently discovered resistin,
affect metabolic function and might play a role in causing cardiovascular end-organ
damage. [9, 10] In addition, obese individuals have high circulating levels of a range
of inflammatory markers produced by adipose tissue, including Tumor Necrosis
Factor alpha (TNF-alpha), interleukin-1 (IL-1), and IL-6. [11, 12] These factors,
whose levels can be reduced by weight loss, are likely to contribute to vascular
damage in obese individuals.

2. THE IMPORTANT ROLE OF FAT TISSUE
FOR HUMAN HEALTH

The adipose organ consists of two distinct tissues, namely brown (BAT) and white
adipose tissue (WAT), and there is continuing debate on the extent to which there
is inter-convertibility between them. [13] BAT is specialized for heat production by
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non-shivering thermogenesis through the presence of the tissue-specific uncoupling
protein-1 (UCP1) located in the inner mitochondrial membrane. [14] In brown fat,
the lipid droplets (normally multiple within each brown adipocyte), are considered
to serve primarily as a fuel for thermogenesis. In WAT, on the other hand, the
stored triacylglycerols provide a long-term fuel reserve for the organism as a whole.
Indeed, white fat is the main energy reservoir in mammals and birds, triacylglycerols
providing storage at a high energy density, both because of the considerable caloric
value of lipid and because, in contrast to carbohydrate, triacylglycerols can be stored
with little associated water.

Until relatively recently, the physiology of WAT centered on lipogenesis and
lipolysis, and the regulation of these two opposing metabolic pathways. However,
a revolution in our understanding of the biological role of white fat has occurred
over the past decade; it is now recognized as a major endocrine and signaling tissue
which interacts extensively with other organs in overall physiological and metabolic
control.

The rapid escalation in the incidence of obesity, with its concomitant disorders,
has been the major impetus behind much of the current work on WAT. Obesity is
the most prevalent nutrition-related disorder in Westernized countries, and in the
UK, for example, some 23% of adult males and 24% of adult females are now
clinically obese (Body Mass Index, BMI > 30), [15] while a further one-third of the
population are overweight (BMI 25–29.9). In contrast, in the early 1980s, just 6%
of adult men and 8% of adult women in the UK were obese. [16] Obesity not only
reduces life expectancy (by 8 years), but there is also an increased risk of developing
several major diseases; these diseases include type 2 diabetes, coronary heart disease
and certain cancers. In the case of diabetes, the risk increases approximately 10-fold
once a BMI of 30 is reached and the more obese the greater the relative risk.
Paradoxically, white fat has been something of a ‘poor relation’ in energy balance
and obesity research, most attention having been directed towards the perceived
more complex neuroendocrine pathways involved in the hypothalamic control of
food intake, together with the peripheral mechanisms of adaptive thermogenesis.

The importance of adipocytes for health was shown very elegantly through the use
of the mouse model of lipoatrophic diabetes. [17, 18] These mice were genetically
altered so they had virtually no white fat tissue. They also had characteristics similar
to those seen in humans with severe lipoatrophic diabetes: insulin resistance, hyper-
glycemia, hyperlipidemia, and fatty livers. Transplantation of adipose tissue from
healthy mice into these lipoatrophic mice resulted in a dramatic reversal of the hyper-
glycemia, accompanied by lowered insulin concentrations and improved muscle
insulin sensitivity, decreased serum triacylglycerols, decreased hepatic gluconeoge-
nesis, and decreased amounts of fat deposited in muscle and liver. These beneficial
effects were dependent on the presence of transplanted adipose tissue. In other
words, the introduction of adipocytes into these mice completely reversed the
characteristic phenotype. Thus, the absence of adipocytes is metabolically detri-
mental. These experiments provided an elegant platform for the argument that fat
cells play a role in health. [17]
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3. INFLAMMATION AND OBESITY

An important recent development in our understanding of obesity is the emergence
of the concept that, along with diabetes, it is characterized by a state of chronic
low-grade inflammation.[19–21] The basis for this view is that increased circulating
levels of several markers of inflammation, both pro-inflammatory cytokines and
acute-phase proteins, are elevated in the obese; these markers include IL-6, the TNF-
alpha system, C-reactive protein (CRP) and haptoglobin. [22, 23] The implications
in terms of the site of inflammation itself, whether systemic or local, are unclear.
Nevertheless, it is increasingly evident that the inflammatory state may be causal in
the development of insulin resistance and the other disorders associated with obesity,
such as hyperlipidemia and the metabolic syndrome. [24, 25] While the general
assumption is that inflammation is consequent to obesity, it has been suggested that
obesity is in fact a result of inflammatory disease. [23]

A central question is the origin of the inflammatory markers in obesity, and
there are three possibilities. The first is that it reflects production and release
from organs other than adipose tissue, primarily the liver (and immune cells). The
second explanation is that WAT is secreting factors that stimulate the production
of inflammatory markers from the liver and other organs; this may well be the case
with CRP, where it is argued that hepatic and extra-hepatic production is stimulated
by increased IL-6 from the expanded fat mass of the obese. [12, 25, 26] The third
possibility is that adipocytes themselves are the immediate source of some, or
most, of these inflammatory markers, with the raised circulating levels in obesity
reflecting production from the increased WAT mass. [27] There is also, of course,
the possibility of there being a combination of production in adipose tissue and
other organs.

Given that adipocytes secrete a number of cytokines and acute phase proteins,
the question arises as to the extent to which the expanded WAT mass contributes,
either directly or indirectly, to the increased production and circulating levels of
inflammation-related factors in obesity.

From the perspective of adipose tissue biology, a key question is whether
adipocytes (or adipose tissue) directly contribute to the raised circulating levels
of specific inflammatory markers and, if so, to what extent? Although obtaining
quantitative information on the contribution from particular cells within adipose
tissue is difficult, the issue that can be readily addressed is whether adipocytes
express certain inflammatory genes and their encoded proteins secreted. Recent
reports demonstrating that WAT is infiltrated by macrophages in obesity clearly
suggest that the non-adipocyte fraction may be a significant component of the
inflammatory state within adipose tissue. [28, 29]

However, we have recently demonstrated, using an in vitro model, that the mature
adipocytes fraction isolated from human adipose tissue is directly involved in both
CRP and serum amyloid A (SAA) release. [27, 30] Furthermore, close links between
adipocytes and immune cells are increasingly apparent, and preadipocytes have
been reported to act as ‘macrophage-like’ cells. [31]
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Following from these observations is the growing view that the inflammatory
state plays a causal role in the development of type 2 diabetes and the metabolic
syndrome associated with obesity. In this context, the reduction in adiponectin in
the obese [32, 33] is of particular interest in view of the anti-inflammatory effect
of this adipokine. [9, 34]

As we have mentioned before, the inflammatory state of adipose tissue in
obesity has been highlighted by recent reports demonstrating that there is extensive
infiltration of the tissue by macrophages in the obese. [28, 29] The arrival of
macrophages en masse is likely to lead to a considerable amplification of the inflam-
matory state in white fat, and TNF-alpha may play a pivotal role in this infiltration.
Two key chemokines are released by adipocytes: monocyte chemotactic protein 1
(MCP-1) and monocyte inhibiting factor (MIF),, which are important in relation
to attracting and preventing the exodus, respectively, of macrophages into tissue.
[35–38] Expression and secretion of MCP-1 is strongly up-regulated by TNF-alpha.
[35, 39]

An important issue is why adipose tissue should mount a strong inflammatory
response as fat mass expands in obesity. One possibility is that WAT is providing
inflammatory mediators for a site, or sites, elsewhere in the body, whether because
of inflammation in another specific locus or more systemically. However, Trayhurn
et al. have recently argued the parsimonious view that WAT is itself in a state of
inflammation as a reflection of local events within the tissue, with raised circu-
lating levels of inflammatory markers reflecting spillover. [40] We have further
suggested that the inflammation may be a response to relative hypoxia in clusters of
adipocytes distant from the capillary network as WAT mass expands, in advance of
angiogenesis. Indeed, the proportion of cardiac output that goes to adipose tissue is
decreased in obesity, and the obese do not show the postprandial increase in blood
flow which occurs in lean individuals. [41]

Activation of a transcription factor, hypoxia inducible factor-1 (HIF-1), through
the stimulation of the expression of the HIF-1alpha subunit – the molecular sensor
of hypoxia [42–44]– may be the mechanism through which low oxygen tension
links to inflammation. [40] The target genes for HIF-1 include vascular endothelial
growth factor (VEGF) and leptin, and expression of both of these has been shown
to be stimulated in 3T3-L1 adipocytes in response to hypoxia. [45]

4. ADIPOSE TISSUE AS AN ENDOCRINE ORGAN

As briefly introduced before, increasing evidence indicates that adipose tissue is
an important source of cytokines [46] and that adiposity contributes to a pro-
inflammatory milieu. [21]

Fat is both a dynamic endocrine organ, as well a highly active metabolic tissue that
produces and secretes inflammatory factors, which are well known to play important
roles in the atherosclerotic process. Collectively, these factors are called adipocy-
tokines or adipokines. These include TNF-alpha, leptin, adiponectin, resistin,
plasminogen activator inhibitor-1 (PAI-1), IL-6, and angiotensinogen. [46] Serum
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adipokine levels are elevated in humans and animals with excess adiposity [21,
47–49], and visceral fat appears to produce several of these adipokines more actively
than subcutaneous adipose tissue. [50–52] Reduction in fat mass correlates with
decrease in the serum levels of many of these adipokines [53–55], implying that
approaches designed to promote fat loss should be useful in attenuating the pro-
inflammatory milieu associated with obesity. Some of these adipokines, in addition
to their pro-inflammatory actions, also affect insulin action.

As individuals become obese and their adipocytes enlarge, adipose tissue
undergoes molecular and cellular alterations affecting systemic metabolism. First,
several pro-inflammatory factors are produced in adipose tissue with increasing
obesity. Compared with that of lean individuals, adipose tissue in obese persons
shows higher expression of pro-inflammatory proteins, including TNF-alpha, inter-
leukin 6 (IL-6), MCP-1, inducible nitric oxide synthase (i-NOS), transforming
growth factor beta 1 (TGF-beta 1), procoagulant proteins such as PAI-1, tissue
factor (TF), and factor VII.[37, 48, 51, 56–62]

Macrophage numbers in adipose tissue also increase with obesity [28, 29], where
they apparently function to scavenge moribund adipocytes, which increase dramat-
ically with obesity. [63] Macrophages are thought to be responsible for most of
the cytokine production in obese adipose tissue. [28, 29, 51] In fact, adipose tissue
macrophages are responsible for almost all adipose tissue TNF-alpha expression
and significant amounts of IL-6 and i-NOS expression. [28] Of particular note, Xu
et al. [29] reported that the increased expression of inflammation-specific genes
by macrophages in the adipose tissue of obese mice preceded a dramatic increase
in insulin production. Furthermore, when those mice were treated with rosigli-
tazone, an insulin-sensitizing drug, the expression of these genes declined. Thus, the
chronological appearance of these inflammatory molecules before the development
of insulin resistance, as well as their known ability to promote insulin resistance
and other complications of obesity, strongly suggests adipose tissue inflammation
as an important protagonist in the development of obesity-related complications.

Inflammation is thought to contribute also to the development of the sequelae
of obesity. For example, adipose tissue TNF-alpha concentrations are correlated
with obesity and insulin resistance in patients with and without type 2 diabetes.
[64, 65] In obese women, TNF-alpha messenger RNA expression in adipose tissue
is correlated with fasting plasma glucose, insulin, and triacylglycerol concentrations.
[57] TNF-alpha may increase systemic insulin resistance by promoting the release
of fatty acids from adipose tissue into the bloodstream to act on tissues such as
muscle and liver. Thus, adipose tissue TNF-alpha can act locally in adipose tissue,
which ultimately promotes insulin resistance in peripheral tissues.

Furthermore, IL-6 expression is also increased in obese adipose tissue; for
example, its expression in adipose tissue from obese individuals is 10-fold that in
adipose tissue from lean individuals if normalized for the number of adipocytes
present. Also, IL-6 expression varies between adipose tissue sites: expression is
higher in visceral than in peripheral adipocytes, and ±90% of IL-6 expressed in
adipose tissue is produced by cells other than adipocytes. [51] Plasma concentrations
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of IL-6 increase with obesity, unlike those of TNF-alpha, which acts in an autocrine
and paracrine fashion [66]; in obese individuals, adipose tissue is a major deter-
minant of plasma IL-6 concentrations, contributing as much as 30% of total body
production. [66] IL-6 increases lipolysis and fat oxidation in humans [67], and
plasma IL-6 concentrations correlate with insulin resistance. [65] Recently, IL-6
was shown directly to cause insulin resistance in the liver. [68] Elevated IL-6
concentrations are a predictor for development of type 2 diabetes and for myocardial
infarction. [69, 70]

Clearly, several inflammatory mediators are implicated in the development of
obesity. Nevertheless, the precise mechanisms responsible for the development
of the chronic diseases associated with obesity are still unclear. In the following
sections, we analyze and discuss the main adipokines individually.

4.1. Adiponectin

Adiponectin, a hormone also known as adipoQ or adipocyte complement-related
protein, is an adipocyte-derived collagen-like protein identified through an extensive
search of adipose tissue transcripts in the human genome project. Expression of
adiponectin mRNA occurs exclusively in adipose tissue. The protein is composed of
two structurally distinct domains: the C-terminal collagen-like fibrous domain and
the complement C1q-like globular domain. Adiponectin is abundant in the circu-
lating plasma, amounting to 5–20 �g/mL in normal subjects in multimeric form.

This hormone enhances insulin sensitivity in muscle and liver and increases free
fatty acid (FFA) oxidation in several tissues, including muscle fibers. [71–73] It
also decreases serum FFA, glucose, and triacylglycerol concentrations: e.g., when
normal, lean mice were given injections of adiponectin in conjunction with a meal
high in fat and sugar, the normal postprandial increases in plasma glucose, FFA,
and triacylglycerol concentrations were smaller as the result of an increased rate of
clearance from the blood rather than a reduced rate of absorption from the gut. [71]
In contrast, when insulin-resistant mice were treated with physiologic concentra-
tions of adiponectin, glucose tolerance was improved and insulin resistance reduced.
[73] In humans, plasma adiponectin concentrations fall with increasing obesity and
visceral fat accumulation, and this effect is greater in men than in women. [32]
A Japanese case–control study demonstrated that patients with hypoadiponecti-
naemia (plasma level less than 4�g/mL) together with multiple cardiovascular risk
factors had an increased risk of coronary artery disease, indicating that hypoad-
iponectinaemia may be a key factor in the metabolic syndrome. [74] A prospective
study performed in the USA confirmed that high adiponectin concentrations are
associated with a lower risk of myocardial infarction in men than women. [75]
Interestingly there is a close negative correlation between the concentration of
adiponectin and visceral adiposity determined by CT scan.

Reduced adiponectin concentrations correlate with insulin resistance and hyper-
insulinaemia. [33, 76] In addition, several polymorphisms of the adiponectin gene
(APM1, mapped to chromosome 3q27) have been identified that are associated with
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reduced plasma adiponectin concentration [77–79] and an increased risk of type
2 diabetes, insulin resistance, or the metabolic syndrome. [77, 78, 80] There is a
genetic form of hypoadiponectinaemia caused by a missense mutation that exhibits
the clinical phenotype of metabolic syndrome. [78]

Adiponectin appears to play a key role in opposing insulin resistance. [27] Plasma
adiponectin concentrations are lower in subjects with type 2 diabetes mellitus than in
controls matched for body mass index. Studies in Pima Indians and obese monkeys
have shown that plasma concentrations have a strong positive correlation with
insulin sensitivity, suggesting that low plasma concentrations are related to insulin
resistance. [81]

Plasma levels of adiponectin are also decreased in hypertensive subjects.
Endothelium-dependent vasoreactivity is impaired in subjects with hypoadiponecti-
naemia, which is thought to be a cause of hypertension in obesity. [82] Most
importantly, plasma concentrations of adiponectin are lower in subjects with
coronary heart disease than controls, even when body mass index and age are
matched. [9] Kaplan–Meyer analysis in Italian subjects with renal insufficiency
demonstrated that the high adiponectin group had a lower mortality rate from
cardiovascular disease than other groups. [83]

In mice deficient in apolipoprotein E (and thus susceptible to atherosclerosis),
treatment with human adiponectin inhibits lesion formation in the aortic sinus by
30% compared with that in untreated control animals (P < 0�05). [84] Adiponectin
knockout mice show more severe intimal thickening by endothelial injury than
wild-type mice. In addition, over-expression of human adiponectin by adenovirus
transfection attenuated plaque formation in apoE knockout mice. [84]

Adiponectin concentrations are reduced in patients with coronary artery
disease [76], whereas high levels appear to block critical cellular phenomena in the
development of atherosclerosis. [85, 86] When the endothelial barrier is injured by
attacking factors such as oxidized low-density lipoprotein, chemical substances and
mechanical stress, adiponectin accumulates in the sub-endothelial space of vascular
walls by binding to sub-endothelial collagen (collagens I, III and V) where it inhibits
key components of atherogenesis. For example, adiponectin suppresses monocyte
attachment to vascular endothelial cells by inhibiting TNF-alpha-induced expression
of adhesion molecules such as vascular cell adhesion molecule-1, ICAM-1 and
E-selectin via the inhibition of NF-�B activation. Adiponectin also attenuates
growth-factor-induced proliferation of vascular smooth muscle cells by inhibition
of the MAPK process. Furthermore, adiponectin suppresses the transformation of
macrophages to foam cells by inhibiting scavenger receptor class A. [9, 85]

The vulnerability of atherosclerotic plaque to rupture is considered to be the
most important prognostic determinant of acute coronary syndrome (myocardial
infarction and stroke) in cardiovascular disease. In this process, matrix metallopro-
teinase (MMP) secreted from macrophages is considered to play an important role
in plaque vulnerability, and the tissue inhibitor of metalloproteinase (TIMP) may
protect against plaque rupture by inhibiting MMP. Adiponectin has been found to
enhance the expression of mRNA and protein production of TIMP in macrophages
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via the induction of interleukin-10 (IL-10) synthesis, suggesting that adiponectin
may prevent plaque rupture by the inhibition of MMP function through the induction
of IL-10-dependent TIMP production. [86]

Adiponectin may also inhibit plaque development by stimulating production of
NO [87] and decreasing cytokine production from macrophages by inhibiting NF-kB
signaling through cyclic adenosine monophosphate (cAMP)-dependent pathways.
[34, 88] Interleukin-6 inhibits adiponectin expression and secretion in 3T3-L1
adipocytes. [89] Thus, adiponectin might indirectly inhibit CRP and IL-6 expression
through its ability to inhibit production of TNF-alpha. Furthermore, adiponectin
directly stimulates production of NO in endothelial cells using phosphatidyli-
nositol (PI) 3-kinase-dependent pathways involving phosphorylation of endothelial
nitric oxide synthase (eNOS) by adenosine-monophosphate–activated protein kinase
(AMPK). [90]

The clinical and experimental evidence presented above suggests that adiponectin
may have therapeutic value for cardiovascular disease, diabetes mellitus, and
metabolic syndrome. However, observed plasma levels are variable and often
extremely high, and direct administration to diseased patients may not be practical
because of the difficulty in achieving and maintaining optimum levels. A further
complication is that adiponectin in its high-molecular weight form has the greatest
anti-atherogenic activity, and molecular mechanisms of signal transduction may
therefore be extremely complex. As discussed below, the search for enhancers of
endogenous synthesis may be the most efficacious method to identify therapeutic
applications related to adiponectin.

Lifestyle modification (primarily weight loss through exercise and diet) signifi-
cantly increased adiponectin levels in diabetic or obese subjects. [55, 91] Treatment
with temocapril and candesartan significantly increased adiponectin levels as well
as insulin sensitivity without affecting degree of adiposity. [92] Recent clinical trials
suggest that blockade of the renin-angiotensin system lowers the risk of development
of type II diabetes. One possible mechanism for this effect is the correlated increase
in adiponectin levels. In hypercholesterolemic, hypertensive patients, losartan alone
or combined therapy with simvastatin and losartan significantly increased plasma
adiponectin levels relative to baseline measurements, whereas simvastatin therapy
alone did not. [93] Potential mechanisms by which losartan increases adiponectin
levels include direct effects on insulin-stimulated glucose uptake, promotion of
adipogenesis and induction of PPAR-alpha activity that promotes adipocyte differ-
entiation. [94] Fenofibrate therapy significantly increased plasma adiponectin levels
and insulin sensitivity in patients with primary hypertriglyceridemia. [95]

Thiazolidindione derivatives have also been shown to be potent enhancers of
adiponectin synthesis. For example, troglitazone was reported to increase plasma
levels of adiponectin three fold in subjects with visceral obesity. Administration
of thiazolidinediones significantly increased plasma adiponectin concentrations in
insulin-resistant humans and rodents without affecting body weight, and adiponectin
messenger-RNA expression was normalized or increased by thiazolidinediones in
the adipose tissues of obese mice. Nevertheless, since thiazolidindione may have
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unexpected effects as a PPAR-� agonist, a search is underway for derivatives that
can specifically enhance adiponectin without producing such effects. [96]

4.2. Leptin

Leptin, the first adipocyte hormone identified, influences food intake through a
direct effect on the hypothalamus. [97, 98] In humans and rodents, plasma leptin
concentrations are highly correlated with BMI. [99] Mice lacking the gene coding
for leptin (ob/ob mice) are very obese and diabetic, and if ob/ob mice are treated with
regular injections of leptin, they reduce their food intake, increase their metabolic
rate, and lose weight. [97, 100] Mice and rats with a genetic mutation affecting
the leptin receptor in the hypothalamus exhibit a similar phenotype to ob/ob mice.
[98, 101]

These functions seem to be mediated mainly by the central nervous system,
because intracerebroventricular injection of leptin produces significant effects with
much smaller amounts than those required by systemic injection, although appli-
cation of anti-obese treatment using adipocytokines has been tried.

Signal transduction mediated by leptin has been clarified more precisely than that
of adiponectin. Leptin receptors (OB-Rs) are single membrane-spanning receptors
with homology to members of the cytokine receptor superfamily. Seven different
leptin receptors, produced by alternative splicing, have been identified. The receptor-
containing transmembrane domains can be divided into two groups: one group
has a short amino acid residue intracellular domain (OB-Ra, OB-Rc, OB-Rd and
OB-Rf), and the other group has a short amino acid residue intracellular domain
(OB-Rb). OB-Rb is mainly expressed in the hypothalamus, whereas the short forms
are expressed in a variety of tissues. The long form of the receptor has two Janus
kinase sites in the intracellular domain and the short form has one. Only the long
form can activate the signal transducers and activators of the transcription family
(STAT). C57B1/Ks db/db mice that lack the long form of the receptor and have
intact short forms exhibit a phenotype that is almost identical to ob/ob mice, which
lack leptin.

As animals and humans become obese, the role of leptin in regulating body
weight becomes more complex. There are rare cases where mutations affecting the
genes coding for either leptin or its receptor have been found in families with a high
prevalence of morbid obesity [102–104], and leptin therapy does have a beneficial
effect in children with congenital leptin deficiency. [105, 106] However, in most
obese individuals, leptin concentrations are already high because of the increased
amount of leptin-secreting adipose tissue. [107] It appears that with increasing
leptin concentrations, the hormone induces target cells to become resistant to its
actions. In mice that became obese after being fed a high-fat diet, leptin concentra-
tions increased accompanied by an increased expression of suppressor-of-cytokine-
signaling 3 (SOCS-3), a potent inhibitor of leptin signaling. [108] Thus, the central
effects of leptin are blocked by SOCS-3 produced as a result of the increasing
concentrations of leptin found in obesity.
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Leptin appears to have important effects on peripheral metabolism. In a mouse
model of congenital lipodystrophy (little or no fat), insulin resistance, hyperin-
sulinaemia, hyperglycemia, and enlarged fatty liver, leptin therapy reversed the
insulin resistance and diabetes. [18] Humans with a rare disorder called lipoatrophic
diabetes have little or no fat mass, reduced serum adipokines such as leptin, and very
elevated serum triacylglycerol concentrations. In fact, triacylglycerol concentrations
tend to be so high that some individuals require regular plasmapheresis to reduce
serum triacylglycerol. These elevated lipid concentrations lead to an enlarged fatty
liver, which can lead to severe liver disease, and some individuals die secondary to
liver complications.

In a pioneering study by Oral et al. [109], administration of exogenous leptin
to individuals with lipoatrophic diabetes resulted in marked reductions in triacyl-
glycerol concentrations, liver volume, and glycated hemoglobin, and discontinuation
or a large reduction in antidiabetic therapy

Clearly, adiponectin and leptin are important hormones with central and
peripheral effects on metabolism and energy balance. Recent data suggest that at
least some of their actions that reduce circulating fatty acids and triacylglycerol
are due to increased fat oxidation. The increase in fat oxidation is mediated by
activating the enzyme AMP-activated protein kinase (AMPK), which also increases
glucose transport in muscle. [110, 111] Interestingly, exercise activates AMPK,
which also increases fat oxidation and reduces insulin resistance. [112] Thus, the
adipocyte hormones and exercise act via a similar signal transduction pathway to
increase fat oxidation and promote insulin sensitivity.

The potential effects of leptin in the pathophysiology of cardiovascular compli-
cations of obesity are still diverse, despite evidence of leptin resistance to metabolic
actions. This protein may elevate blood pressure by stimulation of the autonomic
nervous system. Recent reports suggest that leptin contributes to atherosclerosis
and cardiovascular disease in obese subjects. [113] Further studies are necessary to
verify the significance of therapeutic strategies using leptin.

4.3. Resistin

Resistin is the most recent example of an adipokine with contrasting roles in mouse
and man. Resistin belongs to a family of cysteine rich secretory proteins known as
resistin-like molecules or FIZZ (found in inflammatory zones) proteins.

This protein was initially shown to be released in large amounts from mouse
adipocytes; its release was increased in obese mice and accompanied by insulin
resistance. [114] The adverse effects of obesity were neutralised by antibodies
against resistin, and rosiglitazone reduced resistin levels. Adipocyte-derived resistin
was therefore thought to link obesity to diabetes. [114]

Further studies in rodents have suggested that resistin mRNA levels are higher
in abdominal fat depots, compared with depots from the thigh [115], and that
serum resistin levels are positively correlated with body mass index (BMI). [116]
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Additionally, resistin has been found to modulate hepatic insulin action [117, 118]
and possibly play a role in maintaining fasting blood glucose levels. [119]

Confirmation of these findings in human populations has been difficult and may
be due to the fact that resistin appears to be derived from different sources in
humans and rodents. Reports point to the adipocyte as the sole source of resistin in
mice [114, 120], whereas investigations in humans suggest that very little resistin
is expressed in adipocytes, but rather, monocytes and macrophages produce large
quantities of resistin. [121, 122]

Studies determined the resistin gene, referred to as Retn, encoded a 114-amino
acid polypeptide [114] secreted as a disulphide-linked homodimer. [123] Recent X-
ray crystallographic studies of resistin [124] have determined its complex hexameric
structure. Resistin was shown to circulate in two distinct assembly states; the
more predominant HMM (high-molecular-mass) hexamer and the substantially more
bioactive LMM (low-molecularmass) complex, which is unable to form intertrimer
disulphide bonds. [124] This implies that regulated processing through disulphide
cleavage is required to initiate bioactivity of the LMM form, and suggests a potential
target site for receptor interaction. [124]

The lack of homology between the human and mouse resistin genes also
suggests an interspecies divergence in function. [125] Although resistin appears
to be involved in rodent metabolism, the data in humans are less clear. Rather,
resistin may be an inflammatory marker in humans, because macrophages are
known inflammatory modulators. In support of its possible inflammatory role
in humans, recombinant resistin activates human endothelial cells, as measured
by increased expression of endothelin-1 and various adhesion molecules and
chemokines, while simultaneously increasing CD40 ligand signaling by down-
regulating tumor necrosis factor receptor-associated factor-3. [126] Moreover, we
have also recently shown that resistin promotes human coronary artery smooth
muscle cell proliferation through activation of extracellular signal-regulated kinase
1/2 (ERK) and phosphatidylinositol 3-kinase (PI3K) pathways. [127]

These findings suggest a possible mechanistic link between resistin and cardio-
vascular disease via proinflammatory pathways. Recently Burnet et al. [128] demon-
strated that resistin mRNA and protein are present in atherosclerotic lesions in the
aorta of apoE-deficient mice. In addition, they found elevated serum levels of resistin
in apoE-deficient mice compared with wild type controls, and in patients with
premature coronary artery disease compared with individuals with angiographically
normal coronary arteries.

Most subsequent studies of resistin in mouse models support the notion that
resistin is an adipokine regulator of insulin action. [129] In contrast, human studies
reflect a different picture. Human fat cells, unlike those of mice, do not produce
resistin, [130] although segments of human adipose tissue appear to support its
release. [131] Resistin is therefore not a true adipokine in man, but is derived
from as yet unidentified cells in the stromal compartment of human adipose tissue.
To examine the influence of resistin on insulin sensitivity in man, Utzschneider
et al. [132] measured plasma resistin in 177 non-diabetic individuals, and found no
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difference between those with a high or low body mass index (BMI), or high or low
insulin sensitivity. Nor did resistin levels correlate with visceral fat accumulation,
although visceral fat is a strong determinant of insulin sensitivity. In contrast, circu-
lating levels of other adipose tissue derived factors such as adiponectin, plasminogen
activator inhibitor-1 and leptin were markedly influenced by these parameters.
These results demonstrate that the level of resistin does not provide a link between
the adipocyte and insulin sensitivity in man but, as the authors point out, do not
exclude other possible roles for resistin within human adipose tissue. [132]

Many recent observations do support a role for resistin in obesity. Studies by
Lee et al. [133] using various murine models showed that obese mice had higher
circulating resistin levels than their lean counterparts. These observations coincide
with studies of rodents by Rajala and coworkers [134], showing that circulating
resistin levels were significantly elevated and concordant with increasing levels
of insulin, glucose and lipids; thus substantiating the initial evidence that linked
increasing resistin and adiposity with the aetiology of these conditions. [114]
Recently, Asensio et al. [135] determined that mice fed a high fat diet showed
heightened adipocyte differentiation denoted by induction of fatty acid binding
protein (AP-2) gene expression (a surrogate marker of differentiation) that was
positively correlated with resistin gene expression. Subsequently, in view of this
and previous studies [120, 134], it was suggested that elevated resistin expression
was a result of adipocyte differentiation. [135] Moreover, the increase in adipocyte
number may have caused a rise in local resistin production, inhibiting insulin action
on glucose uptake in adipose tissue, and thus preventing further adipocyte differ-
entiation. [135] Therefore, at least in rodents, a regulatory feedback mechanism
for resistin in adipogenesis may exist, acting as an adipose sensor for nutritional
status. In accordance with these observations, Kim et al. [136] generated transgenic
mice overexpressing a dominant inhibitory form of resistin which functioned to
reverse the inhibition of resistin-mediated adipocyte differentiation. These trans-
genic mice developed obesity, possibly owing to enhanced adipocyte differenti-
ation and adipocyte hypertrophy, as indicated by increased circulating levels of
adiponectin and leptin. [136]

In humans, serum resistin is elevated in obese subjects compared to lean
subjects [116, 137, 138], and resistin levels are positively correlated with increased
BMI (body mass index) and visceral fat area. [116, 139, 140] The implication
that resistin is important in human adipose tissue has been corroborated by studies
showing increased protein expression with obesity. [116] as well as protein secretion
from isolated adipocytes. [141] These recent observations are concomitant with
initial studies that showed increased serum resistin levels [142] and gene expression
levels in abdominal depots [115, 143] in states of increased adiposity. Additional
studies have shown significant reductions in circulating resistin levels following
moderate weight loss [144] and post-gastric bypass. [138] Collectively, these
observations suggest that resistin could be subjected to nutritional regulation in
humans.
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Contrary to the studies suggesting a role for resistin in obesity, Maebuchi
et al. [145] reported that resistin was undetectable in the serum of obese mice,
and in the same study, they observed reductions in resistin mRNA and protein
expression with obesity. Other investigators have also reported no association of
resistin expression with increased adiposity, despite observing elevated circulating
levels.[133–135] It has been suggested that resistin mRNA expression may not
necessarily correlate with protein expression. [134] Possible explanations for such
diverse observations include variability in post-transcriptional and post-translational
modifications that influence secretory rates of resistin.

Increased serum levels may enhance transcript degradation rates via negative
feedback mechanisms, or the initiation and recruitment of inhibitors of translation.
The secreted form of resistin is considered to have paracrine properties, and this
may imply that the majority of regulation occurs at the protein level. Similarly,
Rajala and co-workers [134] have suggested that binding of serum cofactors to the
resistin protein may prolong its half-life, thereby reducing clearance; this hypothesis
is supported by studies showing that protein interactions and tertiary alterations can
influence adipocytokines, such as leptin and TNF-alpha. [146–148] Indeed, these
studies demonstrate the limitations of attempting to derive all necessary information
regarding resistin and obesity from gene expression studies. Further recent human
studies have shown no correlation of serum [149] or plasma levels of resistin with
any markers of adiposity. [150] Heilbronn et al. [151] reported no relationship
between resistin serum levels and percentage body fat, visceral adiposity and BMI.
However, the authors suggested that the lack of correlation of serum resistin and
increased adiposity was partly due to the confounding variable of age, as non-obese
subjects were significantly younger than obese subjects. [151] Another study showed
similar levels of resistin expressed in gluteal femoral and subcutaneous abdominal
depots in non-diabetic subjects. [152] However, no indication of the number of
‘gluteal’ subjects compared with ‘abdominal’ subjects was given. Moreover, the
study used a high proportion of male subjects and, as previous studies had shown
resistin to exhibit sexual dimorphism,with women having approx. 20% higher levels
than men [140, 149, 150], this may explain these findings. Although a high degree
of discrepancy has emerged from publications regarding the association of resistin
with obesity in the context of mRNA and serum levels, it is worth highlighting the
importance of developing highly accurate methods of determining serum resistin
concentrations. Methodological limitations may result in variations among serum
concentrations, mRNA and protein levels, or may simply indicate that resistin does
not play a significant role in the pathophysiology of obesity mediated insulin resis-
tance. However, with reference to the use of commercially available ELISAs, both
rodent and human ELISAs have potential to cross-react with circulating RELMs.
To date, not all studies using resistin ELISAs have assessed RELM cross-reactivity
prior to analysis; therefore it may be that different ELISAs used may provide
varying serum concentrations. [153–155] Similarly, assessment of serum resistin in
rodents has proved contentious. [133, 134] Furthermore, due to recent advances in
the understanding of the tertiary and quaternary structure of resistin [124], further
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studies are required to establish whether the complex distribution of the individual
structural forms of resistin affect the validity of the currently available human and
rodent assays.

4.4. Newly Emergent Adipokines

4.4.1. Acute phase protein

More than 20 prospective epidemiologic studies demonstrate that high-sensitivity
CRP is an independent predictor of risk of myocardial infarction, stroke, peripheral
arterial disease, and sudden cardiac death, even in apparently healthy individuals.
[156] Esposito et al. [157], investigated effects of weight loss and lifestyle changes
on vascular inflammatory markers in obese women. After two years, body mass
index decreased more in the intervention group than in control subjects, as did
serum concentrations of IL-6, IL-18, and CRP, whereas adiponectin levels increased
significantly. Beneficial effects of a Mediterranean-style diet on endothelial function
and vascular inflammatory markers were documented in patients with the metabolic
syndrome. Compared with patients consuming the control diet, patients consuming
a Mediterranean-style diet had significantly reduced serum concentrations of high-
sensitivity CRP, IL-6, IL-7, and IL-18 as well as decreased insulin resistance.
[158] In addition, two recent studies demonstrate that exercise training with weight
reduction lowers CRP levels significantly. [159, 160] After supervised aerobic
exercises, both weight and CRP levels were decreased; however, changes in CRP
levels were not proportionally associated with the extent of weight reduction. In
quartile analysis of percent weight reduction, the largest weight reduction quartile
did not show significant decreases in CRP levels, whereas the middle quartiles
showed remarkable CRP decreases. Considering inflammatory status, there might
be an optimal pace of exercise combined with weight loss. [160] In another study,
CRP levels decreased significantly with training, although none of the CRP variants
were associated with training-induced CRP changes. C-reactive protein +219G/A
and −732A/G genotypes and haplotypes and exercise training appear to modulate
CRP levels; however, training-induced CRP reductions are independent of genotype
at these loci. [159]

Ouchi et al. demonstrated CRP mRNA expression in human adipose tissue by
using the quantitative real-time polymerase chain reaction method. [161] In the same
article, the authors proposed that adipose tissue is an important source of circulating
CRP. However, they made no attempt to investigate the stimuli able to induce CRP.
[161] Accordingly, we have recently investigated whether CRP is produced by cells
in adipose tissue in response to inflammatory stimuli in culture and we have demon-
strated that human adipocytes, but not preadipocytes, cultured in vitro produced CRP
following exposure to inflammatory cytokines such as IL-1beta, IL-6, TNF-alpha,
LPS, and resistin. Moreover, the response to the different molecules was additive,
peaking in adipocytes incubated with all the stimuli. Interestingly, resistin, the most
recently identified adipocytokine that is proposed as an inflammatory marker for
atherosclerosis, also induced an increase in CRP production by adipocytes. [27]
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These data confirm that the adipocyte, largely thought to be an inert storage cell
whose main function was to store excess energy in the form of triglycerides, has
a more complex role in the organism, thus suggesting a new link between obesity,
adipose tissue and vascular inflammation.

Furthermore, using the same in vitro model, we have recently demonstrated the
production of serum amyloid A (SAA), another acute phase protein, by mature
adipocytes isolated from human adipose tissue. [30] Elevated levels of SAA have
been found in subjects at risk for developing future coronary heart disease, as well
as in patients with coronary and peripheral vascular disease. [162–165]

PAI-1 is an inhibitor of plasminogen activators and fibrinolytic activity that is
thought to be synthesized mainly in endothelial cells and the liver. Random sequence
analysis demonstrated that adipose tissue expressed the PAI-1 gene, and mRNA
expression was markedly enhanced, especially in visceral adipose tissue, during the
development of obesity. [166] Plasma levels of PAI-1 are positively correlated with
the amount of visceral fat determined by computer tomography (CT) scan in human
subjects. It is well known that plasma levels of PAI-1 are elevated in subjects
with type 2 diabetes and hypertriglyceridaemia, although the precise mechanism
is unclear. Type 2 diabetes and hypertriglyceridaemia are often associated with
visceral fat accumulation, so PAI-1 produced by accumulated visceral fat may
explain the high plasma concentration of PAI-1 in these conditions. It is not yet
known why adipocytes secrete a large amount of PAI-1. Adipocytes change their
cell size dramatically in response to nutritional conditions. Plasmin may work to
destroy the basement membrane to facilitate cell expansion, and PAI-1 may control
the activity of plasminogen activators to prevent the overproduction of plasmin.

4.4.2. Other adipokines

The number and range of adipocyte secretory proteins is continuing to expand
rapidly. In the year 2005 alone, three major new adipokines were reported: apelin,
visfatin and zinc-a2-glycoprotein (ZAG), production of each of which was originally
described in other tissues. Apelin was first identified as the endogenous ligand of
the orphan G protein-coupled receptor, APJ [167], and has now been found to be
secreted from adipocytes. [168] It is synthesized as a 77 amino acid preproprotein,
which is cleaved to a 55 amino acid product and then to further products, the
biologically active form apparently being apelin-36. [167] Apelin expression and
circulating levels are increased in hyperinsulinemia associated obesities, including
in humans, and in cell culture its expression rises after adipocyte differentiation.
Production of apelin is stimulated by insulin and it is suggested that this factor is a
potential link with obesity-related changes in insulin sensitivity. [168]

A ‘new’ adipocytokine was isolated by Fukuhara et al in 2004. [169] This
adipocytokine, named ‘visfatin’, was found to be highly enriched in the visceral
adipose tissue of both humans and rodents. Visfatin was found to be identical to
the previously known pre-B cell colony enhancing factor, a cytokine expressed
by lymphocytes. Visfatin has a molecular weight of 52 kDa. The coding region
of the gene encodes for 491 amino acids. When given to mice, visfatin lowers
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blood glucose, [169] resembling the effects of insulin. In vitro, it mimics insulin
action as evidenced by phosphorylation of the insulin receptor, insulin receptor
substrates (IRS-1 and IRS-2), and the binding of Leptin, resistin and adiponectin
537 phosphatidyl-inositol-3-kinase to IRS-1 and IRS-2. In 3T3-F442A adipocytes,
visfatin leads to phosphorylation and activation of Akt and MAP kinases. Appar-
ently, visfatin is able to directly interact with the insulin receptor, although the
exact mechanisms of this interaction are not yet known. The binding equilibrium
dissociation constant of visfatin to the insulin receptor in human embryonic
kidney −293 cells (4.4 nM) is similar to that of insulin (6.1 nM). In contrast, visfatin
does not bind to the insulin-like growth factor-1 receptor. Taking all the available
data together, it seems that visfatin activates the insulin receptor signaling cascade
but in a manner distinct from insulin. [169] Such an action is not only surprising
in itself, but also in relation to the augmented expression in visceral adipose tissue
given the particular association between this fat depot and the metabolic syndrome.

Zinc-alpha-2-glycoprotein, the third novel adipokine, is a 43 000 mol. wt glyco-
protein which is synthesized by certain malignant tumors and which has been used
as a marker for cancer. The protein stimulates lipid loss in cachexia, and this occurs
through the activation of lipolysis [170, 171] via b3-adrenoceptors. [172] ZAG has
recently been shown to be directly synthesized by white (and brown) adipocytes,
there being a powerful upregulation at both the gene expression and protein levels
in mice bearing the MAC16 tumor (a model for cachexia). [173] ZAG mRNA was
increased 10-fold in the WAT of tumor bearing mice, while the level of leptin
mRNA was reduced some 30-fold. [173] In studies using human SGBS (Simpson–
Golabi–Behmel syndrome) adipocytes, ZAG has now been shown to be released
from fat cells, indicating that it is an adipokine. [174] Expression of ZAG in human
adipocytes is stimulated by the PPAR-gamma agonist rosiglitazone and suppressed
by TNF-alpha and this is similar to adiponectin. [174] It has been proposed that
ZAG may play a local role in modulating lipolysis in WAT, the selective increase
in tumor bearing animals being responsible, at least in part, for fat depletion in
cancer cachexia. [173] Intriguingly, overexpression of ZAG is also reported to lead
to an increase in adiponectin mRNA level in 3T3-L1 adipocytes, consistent with a
linkage between these two adipokines. [175]

Further study of this natural insulinmimetic should help to determine its role
in maintaining normal glucose homeostasis in humans. This in itself may boost
diabetes research and possibly offer new therapeutic options for people with
diabetes. [176]

5. FUTURE DIRECTIONS

Obesity appears to be associated with a low-grade state of inflammation, probably
as a consequence of the secretion of proinflammatory cytokines by adipocytes.
These cytokines may underlie many of the components of the insulin resistance
syndrome, as well as endothelial dysfunction and, potentially, cardiovascular risk.
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From the wide range of protein signals and factors here discussed, it is evident that
WAT is a secretory organ of considerable complexity which is highly integrated into
the general homeostatic mechanisms of mammals. [40, 118, 177, 178] A corollary
to the diversity of the adipokines is that WAT communicates extensively with other
organs and is involved in multiple metabolic systems. Co-culture studies, for example,
have indicated that adipocytes directly signal to other tissues, such as the adrenal cortex
and skeletal muscle [179, 180], and there is a critical conversation between white
adipocytes and the brain through leptin and the sympathetic system. [181] Extensive
crosstalk between preadipocytes and adipocytes is likely, and between these cells and
macrophages as part of the inflammatory response. The emergence of the adipocyte as
a key endocrine and secretory cell has been a major development, not only in the sphere
of energy balance and obesity, but more generally – with growing impact in areas such
as inflammation and aging. The adipocyte is not, however, alone in its unexpected
range of secreted factors; cells such as chondrocytes also release a wide range of protein
signals, including many again linked to inflammation. [182] Even skeletal muscle is
now recognized to release large quantities of IL-6 on exercise, raising the possibility
that there may be a family of ‘myokines’, [183, 184] paralleling the recent evolution
of the adipokines.

A question of great importance is: how can we avoid or reverse the deleterious
effects of obesity? We know about diet and exercise, and that both leptin and
adiponectin act through at least one common pathway, i.e., AMPK, as does exercise.
In recent years, new and interesting pharmacotherapuetic findings have emerged.
Members of the antidiabetic class of drugs, the thiazolidinediones (TZDs, e.g.,
rosiglitazone), activate peroxisome proliferator-activated receptor gamma (PPAR-
gamma), a nuclear transcription factor that in turn activates many genes that are
highly expressed in adipose tissue. [185] PPAR-gamma, once activated, reduces
plasma FFA and glucose concentrations and improves insulin sensitivity, producing
beneficial effects for persons with diabetes. In ob/ob mice, the TZDs inhibit leptin
gene expression. [186] TZDs have also been shown to increase adiponectin, and
decrease IL-6 and TNF-alpha. [187] Rosiglitazone treatment also has positive
effects on markers of cardiovascular disease both in vitro and in patients with type
2 diabetes mellitus. [27, 188, 189] As we have discussed, all these effects are
beneficial. Remarkably, the TZDs, have been shown to activate AMPK, similar
to the effects of exercise, leptin, and adiponectin, [190] Metformin, another drug
commonly used to treat diabetic patients also activates AMPK, although unlike the
TZDs, it does not increase adiponectin concentrations. [191] Obviously, none of
the available drugs provide a cure for diabetes and certainly not obesity. Further
therapeutic options are needed, including pharmacotherapy, nutrients, and diets that
enhance insulin action and regulate appetite. A combination of therapeutic agents
may prove to be most efficacious.

In conclusion, it is now apparent that adipocytes are not simply a storage reservoir
of fat but are active endocrine organs that play multiple roles in the body. Their
metabolic role changes as they enlarge with increasing obesity. This increased
understanding of the role of the adipocyte and its associated adipokines, such as
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leptin and adiponectin, is allowing us to dissect the all-too prevalent metabolic
syndrome and perhaps affect its course for the better. We are also beginning to
understand the interplay of inflammation and obesity, although our knowledge
remains incomplete. Finally, the intracellular mechanisms by which these factors
affect energy intake, utilization, and metabolism are being better understood, and
we are developing therapies that manipulate these pathways.
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Abstract: Cohesive scientific evidence from molecular, animal, and human investigations supports
the hypothesis that aberrant induction of COX-2 and up-regulation of the prostaglandin
cascade play a significant role in carcinogenesis, and reciprocally, blockade of the
process has strong potential for cancer prevention and therapy. Supporting evidence
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includes the following: [1] expression of constitutive COX-2-catalyzed prostaglandin
biosynthesis is induced by most cancer-causing agents including tobacco smoke and
its components (polycylic aromatic amines, heterocyclic amines, nitrosamines), essential
polyunsaturated fatty acids (unconjugated linoleic acid), mitogens, growth factors, pro-
inflammatory cytokines, microbial agents, tumor promoters, and other epigenetic factors,
[2] COX-2 expression is a characteristic feature of all premalignant neoplasms, [3] COX-2
expression is a characteristic feature of all malignant neoplasms, and expression intensifies
with stage at detection and cancer progression and metastasis, [4] all essential features
of carcinogenesis (mutagenesis, mitogenesis, angiogenesis, reduced apoptosis, metastasis,
and immunosuppression) are linked to COX-2-driven prostaglandin (PGE-2) biosynthesis,
[5] animal studies show that COX-2 up-regulation (in the absence of genetic mutations) is
sufficient to stimulate the transformation of normal cells to invasive cancer and metastatic
disease, [6] non-selective COX-2 inhibitors, such as aspirin and ibuprofen, reduce the
risk of human cancer and precancerous lesions, and [7] selective COX-2 inhibitors, such
as celecoxib, reduce the risk of human cancer and precancerous lesions at all anatomic
sites thus far investigated. Results confirming that COX-2 blockade is effective for both
cancer prevention and therapy have been tempered by observations that some COX-
2 inhibitors pose a risk to the cardiovascular system, and more studies are needed in
order to determine if certain of these drugs can be taken at dosages that prevent cancer
without increasing cardiovascular risk. It is emphasized that the “inflammogenesis model
of cancer” is not mutually exclusive and may in fact be synergistic with the accumulation
of somatic mutations in tumor suppressor genes and oncogenes or epigenetic factors in
the development of cancer

1. INTRODUCTION

Despite intensive medical and public health efforts, cancer has now surpassed
cardiovascular disease as the leading cause of death in people under age 85 in
the United States [1]. While some progress has been made, particularly in the
treatment of leukemia in children, conventional methods of surgery, chemotherapy,
and radiotherapy have not impacted greatly on the general morbidity and mortality
due to many forms of cancer in adults.

Cancerous growths result from a complex process known collectively as carcino-
genesis. In this chapter, we discuss the hypothesis that aberrant induction of COX-2
and up-regulation of the prostaglandin cascade play a significant role in carcino-
genesis, a process designated as the “inflammogenesis of cancer”. Because a variety
of genetic mutations have been identified through molecular studies of cancerous
tissues [2], the process of carcinogenesis is considered by many to result from
the accumulation of two or more somatic mutations that impact upon control of
the cell cycle or other features of neoplastic development [3]. Nevertheless, many
cancers arise without evidence of accumulating somatic mutations, and studies
of precancerous and cancerous tissues often fail to disclose either chromosomal
aberrations or mutated tumor suppressor genes and oncogenes [4]. Furthermore,
mutational events that are identified in cancerous tissues may have occurred late in
tumor development as the result of cancer development rather than the cause [5, 6].
The existing evidence is inconsistent with the hypothesis that cancer always arises
from a single “mutated” cell and progresses due to accumulation of subsequent
mutations that confer a survival advantage to cancer cells. As a consequence, novel
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models have recently been proposed postulating the presence of mutator genes that
heighten the burden of mutations influencing cell division and carcinogenesis [7],
and espousing the importance of “epigenetic factors” that deregulate the expression
of cancer genes [8, 9].

More than a century ago, Virchow [10, 11, 12] suggested that chronic inflam-
mation leads to cancer development by increasing cellular proliferation. Various
models of carcinogenesis have been proposed involving inflammatory stimuli
and mediators of wound healing [13, 14, 15]. Discovery of the inducible
cyclooxygenase-2 (COX-2) gene has rekindled interest in the causal link between
inflammation and cancer [16, 17, 18]. This chapter documents convincing evidence
that carcinogenesis often evolves as a progressive series of highly specific cellular
and molecular changes in response to induction of constitutive over-expression of
COX-2 and the prostaglandin cascade in the “inflammogenesis of cancer”.

2. EVOLUTION OF CANCER

Solid cancerous growths (tumors) often develop from cells of the epithelial lining
of solid organs, and less often from dividing cells of muscle, bone, and the central
nervous system. Hematopoietic cancers (leukemias, lymphomas) arise from lympho-
cytes, granulocytes, or other dividing cells of the blood. The evolution of cancer
is thought to be a long term process spanning many years and often decades. The
following paragraphs provide a brief description of some of the cell types that
appear during the evolution of cancer [19, 20].

2.1. Dysplasia (Premalignant Lesions)

The evolution of cancer proceeds through a continuum of steps, the first of which is
the development of dysplasia wherein normal cells undergo morphological changes
of the nucleus and cytoplasm. In dysplasia, the cell nucleus becomes prominent,
the cytoplasm appears swollen and vacuolated, and the cells exhibit increased
rates of cell division and disordered maturation. Dysplasia invariably precedes the
development of cancer, and dysplastic lesions that serve as precursors of cancer can
be detected at a number of anatomic sites. Examples of pre-malignant lesions include
actinic keratosis of the skin, leukoplakia of the oral cavity, Barrett’s esophagus,
fibrocystic disease with atypia of the breast, adenomatous polyps of the colon,
dysplasia of the prostate and intraepithelial neoplasia of the uterine cervix. Clearly,
the early detection and treatment of such lesions is an important component of
effective cancer control.

2.2. Carcinoma in situ

When cancers arise, they are at first confined to their original location and have
not broken through the basement membranes into surrounding tissues. A confined
neoplasm of the epithelial cell layer is thus called “carcinoma in situ”. Such in situ
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lesions represent a defined step in cancer evolution. They exhibit all of the features
of malignancy except invasiveness and metastasis; namely, the cells of in situ
neoplasms manifest unchecked mitosis and proliferation, maturation failure and
resistance to death, and disordered organization of the cell population. And yet, the
in situ neoplasm is theoretically curable by excision since it has not spread beyond
its original location and is in containment by the basement membrane.

2.3. Invasive Cancer

In contrast to in situ neoplasms, invasive cancers have broken through the basement
membranes to spread beyond their original location into contiguous tissues. This
is a critical step in the evolution of cancer since surgical excision may no longer
be effective as a form of cancer therapy. The breach of the basement membranes
by cancer cells requires acquisition of certain new functions, e.g., the secretion of
enzymes that degrade basement membranes.

2.4. Metastatic Cancer

Metastatic disease represents the final step in the evolution of cancer. Cancer
cells first invade contiguous tissues, and then spread through lymphatic channels
and blood vessels to other anatomic sites. Cancer causes death by metastasizing
(spreading) to vital organs such as the liver, brain, and spine. It is within these vital
organs that the cancer cells overwhelm the normal cellular constituency and produce
collapse of their life-sustaining functions. Early detection prior to the development
of invasive cancer and metastasis is therefore vitally important to the successful
treatment and survival of cancer patients. The entire process of cancer development
often goes unheeded and undetected by the human immune system; hence the term
“silent killer” has been aptly applied to describe cancer in its various forms.

3. COX-2 IN MALIGNANT AND PREMALIGNANT NEOPLASMS

Molecular studies reveal that over-expression of COX-2 is a prominent feature
of virtually every form of cancer. Furthermore, COX-2 is commonly found in
premalignant lesions, carcinoma in situ, invasive cancer, and metastatic disease.

Initially, examination of colon and breast tumors revealed high levels of COX-2
expression [21, 22, 23, 24, 25]. Subsequently, molecular biologists from multiple
independent laboratories have consistently observed COX-2 over-expression in
every type of cancer studied [17, 18]. Remarkably, high levels of COX-2 expression
are evident throughout tumorigenesis in every anatomic site that has been examined.

Figure 1. shows the mean frequency of lesions over-expressing COX-2 in the
progression of tumorigenesis for selected studies of Barrett’s esophagus [26, 27, 28],
urinary bladder cancer [29, 30, 31, 32], breast cancer [24, 33, 34, 35, 36, 37, 38],
cervical cancer [39, 40, 41, 42, 43, 44, 45], colon cancer [21, 22, 46, 47, 48, 49], lung
cancer [24, 50, 51, 52, 53, 54, 55], oral cavity cancer [56, 57, 58, 59], and prostate
cancer [60, 61, 62, 63, 64]. High levels of expression are observed in premalignant
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lesions such as atypia of the mammary gland [38], dysplasia of the uterine cervix [40],
adenomatous polyps of the colon [47], leukoplakia of the buccal mucosa [56], and the
early stages of cancer, e.g., carcinoma in situ [26, 33, 34, 35]. It has been suggested
that COX-2 may therefore be a useful biomarker of impending cancer [65].

Overexpression of COX-2 is also a prominent feature in primary cancers of the
nasopharynx [66], larynx [67], parotid gland [68], stomach [69, 70], pancreas [71],
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liver [72], ovary [73], endometrium [74], kidney [75], and skin [76, 77], as well
as malignant melanoma [78], multiple myeloma [79], brain tumors [80, 81],
retinoblastoma [82], sarcomas [83, 84], leukemias [85], and lymphomas [86, 87],
and many studies suggest that expression intensifies with stage at detection, cancer
progression and metastasis [28, 34, 40, 43, 44, 49, 52, 53, 59, 66, 69, 70, 74, 79, 81].
Furthermore, several investigators have observed that COX-2 over-expression is
sufficient to transform normal cells to malignant neoplasms in animal models of
carcinogenesis [88, 90, 91, 92]. These findings support the hypothesis that COX-2
expression is not only an early event in the genesis of cancer, but is required
throughout the entire evolutionary process of cancer development and progression.

In contrast to the up-regulation of COX-2 that is associated with the transfor-
mation of normal tissue to cancer, COX-2 is usually not detectable in normal tissues,
with the exception of the macula densa of the kidney, the brain, the testes, and
tracheal epithelium where relatively low levels of constitutive expression are present
[93, 94]. It is also noteworthy that mutations of both oncogenes and tumor suppression
genes are usually absent in premalignant lesions as well as most cancers [4, 5, 6].

4. MODEL OF INFLAMMOGENESIS OF CANCER

Various molecular mechanisms may be responsible for the initiation and promotion
of carcinogenesis by COX-2. It is indeed remarkable that the induction of consti-
tutive COX-2 expression and prostaglandin (PGE2) biosynthesis are sufficient to
stimulate all of the key features of carcinogenesis including mutagenesis, mitogenesis,
angiogenesis, metastasis, inhibition of apoptosis and immunosupression with reduced
antineoplastic activity of T and B lymphocytes. These mechanisms are thoroughly
reviewed and discussed elsewhere, e.g, by Howe et al. [95] and Shiff et al. [96].

As depicted in Figure 2, continuous over-expression of COX-2 can initiate
and promote carcinogenesis by [1] increasing production of malondialdehyde and
other reactive oxygen species that are carcinogenic (mutagenesis), [2] increasing
production of PGE-2 and other prostaglandins that strongly promote cell prolif-
eration e.g., correlative up-regulation of the gene for aromatase (CYP19) and
estrogen biosynthesis in stromal cells, or activation of epidermal growth factor
receptor (EGFR) that stimulates an intracellular cascade of mitogenic signaling
(mitogenesis), [3] stimulation of vascular endothelial growth factor (VEGF) and
platelet derived growth factor (PDGF) by PGE-2 resulting in de novo formation of
blood vessels (angiogenesis), [4] increasing production of matrix metalloproteinases
(MMP) via co-expression of COX-2 and the Her-2/Neu gene, thus enhancing
invasive potential (metastasis), [5] decreasing bioavailable arachidonic acid pools
necessary for conversion of sphingomyelin to ceramide, and stimulation of the
Bcl-2 gene and inhibition of the BAX gene thereby reducing cell differentation and
apoptosis (anti-apoptosis), and [6] inhibiting proliferation of B and T lymphocytes,
particularly natural killer T cells, thus limiting antineoplastic activity (immunosup-
pression). All of these processes are discussed in some detail below.



102 Harris

COX-2 induction & up-regulation
Tobacco, n-6 PUFA, AA, NF-KB, NF-IL6, CRE

Anti-Apoptosis
Bcl-2, PPARγ

Ceramide, Mitochondria

Angiogenesis
VEGF, PDGF

Metastasis
Her-2/Neu, MMP

Mutagenesis
MDH, ROS

Mitogenesis
PGE-2, CYP19, EGFR

Immunosuppression
T,B , NK cells

COX-2 in Carcinogenesis

4.1. Induction of COX-2

A key event in the carcinogenic process is induction of constitutive expression
of the COX-2 gene. It is striking that many important risk factors linked to
cancer causation have been found capable of inducing COX-2. Important cancer-
causing factors that are high on the list of COX-2 inducers are nicotine and
its metabolites, nitrosamines, heterocyclic amines, polycyclic aromatic hydro-
carbons, and many other inflammatory elements of tobacco smoke [91, 97,
98], certain essential fatty acids of the diet such as unconjugated linoleic
acid [99], radiation [100], ultraviolet B [76], free radicals [101], oncogenic
proteins [102], growth factors [103, 104], infectious agents such as helicobacter
pyloris [105, 106], human papilloma viruses [107], hepatitis viruses [108],
and the Epstein Barr virus [109], hypoxia [110], hormones [111], neurotransmitters
[112], shear stress [113], and endotoxins [114].

As shown by Karmali and Marsh [115], Rose and Connolly [116], and others,
arachidonic acid production, COX-2 expression, and prostaglandin biosynthesis are
increased in vivo by dietary n-6 polyunsaturated fatty acids (n-6-PUFAs) such as
unconjugated linoleic acid, and decreased by n-3-PUFAs such as linolenic acid. High
dietary intake of n-6-PUFAs may therefore be an important factor in the induction
of constitutive COX-2 expression. This mechanism is compatible with the high
rates of cancers of the colon, breast, and prostate (neoplasms that characteristically
over-express COX-2) in populations where n-6-PUFAs, particularly unconjugated
linoleic acid, are abundant in the diet [117].

Molecular studies provide convincing evidence that tobacco smoke is a potent
inducer of COX-2 in the lung and upper respiratory tract [91, 118]. It is also noteworthy
that tobacco smoke has been found to induce the over-expression of COX-2 in the
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cells at several other anatomic sites including the oral cavity, esophagus, stomach,
colon, breast, urinary bladder, skin, and bone [97, 98, 119, 120, 121, 122, 123].

Castonguay and colleagues [124, 125] demonstrated that the nicotine
metabolite, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), up-regulates
COX-2 thereby increasing the production of PGE-2 and promoting the devel-
opment of pulmonary adenocarcinomas in mice. Induction of COX-2 in this model
involves activation of epidermal growth factor receptor (EGFR), tyrosine kinase,
and the mitogen-activated protein kinase (MAPK) cascade. Schuller and colleagues
[127] found that lung cancer development in the Syrian Golden hamster involves
up-regulation of COX-2 by NNK and beta agonists through activation of beta-
adrenergic receptors. Dannenberg and colleagues [97] found that the polycyclic
aromatic hydrocarbon, benzo[a]pyrene, stimulates up-regulation of COX-2 in
association with activation of EGFR and tyrosine kinase activity in human epithelial
cells of the oral mucosa. Martey et al. [118] observed that cigarette smoke up-
regulates COX-2 in human lung fibroblasts through activation of aryl hydrocarcon
hydroxylase receptors.

Induction of constitutive COX-2 expression may also involve many other micro-
environmental stimuli such as bacterial lipopolysaccharides (LPS), tumor necrosis
factor (TNF), cytokines, growth factors, mitogens, tumor promoters, and byproducts
of protein synthesis and degradation. Since the COX-2 gene contains multiple
promoter binding sites, nuclear transcription factors such as NF��, NF-IL-6, and
signal transduction by cyclic AMP response elements (CRE) may also be important
mediators of its induction and up-regulation [95, 96]. Notably, in vitro studies
suggest that mutations at binding sites for these transcription factors in the promoter
region of the COX-2 gene effectively inhibit the induction of COX-2 transcription
and upregulation [129]. Furthermore, changes in the methylation of C-p-G islands
in the promoter region of the COX-2 gene may also play in role in its constitutive
expression [130, 131]. Thus, induction of constitutive COX-2 genetic expression
may involve synergistic interactions between a number of micro-environmental
epigenetic and genetic cofactors.

4.2. Mutagenesis

Accumulated mutagenic damage to DNA is believed to contribute substantially to
the etiology of cancer. It is well known that lipid peroxidation in the human system
generates reactive electrophilic compounds that have mutagenic potential [131].

Cyclooxygenases (COX) catalyze the two-step oxidation and peroxidation of
arachidonic acid to form the intermediate prostaglandin endoperoxides, PGG-2 and
PGH-2 [16, 95, 96, 129]. Spontaneous breakdown of PGH-2 yields the mutagen,
malondialdehyde (MDA), plus hydroxyheptadecatreionic acid, and specific enzymes
of the cytochrome P450 system as well as thromboxane synthetase can also
catalyze the breakdown of PGH-2 to MDA [132, 133]. Malondialdehyde reacts with
DNA under physiological conditions to form DNA adducts, predominantly pyrim-
idopurinone adducts of deoxyguanosine [134]. Sharma et al. [135] demonstrated
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that induction of COX-2 in human non-malignant colon epithelial cells produced
increases in PGE-2, MDA, and characteristic DNA adducts that were similar to the
levels observed in malignant colon epithelial cells. These findings underscore the
potential for carcinogenesis due to oxidative damage and mutagenesis attributable
to constitutive over-expression of COX-2.

4.3. Mitogenesis

Induction of constitutive over-expression of COX-2 in a cell predominantly increases
the biosynthesis of PGE-2, which is the chief prostaglandin of the inflammatory
cascade. This short-lived intercellular hormone is capable of inducing the transcription
of specific genes in the nucleus of nearby cells. In particular, PGE-2 has been
found to stimulate the transcription of genes that have powerful mitogenic effects.

One such mechanism is PGE-2 activation of EGFR that in turn triggers mitogenic
signaling through the MAPK cascade. Pai et al. [136] discovered that PGE-2
rapidly phosphorylates EGFR and triggers the extracellular kinase, ERK-2, thereby
activating the mitogenic signaling cascade in normal gastric epithelium and colon
cancer. Their studies indicate that PGE-2-induced EGFR transactivation involves
signal transduction via transforming growth factor alpha (TGF-alpha) and activated
MMP. Other investigators have confirmed that co-expression of COX-2, PGE-2,
and EGFR results in mitogenic activation in precancerous and cancerous tissues
[103, 104, 137, 138].

Molecular studies from multiple laboratories reveal that adenocarcinoma of the
breast is characterized by aberrant over-expression of COX-2 by breast cancer
epithelial cells [24, 33–38]. The COX-2 enzyme efficiently catalyzes the conversion
of essential dietary fats (principally arachidonic acid and unconjugated linoleic
acid) into prostaglandins. Importantly, it has recently been discovered that there
is a strong link between prostaglandins and estrogen biosynthesis. This occurs
when the chief prostaglandin, PGE-2, activates the promoter II region of the
aromatase gene (CYP-19), which is responsible for estrogen biosynthesis catalyzed
by aromatase [139]. Furthermore, combined molecular studies of these genes reveal
a significant correlation between up-regulation of cyclooxygenase expression and
CYP-19 transcription in breast cancer tissues [140, 141]. Notably, this mechanism
has been demonstrated in other malignant neoplasms including cancers of the
lung [142], colon [143], and prostate [144] and may in fact be a ubiquitous
feature in cancer promotion and development. Clearly, the established molecular
link between heightened levels of essential polyunsaturated fatty acids, cyclooxy-
genase, prostaglandins, aromatase, and estrogens, provides a basis for carcinogenesis
through unbridled mitogenesis.

Molecular examination of colon cancer reveals accumulation of the cell adhesion
molecule, beta-catenin, in the nucleus of malignant cells [92, 145, 146]. Cell
adhesion is under the control of the gene for adenomatous polyposis coli (APC)
and involves maintenance of the integrity of a molecular cell adhesion complex
comprised of beta-catenin, APC protein, T-cell factor (TcF) and actin [147]. Familial
adenomatous polyposis (FAP) is caused by a mutation of the APC gene that
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causes dissociation of these cell adhesion complexes and the migration of beta-
catenin to the cell nucleus where it activates one of the peroxisome proliferator-
activated receptors (PPAR gamma) on the nuclear membrane. Castellone et al.
[148] conducted a series of experiments demonstrating that inhibition of PGE-2
biosynthesis by NSAIDs effectively reduces the accumulation of beta-catenin and
the progression of colon cancer. Based on their results, over-expression of COX-2
with increased PGE-2 biosynthesis and binding to its receptor in turn activates
a cytoplasmic G-protein receptor that binds axin thereby reducing phosphory-
lation of beta-catenin. This chain of molecular events leads to dissociation of
the adhesion complex, accumulation of unphosphorylated beta-catenin in the cell
nucleus, activation of the nuclear receptor, PPAR-gamma, and stimulation of cell
proliferation through transcription of cell cyclin genes. Recent molecular studies
suggest that this mechanism is not limited to the colon; that is, induction of
cyclooxygenase and increased prostaglandins (PGE-2) can result in cellular beta-
catenin accumulation, nuclear PPAR-gamma activation, and subsequent cell prolif-
eration and carcinogenesis in a variety of tissues [149].

4.4. Angiogenesis

Vascular Epidermal Growth Factor (VEGF) is a potent stimulant of de novo blood
vessel formation (angiogenesis) in a variety of tissues. Once believed present only
in the endothelial lining of blood vessels, VEGF has now been discovered in
virtually all types of cancers [150]. Gallo et al. [151] and subsequently several
other investigators [17, 65, 93, 117, 150] have linked the expression of COX-2 to
increased levels of VEGF and angiogenesis in the promotion of tumor growth and
development. Results suggest that COX-2-derived prostaglandins such as PGE-2
up-regulate the synthesis of VEGF and delimit its effects by increasing vascular
permeability. Furthermore, VEGF (and other growth factors) may further amplify
COX-2 expression in a positive feedback loop. Notably, inhibition of this vicious
cycle by COX-2 inhibiting agents such as celecoxib has been found to limit
angiogenesis and halt the progression and metastatic spread of tumors in animals
[17, 150, 151, 152, 153].

4.5. Metastasis

The HER-2/neu oncogene is a member of the epidermal growth factor receptor (EGFR)
family. It is an important mediator of cancer cell growth and metastasis. Koki et al.
[17] and Subbaramaiah et al. [154] demonstrated that COX-2 and HER-2/neu are
co-expressed in breast cancer. Co-expression of COX-2 and Her-2/neu involves the
mitogen-activated protein kinase (MAPK/AP-1) signaling cascade. When the HER-
2/neu receptor protein is activated, multiple other factors are activated that promote
tumor development and metastatic spread of cancer cells including VEGF (angio-
genesis) and matrix metalloproteinases (degradation of cell membranes) [17]. Over-
expression of HER-2/neu is now widely used by clinicians as a biomarker of poor
prognosis and metastasis for patients with invasive breast cancer [155].
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Induction and up-regulation of COX-2 in cancer tissue is tightly correlated with
increased activity of matrix metalloproteinases (MMP) [156, 157, 158, 159]. These
enzymes degrade cell membranes and basement membrane and are thus associated
with tumor invasiveness, metastasis, and poor survival. Reciprocally, NSAIDs that
inhibit COX-2 have been demonstrated to reduce MMP levels thereby decreasing
the metastasis of colon cancer in animals [160, 161, 162].

4.6. Suppression of Apoptosis

Apoptosis or controlled cell death is an important regulatory mechanism for the
maintenance of homeostasis in cell populations. Dysfunctional apoptosis results
in immortalization of cells, a key feature of cancer cells. Inflammation, COX-2
over-expression, and increased PGE-2 are clearly anti-apoptotic, whereas, anti-
inflammatory compounds that inhibit COX-2 are pro-apoptotic [95, 163, 164, 165,
166, 167, 168, 169].

Apoptosis is regulated by an intrinsic pathway that originates inside the cell and
an extrinsic pathway that originates outside the cell. Notably, both pathways are
inhibited by COX-2 over-expression. The intrinsic pathway involves mitochondrial
release of cytochrome c and activation of caspase 9 and other enzymes that destroy
the cell. Intrinsic apoptosis is triggered when the expression of two nuclear genes,
Bcl-2 and BAX, favors BAX. Notably, COX-2 over-expression and prostaglandin
biosynthesis promotes Bcl-2 and inhibits BAX, thereby blocking intrinsic apoptosis
[95, 163, 164, 165, 166].

The extrinsic pathway involves activation of death receptors on the cell membrane
by tumor necrosis factors, alpha and beta, and other epigenetic factors. This results
in activation of caspase 8 and other enzymes that destroy the cell. Over-expression of
COX-2 attenuates activation of this mechanism thereby blocking extrinsic apoptosis
[95, 167, 168, 169, 170].

Compounds that inhibit COX-2 and PGE-2 appear to enhance both intrinsic
and extrinsic apoptosis [163], and as a consequence, COX-2 inhibitors used in
combination with radiation show beneficial synergism in the elimination of cancer
cells in inoperable solid tumors [100, 165]. Nonsteroidal anti-inflammatory drugs
also increase apoptosis by increasing bioavailable arachidonic acid pools necessary
for conversion of sphingomyelin to ceramide since ceramide accumulation in the
cell triggers apoptosis [92, 171, 172].

4.7. Immunosuppression

Immunosuppression is a characteristic feature of cancer patients that correlates
with disease promotion and progression. It is an interesting paradox that COX-2
overexpression and prostaglandin biosynthesis empowers cancer cell proliferation,
immortalization, and metastasis on the one hand, while suppressing the function of
important cells of the immune system on the other, thereby creating an immuno-
suppressed host with little ability to mount an immune defense against a developing
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tumor. Indeed, the induction of T cell anergy is an early event in the course of
tumor progression [173].

Prostaglandins, particularly PGE-2, are important modulators of immunosup-
pression. Pockaj et al. [174] found that increased levels of PGE-2 suppress
the immunocompetence of helper T-cells and dendritic cells in newly diagnosed
breast cancer patients. Specifically, elevated levels of PGE-2 were associated
with reduced secretion of anti-tumor factors by T-cells (interferon-gamma, tumor
necrosis factor-alpha, and interleukins IL-2 and IL-12) and loss of immunocom-
petence in dendritic cells (reduced secretion of stimulatory molecules, loss of
antigen-sensitizing function, reduced phagocytic activity, and lack of maturation
potential). Defective T-cell and dendritic cell function due to COX-2 driven
PGE-2 biosynthesis is therefore an important mechanism by which tumors evade
immunosurveillance.

5. COX-2 BLOCKADE IN CANCER PREVENTION AND THERAPY

The molecular evidence suggests that aberrant induction and upregulation of COX-2
and the prostaglandin cascade play a significant role in carcinogenesis. But if
inflammogenesis of cancer is to be upheld as a viable model, then the reciprocal
relationship must also be true, vis a vis., blockade of COX-2 should have significant
inhibitory impact against carcinogenesis at multiple anatomic sites. Below, we
consider the evidence from animal and human investigations.

5.1. Animal Studies

In the past quarter century, scores of independent investigations employing animal
models of carcinogenesis have generated compelling evidence that NSAIDs have
significant and consistent effects against cancer development at several anatomic
sites. Early investigations in the 1980’s by Pollard et al. [175, 176] and Reddy et al.
[177, 178] showed that administration of indomethacin and piroxicam significantly
inhibited colon carcinogenesis. Karmali et al. [179] discovered similar effects of
NSAIDs against breast cancer, and also elucidated differential effects of essential
dietary fatty acids in prostaglandin (PG) biosynthesis and tumor promotion. Her
studies showed that dietary supplementation with the n-6 fatty acid, linoleic acid,
promoted tumor growth and development via enhanced arachidonic acid metabolism
and elevated levels of PG activity, whereas the n-3 essential fatty acid, linolenic
acid, had the opposite effect. Subsequent investigations have confirmed these early
findings not only for colon and breast cancer, but also for lung cancer [180],
prostate cancer [181], and a variety of other tumors that have been investigated
in animal models [182]. In these studies of chemically induced tumors, supple-
mental administration of general NSAIDs such as aspirin, ibuprofen, piroxicam,
sulindac, and others, in the diet or drinking water consistently reduced the growth
and development of malignant neoplasms by 25 to 75%. It is important to note that
recent preclinical studies have demonstrated even stronger antineoplastic effects of
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selective COX-2 inhibitors such as celecoxib, rofecoxib, valdecoxib, and nimesulide
against colon cancer [89, 183] and breast cancer [90, 184], as well as other malig-
nancies. Animal models of carcinogenesis therefore provide compelling evidence
that NSAIDs inhibit tumor growth and development. Preclinical investigations
provide consistent evidence that both selective and non-selective NSAIDs effec-
tively inhibit chemically induced carcinogenesis of epithelial tumors.

5.2. Human Studies of Non-Selective COX-2 Inhibitors

Recently, we comprehensively reviewed the published scientific literature on non-
steroidal anti-inflammatory drugs (NSAIDs) and cancer and evaluated results based
upon epidemiologic criteria of judgment: consistency of results, strength of associ-
ation, dose response, molecular specificity, and biological plausibility [185]. At the
time of publication, sufficient data from 91 epidemiologic studies were available
to examine the association of relative risk and NSAID intake for ten human
malignancies.

In Figure 3, results have been updated to summarize the findings of 104 publi-
cations on NSAIDs and cancer [186–290]. Results show decreases in cancer risk
ranging from 25 -75% with intake of NSAIDs (primarily aspirin or ibuprofen).
Significant risk reductions were observed for each of the four major types of cancer:
colon, breast, lung, and prostate cancer. Daily intake of NSAIDs (325 mg aspirin
or 200 mg ibuprofen) produced risk reductions of 63% for colon cancer, 39% for
breast cancer, 36% for lung cancer, and 39% for prostate cancer. Significant risk
reductions were also observed for esophageal cancer (73%), stomach cancer (62%),
and ovarian cancer (47%). NSAID effects became apparent after five or more years
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of use and were stronger with longer duration. Observed protective effects were
also consistently stronger for gastrointestinal malignancies (esophagus, stomach,
and colon). Though the estimates for pancreatic cancer, urinary bladder cancer, and
renal cancer showed heterogeneity among studies, the combined results for each of
these malignancies also suggested a downward trend in the risk. Initial epidemio-
logic studies of malignant melanoma, Hodgkin’s disease, and adult leukemia also
found that NSAIDs were protective.

Our review of the epidemiologic literature therefore provides compelling evidence
that regular intake of NSAIDs that non-selectively block cyclooxygenase-2 (COX-2)
protects against the development of many types of cancer. When results are
combined according to the relative incidence of these malignancies, it is estimated
that regular NSAID intake is associated with a 36% reduction in overall cancer
risk. This estimate is in close agreement with the findings of Gonzalez-Perez, et al.
[291] who reported a 33% reduction in overall cancer risk with NSAID use.

5.3. Human Studies of Selective COX-2 Inhibitors

Epidemiologic studies of sporadic adenomatous polyps have consistently observed
that intake of aspirin, ibuprofen, or other NSAIDs reduces the risk of polyp
development [294, 295, 296, 297, 298, 299]. Subsequently, clinical studies confirmed
that regular and continuing intake of an NSAID (aspirin, ibuprofen, piroxicam,
sulindac) suppresses the formation of adenomatous polyps [300] and causes
regression of existing polyps in patients with Familial Adenomatous Polyposis
[301, 302, 303]. These studies which are thoroughly reviewed elsewhere [206,
304, 305] provide convincing evidence that sustained intake of compounds with
COX-2 blocking activity not only inhibit the development of colon cancer
per se, but also interrupt the evolution of preneoplastic lesions of the colonic mucosa.

Based upon results of the early studies, a number of clinical trials have been
initiated to examine the effects of selective COX-2 inhibitors such as celecoxib
(Celebrex) and rofecoxib (Vioxx) in preventing the development of precancerous
lesions at various anatomic sites. Trial results reflect antineoplastic effects of these
compounds: e.g., daily doses of selective COX-2 inhibitors effectively reduced the
development of precancerous polyps of the colon [306, 307, 308], leukoplakia in the
oral cavity [309], and dysplasia in Barett’s esophagus [310]. But these encouraging
results are tempered by concerns about cardiovascular risk associated with taking
compounds that inhibit COX-2 [185, 311]. Before recommendations can be made,
more studies are needed to determine if certain COX-2 inhibiting drugs can be
taken at dosages that prevent cancer without increasing the risk of heart conditions.

Based on the epidemiologic evidence that nonselective NSAIDs reduce human
cancer risk, we recently initiated case control studies of selective COX-2 inhibitors
to assess their effects on the relative risk of breast cancer, prostate cancer, colon
cancer, and lung cancer. In brief, we observed a significant risk reduction for each
type of malignancy associated with daily use of a COX-2 inhibitor (celecoxib or
rofecoxib) during the relatively short window of exposure between 1999–2005.
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Regular intake of a COX-2 inhibitor produced a 79% risk reduction in breast cancer
[312], and a 70% composite risk reduction across all four malignancies. Detailed
results of these studies are given in chapter 9 of this book.

6. SUMMARY AND CONCLUSIONS

Cohesive scientific evidence from molecular, animal, and human investigations
supports the hypothesis that aberrant induction of COX-2 and up-regulation of the
prostaglandin cascade play a significant role in carcinogenesis, and reciprocally,
blockade of the process has strong potential for cancer prevention and therapy.
A summary of the evidence supporting the “inflammogenesis of cancer” is given
below.
1. Expression of constitutive COX-2-catalyzed prostaglandin biosynthesis is

induced by a plethora of cancer-causing agents including tobacco smoke and its
components (e.g., polycylic aromatic amines, heterocyclic amines, nitrosamines),
essential polyunsaturated fatty acids (e.g., unconjugated linoleic acid), mitogens,
growth factors, pro-inflammatory cytokines, microbial agents, tumor promoters,
and other epigenetic factors.

2. COX-2 expression is a characteristic feature of all premalignant neoplasms.
3. COX-2 expression is a characteristic feature of all malignant neoplasms, and

expression tends to intensify with stage at detection and cancer progression and
metastasis.

4. All essential features of carcinogenesis (mutagenesis, mitogenesis, angiogenesis,
reduced apoptosis, metastasis, and immunosuppression) are linked to COX-2-
driven prostaglandin (PGE-2) biosynthesis.

5. Animal studies show that COX-2 upregulation (in the absence of genetic
mutations) is sufficient to stimulate the transformation of normal cells to invasive
cancer and metastatic disease.

6. Non-selective COX-2 inhibitors, such as aspirin and ibuprofen, used on a regular
basis reduce the risk of human cancer and precancerous lesions at all anatomic
sites thus far investigated.

7. Selective COX-2 inhibitors, such as celecoxib, used on a regular basis reduce
the risk of human cancer and precancerous lesions at all anatomic sites thus far
investigated.

Results confirming that COX-2 blockade is effective for both cancer prevention
and therapy have been tempered by recent observations that some COX-2 inhibitors
may pose a risk to the cardiovascular system due to the imbalance created in
prostaglandin biosynthesis. More studies are needed in order to determine if certain
COX-2 inhibiting drugs can be taken at dosages that prevent cancer without
increasing the risk of cardiovascular conditions. It should be emphasized that the
“inflammogenesis model of cancer” is not mutually exclusive. Indeed, mutagenesis
may in fact be an early consequence of the inflammatory process, and accumulation
of cancer-causing mutations may be synergistic with inflammatory mediators in the
evolution of cancer.
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Abstract: In the last decade, the potential role of cyclooxygenase-2 (COX-2) and prostaglandins
(PGs) in brain diseases has been extensively studied. COX-2 over-expression has been
associated with neurotoxiticy in acute conditions, such as hypoxia/ischemia and seizures,
as well as in inflammatory chronic diseases, including Creutzfeldt-Jakob disease (CJD)
and Alzheimer’s disease (AD). However, the role played by COX-2 in neurodegenerative
diseases is still controversial and further clinical and experimental studies are warranted.
In addition, the emerging role of COX-2 in behavioural and cognitive functions strongly
indicates that studies aimed at improving our knowledge of the physiological role of
COX-2 in the central nervous system are crucial to fully understand the pros and cons of
its manipulation in disabling neurological diseases

1. INTRODUCTION

Since its discovery in the early 1990s, COX-2 has emerged as a major factor in
inflammatory reactions in peripheral tissues (Hinz and Brune, 2002). By extension,
COX-2 expression in brain has been associated with pro-inflammatory activities,
which are thought to be instrumental in the neurodegenerative processes occurring
in acute and chronic diseases. However, there are some major issues that have to
be considered when approaching the complexity of COX-2 in brain diseases.
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First, in the central nervous system, COX-2 is expressed under physiological
conditions and contributes to fundamental behavioral and cognitive functions.
Second, inflammation is more tightly regulated in the brain than in peripheral tissues.
In many cases, brain inflammation is a local process that is triggered and sustained
by resident cells in the absence of overt leukocyte infiltration from the blood
stream. Among the resident cellular elements, microglial cells, the macrophages of
brain parenchyma, are of primary importance in regulating inflammation. In normal
conditions, microglia exhibit a down-regulated or quiescent phenotype, but they
react to subtle microenvironment alterations by changing morphology and acquiring
an array of functions typical of activated macrophages such as phagocytosis and
secretion of inflammatory mediators (Minghetti and Levi, 1998; Streit, 2002). In
addition to microglia, reactive astrocytes contribute to the inflammatory process by
limiting the area of lesions and releasing local mediators.

Like inflammation in peripheral organs and tissues, “neuroinflammation” is a
two-edged sword, being a self-defensive reaction aimed at eliminating injurious
stimuli and restoring tissue integrity, but contributing to tissue damage when
exceeding critical thresholds. Inflammation is a complex process that requires a
tight regulation. Excess as well as deficiency of response will result in pathological
conditions such as chronic inflammation or uncontrolled infection, respectively.
Regardless of the nature of primary pathogenetic events, inflammation per se is
one of the main therapeutic targets and often the best choice to treat diseases. This
explains why anti-inflammatory drugs account for the largest number of prescrip-
tions in developed countries.

Over the last few decades, there has been increasing interest in research on
neurodegenerative diseases (Forman et al., 2004). Although the primary causes of
neurodegenerative diseases are varied, neuroinflammation and microglial activation
are common features in most of these diseases and the use of anti-inflammatory
strategies to prevent neurodegeneration has been intensively investigated and recom-
mended as a promising approach.

From this perspective, COX-1 and COX-2 have received intensive attention and
COX inhibition is currently believed to be neuroprotective in different settings of
neurotoxicity and neurodegeneration. COX-2 inhibitors have been found neuropro-
tective in several models of ischemia, as well as in in vitro and in vivo models
of amyotrophic lateral sclerosis, Parkinson’s disease, and Alzheimer’s disease
(Minghetti, 2004). However, in several of these models, the mechanisms of neuro-
protection mediated by COX-2 inhibitors are not fully elucidated or not clearly
related to the abrogation of COX-2 activity. Furthermore, in spite of the classical
pro-inflammatory activities attributed to COX-2, in vitro and in vivo evidence
supports anti-inflammatory and protective functions. During systemic infection,
suppression of COX activity by non selective or COX-2-selective inhibitors
enhances the transcriptional activation of pro-inflammatory genes in vascular-
associated cells of the brain and in microglial cells (Blais et al., 2002; Blais et al.,
2005). This paradoxical pro-inflammatory effect of COX-2 inhibition is explained
by the crucial role of COX-2-derived PGE2 in increasing the levels of glucocorti-
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coids during systemic inflammation. Glucocorticoids are potent anti-inflammatory
molecules, which mediate the physiological feed-back regulation of innate immunity
by the hypothalamic-pituitary-adrenal axis (Simard and Rivest, 2006; Sternberg,
2006). Brain PGE2 may also exert local anti-inflammatory activities by limiting
microglia activation thus contributing to restore tissue homeostasis (Levi et al.,
1998; Zhang and Rivest, 2001).

While an excessive inflammatory reaction clearly contributes to brain damage,
increasing evidence suggests that a controlled inflammatory response is instrumental
for the resolution of pathological events in order to preserve or restore proper
neuronal function. The same concept, if applied to COX-2 activity, could help
explain the apparent conflicting results reported in the literature on the role of
COX-2 in brain physiology and pathology.

This chapter will review some of the recent data in this area, focusing on the
emerging role of COX-2 in normal brain functions as well as in some major human
neurological diseases, such as Creutzfeldt-Jakob disease and Alzheimer’s disease.
Other important brain diseases will be discussed in other chapters of this book.

2. COX ISOFORMS IN THE BRAIN

The CNS represents an interesting exception to the general rule that describes
COX-1 as the only COX isoform constitutively expressed. Indeed, in mammalian
brain, both COX-1 and COX-2 are expressed in specific neuronal populations under
normal physiological conditions (Yamagata et al., 1993; Breder et al., 1995; O’Neill
and Ford-Hutchinson, 1993; Yasojima et al., 1999). In rat brain, COX-2 mRNA and
immunoreactivity are found in dentate gyrus granule cells, pyramidal cell neurons
in the hippocampus, the piriform cortex, superficial cell layers of neocortex, the
amygdala, and at low levels in the striatum, thalamus and hypothalamus. In other
regions, such as midbrain, pons and medulla, COX-1 immunoreactivity prevails
(Yamagata et al., 1993; Breder et al., 1995). Similar patterns have been described
for COX-1 and COX-2 mRNAs in human brain (O’Neill and Ford-Hutchinson,
1993; Yasojima et al., 1999).

In addition, a third variant named COX-3 has been identified from canine
and human cerebral cortex cDNAs (Chandrasekharan eta al., 2002). COX-3 is a
product of the COX-1 gene retaining intron 1 in its mRNA. The expression of
COX-3 appears tissue-specific, with the highest expression in the brain followed
by the heart. Within the brain, the highest levels are in the cerebral cortex,
where the expression of COX-3 accounts for ∼ 5% of COX-1. As its counterpart
COX-1, COX-3 is not induced by acute inflammatory stimulation (Shaftel et al.,
2003). COX-3 exhibits glycosylation-dependent enzymatic activity and is especially
sensitive to the inhibitory activity of paracetamol (acetaminophen). Thus, it has
been proposed that COX-3 could represent the brain specific COX isoform hypoth-
esized a few decades ago to explain the potent analgesic and antipyretic actions
of paracetamol, in spite of its poor inhibitory activity on purified preparations of
COX-1 and COX-2 at therapeutic concentrations (Botting, 2000). At present, this
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hypothesis is not supported by solid experimental evidence and the functional role
of COX-3 in human brain remains uncertain (Kis et al, 2005; Quin et al., 2005).

The relative contribution of COX-1 and COX-2 activity to brain pathology and
physiology is another open question that deserves some attention. It has been
pointed out that COX-1 activity in brain diseases has been overlooked. This claim
is supported, among other findings, by the observations that COX-1 plays a role in
inflammation and that preferential COX-1 inhibitors are beneficial in Alzheimer’s
disease and in some models of this disease (Schwab and Schluesener, 2003). On the
other side, mandatory evidence suggests that COX-2 plays a special role in normal
neuronal function and in neurotoxiticy (Graham and Hickey, 2003). Recent in vivo
studies using isoform-selective inhibitors have shown that both isoforms contribute
to the brain levels of PGs triggered by excitotoxic events, although COX-2 is the
prominent isoform (Candelario-Jalil et al., 2003; Pepicelli et al. 2005). Although the
debate will be solved only by further studies, increasing evidence indicates that the
popular paradigm by which COX-1 serves physiological functions and COX-2 is
responsible for “pathological” PGs, is an over generalized and misleading concept
(Parente and Perretti 2003).

3. COX-2 IN BRAIN FUNCTIONS

In normal brain, neuronal COX-2 expression is exclusively localized to excitatory
glutamatergic neurons and is dependent on normal synaptic activity (Kaufmann
et al., 1996). Thus, rather than constitutive, the physiological expression of COX-2
in neurons should most properly be regarded as dynamically regulated and sustained
by normal synaptic activity.

The dependence of COX-2 expression on natural excitatory synaptic activity is
consistent with the presence of COX-2 immunoreactivity in distal dendrites and
dendritic spines, which are involved in synaptic signaling, and with the hetero-
geneous distribution within a specific neuronal population, which is similar to
that described for other immediate early genes activated by excitatory stimulation
(Kaufmann et al., 1997a).

Neuronal COX-2 expression appears to be developmentally regulated. In rat
brain, neuronal COX-2 mRNA and protein are detectable after the first postnatal
week, reach a peak of expression during the third and the fourth week, and
decrease to adult levels by 2 months. COX-2 immunoreactivity is first detected
in the cell body, and by the third postnatal week it begins to appear in dendrites.
At adulthood, COX-2 is localized to the most distal dendrites and spines. The
comparison of COX-2 expression with markers of dendritic maturation in rat
neocortex suggests that the post-synaptic localization of COX-2 is related to the
final activity-dependent processes during dendritic development (Kaufmann et al.,
1996). In the neocortex, COX-2 positive neurons show a typical laminar distribution
that is heavily disrupted in subjects affected by Rett’ syndrome, a neurodevelop-
mental disorder characterized by a defective development of cortical neurons and
abnormalities of dendritric branching (Kaufmann et al., 1997b). In rats subjected
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to selective destruction of basal forebrain cholinergic neurons during the fist post-
natal week, the hippocampal levels of COX-2 mRNA are decreased at adulthood,
whereas the COX-1 mRNA levels are unaffected. From a behavioral point of
view, these animals show impairment in social memory, suggesting that the early
loss of hippocampal cholinergic input may impact on the expression of COX-2 in
hippocampal neurons and on the functional role of PGs in synaptic activity (Ricceri
et al., 2004).

Several studies have investigated the effect of COX inhibition on behavioral and
cognitive functions. Systemic administration or hippocampal infusion of COX-2
selective inhibitors shortly after training in the Morris water maze, a hippocampal
dependent learning task, have been shown to impair spatial memory in rats (Teather
et al., 2002; Sharifzadeh et al., 2005). In addition, pre-training infusion of the COX-2
selective inhibitor celecoxib in the hippocampus of adult rats impaired acquisition
of the Morris water maze, suggesting that in rats COX-2 activity in the hippocampus
is necessary for both memory and learning of a spatial task (Rall et al., 2003).
Similarly, intracerebral injection of COX inhibitors in chicks attenuated memory of
a passive avoidance response (Holscher, 1995). In a recent study, Sharifzadeh et al.,
(2006) have shown that the impairment of spatial memory retention by hippocampal
infusion of celecoxib is transient, with maximal effect at 72h after infusion and
with a concomitant reduction of COX-2 immunoreactive neurons.

Peripheral administration of the COX-2 selective inhibitor, parecoxib, decreased
the firing rate and burst firing activity of dopamine neurons in the ventral tegmental
area, involved in the control of motivational processes and control of emotions, such
as reward and reinforcement (Schwieler et al., 2006). This action was attributed
to a decrease in brain concentration of kynurenic acid, an endogenous glutamate
receptor antagonist with a preferential action on the glycine site of the NMDA
glutamate receptor. The opposite effect on both kynurenic acid level and dopamine
neuron firing rate was observed after administration of the non selective COX
inhibitor indomethacin.

In line with experiments indicating the involvement of COX-2 in spatial learning
and memory, systemic administration of ibuprofen, a non-selective COX inhibitor,
caused deficits in spatial learning in the water maze and in the induction of long-
term potentiation (LTP), a major model of synaptic plasticity. Ibuprofen did not
affect non-hippocampal tasks or baseline synaptic transmission, but it abolished the
increase in PGE2 and brain derived growth factor (BDNF) levels following LTP
and spatial learning (Shaw et al., 2003).

Several lines of evidence converge on attributing to PGE2 a prominent role
in the COX-2 dependent brain functions. PGE2 is preferentially formed by the
enzymatic activity of COX-2 rather than COX-1, as suggested by observations
of COX-1 and COX-2 knock out mice (Bosetti et al., 2004). The functional
coupling of COX-2 and PGE synthase (PGES), the enzyme converting the inter-
mediated product PGH2 into PGE2, is further supported by their intracellular
colocalization (Vazquez-Tello et al., 2004) and their co-induction in endothelial
and perivascular macrophages upon systemic inflammatory stimulation (Ek et al.,
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2001; Blais et al., 2005). PGES exists in three distinct forms, a cytosolic PGES
and two microsomal forms (mPGES-1 and mPGES-2). Of these forms, mPGES-1
is functionally coupled with COX-2 and is essential for PGE2 synthesis during
inflammation.

Bazan and co-workers have shown that exogenous application of PGE2, but not
PGD2 or PGF2�, reversed the suppression of LTP induced by COX-2-inhibition in
hippocampal dentate granule neurons in vitro (Chen et al., 2002). More recently,
they have demonstrated the post-synaptic localization of both COX-2 and mPGES-1
and the presence of pre-synaptic PGE2 receptor EP2 in dendritic spines in the
hippocampus and provided evidence for a role of PGE2 as a retrograde messenger
(Sang et al., 2005).

Other mechanisms by which PGE2 could indirectly contribute to synaptic
plasticity include modulation of adrenergic, noradrenegic and glutamatergic neuro-
transmission and regulation of membrane excitability (Bazan, 2003 and references
therein). Moreover, COX-2-derived PGs are involved in the coupling of synaptic
plasticity with cerebral blood flow, as suggested by attenuation of the increase in
neocortical blood flow in response to vibrissal stimulation by the COX-2 selective
inhibitor NS 398 (Niwa et al., 2000).

4. COX-2 IN CHRONIC DEGENERATIVE DISEASES

4.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly
and one of the best characterized chronic neurodegenerative disorders. The main
neuropathological feature of the disease is the formation of extracellular amyloid
plaques and intracellular neurofibrillary tangles. The involvement of inflammatory
mechanisms in the loss of neurons in AD is supported by several lines of evidence,
including the finding of activated microglia around amyloid plaques and increased
levels of inflammatory mediators including cytokines, chemokines and elements of
complement system in AD brains as well as in animal models of the human disease
(McGeer and McGeer, 2001).

The use of anti-inflammatory drugs to treat AD was proposed in the early
1990s (McGeer and Rogers, 1992). Since then, a multitude of studies have been
undertaken to test this theory. Retrospective epidemiological studies have reported
an association between long-term NSAID use and reduced risk of AD, although
not every investigation has found the same protective effect (in t’ Veld et al., 2001;
Aisen, 2002).

The beneficial effect of NSAIDs led the way to the hypothesis that COX
activity, and in particular that of the inducible isoform COX-2, is involved in
the cascade of events leading to neurodegeneration in AD. Several studies have
analyzed COX-1 and COX-2 expression in animal models and post mortem AD
brain tissues and have provided a substantial but still controversial body of
evidence.
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The levels of COX-1 mRNA and protein were found not significantly altered
in AD brains (Yasojima et al., 1999; Yermakova et al., 1999). COX-1 immuno-
reactivity is mainly localized to microglial cells associated with A�-deposits,
regardless of their ramified or activated morphology (Yermakova et al., 1999). By
contrast, COX-2 mRNA levels in AD brains were reported as either decreased
or increased (Yasojima et al., 1999; Chang et al., 1996), possibly because of the
short half-life of COX-2 transcripts or individual variability of inflammatory-related
processes (Lukiw and Bazan, 1997). Similarly, analyses of post-mortem specimens
have produced apparently conflicting results. Several studies reported increased
neuronal COX-2 immunoreactivity compared to control brain tissues (Yasojima
et al., 1999; Pasinetti and Aisen, 1998). In other studies, in which COX-2 expression
was related to specific hallmarks of the disease, such as clinical dementia rating and
Braak stage of disease, the number of COX-2 positive neurons decreased with the
severity of dementia. In end stage AD, COX-2 positive neurons were significantly
fewer than in non-demented controls (Yermakova et al., 2001, Hoozemans et al.,
2002). In more recent studies (Hoozemans et al., 2004; 2005), the number of neurons
expressing COX-2 negatively correlated with the Braak score for A�-deposits and
the highest levels of neuronal COX-2 was observed in the first stages of AD
pathology, prior to maximal glial activation.

Neuronal COX-2 expression has been reported to correlate with cell cycle
regulators involved in controlling the G0/G1 phase, such as cyclin D1 and E and the
retinoblastoma protein (Hoozemans et al., 2004; 2005). Cell cycle control disruption
has been proposed as a primary mechanism by which post-mitotic neurons undergo
apoptotic death in AD (Nagy et al., 1998; Webber et al., 2005) and some evidence
indicates that COX-2 might regulate cell cycle progression (Hoozemans et al., 2004
and references therein). It is therefore possible that COX-2 is involved in early
steps leading to neurodegeneration, but the functional link between COX-2 and cell
cycle alteration remains elusive.

The dependence of COX-2 expression on disease stage may explain the contro-
versial findings reported in the literature, recently reviewed by Firuzi and Praticò,
(2006). Moreover, analyses of post mortem tissues may be affected by several biases
due to the occurrence of terminal systemic infections, variable post mortem delay
times, and manipulation of dissected tissues. Ex vivo cerebrospinal fluid (CSF)
studies may avoid some of these confounding factors.

In an early study, Montine et al. (1999) reported elevated CSF PGE2 levels in
patients with probable AD. More recently, we performed a longitudinal study, in
which control subjects and AD patients were examined for at least three annual
visits, to evaluate the CSF levels of PGE2 in relation to cognitive decline and
survival (Combrinck et al., 2006). We found that CSF PGE2 declines with the
increasing dementia severity. PGE2 levels were higher in patients with mild memory
impairment, but lower in those with more advanced AD, in line with the disease
stage-dependent expression of COX-2 shown in AD brains (Yermakova et al., 1999;
Hoozemans et al., 2002, 2004). Interestingly, patients with higher initial CSF PGE2

levels survived longer. The result was not affected by cognitive score, sex or age
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at the time of CSF sampling (Combrinck et al., 2006). These observations weigh
against the idea that PGE2 and/or COX activity are neurotoxic, and suggest that
CSF PGE2 may reflect the survival of COX-positive neurons. Notably, in normal
brain, COX-2 is expressed by neuronal populations that are known to be particularly
vulnerable to degeneration in AD. Alternatively, PGE2 levels could reflect early
inflammatory processes that may impede the later progression of AD.

Although in vitro and in vivo AD experimental models have shown increased
vulnerability to excitotoxiticy of COX-2 over-expressing neurons and neuropro-
tection by COX-2 inhibition, the causal role of COX-2 in human pathology is
far from being established. Taking into account the positive and negative effects
of inhibition of COX-2 activity and the emerging role of COX-2 derived PGs in
brain function, it is difficult to predict the final outcome of long-term therapeutic
COX-2 inhibition. At present, clinical trials of selective COX-2 inhibitors have not
been as convincing as expected (Aisen et al., 2003; Reines et al., 2004), but these
failures may be related to drug selection and dose, duration of treatment and state of
disease of selected patients. The recent withdrawal from the market of the COX-2
selective inhibitor, rofecoxib, due to increased risk of adverse cardiovascular events
is a further indication that the pros and cons of selective COX-2 inhibition in
neurodegenerative diseases have not yet been fully investigated.

4.2. Creutzfeldt-Jakob Disease

Creutzfeldt-Jakob disease (CJD) is the best known human form of transmissible
spongiform encephalopathies or prion diseases, a heterogeneous group of infec-
tious, sporadic and genetic disorders characterized by rapidly progressive dementia
and more than 90% mortality within one year from the onset (Will et al., 1998).
As with AD, the neuropathological hallmarks of the disease are the presence of
amyloid plaques generated by deposition of the pathological form of the prion
protein (proteinase-resistant prion protein PrPres or PrPsc) and extensive microglial
activation, both of which suggest that a local non-immune mediated chronic inflam-
matory response plays a role in development (Perry et al., 2002). Although the
interest in prion diseases intensified after the variant CJD was recognized in the UK
in 1996 as a novel human transmissible spongiform encephalopathy (TSE) caused
by the same agent as bovine spongiform encephalopathy (Will et al., 1996), this
group of human diseases are not as well characterized as AD. Nevertheless, the
roles of inflammation and microglial activation have been thoroughly investigated
(Perry et al., 2002).

We explored the involvement of COX activity in prion diseases by measuring
PGE2 levels in the CSF in a group of subjects affected by sporadic or genetic
CJD (Minghetti et al., 2000). The levels of PGE2 were significantly higher in
CJD patients than in a control group of age-matched subjects undergoing subdural
anesthesia or affected by non-inflammatory neurological diseases. The levels of
PGE2 measured in the CSF of CJD patients were over 5 fold higher than those
reported in AD patients (Combrinck et al., 2006). In contrast to what has been
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observed in AD patients, higher PGE2 levels were associated with shorter survival
in CJD patients. PGE2 levels were not dependent on the time of CSF sampling
during the course of the disease, suggesting that PGE2 may be an index of disease
severity rather than progression (Minghetti et al., 2000).

We later confirmed the elevated CSF levels of PGE2 in a group of 18 cases of
variant CJD (Minghetti et al., 2002). This disease is mainly confined to young people
showing early psychiatric symptoms and sensory disturbances. Later, the disease
evolves in a clinic picture more typical of CJD including involuntary movements,
severe dementia and, eventually, akinetic mutism. The levels of PGE2 in variant
CJD patients were comparable to those measured in the other two forms, sporadic
and genetic CJD. They were also similar to those measured in an age-matched group
of subjects affected by psychiatric disorders with a known inflammatory component.

The increased CSF PGE2 levels found in sporadic, genetic, and variant CJD
were consistent with the increased levels of PGE2 in brain homogenates from mice
infected by the mouse-adapted ME7 strain of the ovine prion agent or scrapie, a
well characterized prion disease model (Betmouni et al., 1996). These mice develop
the disease with a well defined time course and pathology and typical clinical signs
are observed by 20–23 weeks post injection (p.i.). Intense COX-2-immunoreactivity
was associated with microglial-like cells in brains of ME7 injected mice. COX-2-
positive cells were particularly dense in areas of typical spongiform degeneration
and their number increased with disease progression. In control brains from mice
injected with normal brain homogenate, sporadic COX-2-immunoreactivity was
found associated with cells characterised by a small cell body and fine processes
typical of parenchymal resting microglia (Walsh et al., 2000).

Since microglial activation occurs with considerable variation in CJD and in
animal models of the disease (Baker et al., 1999; Puoti et al., 2005), we verified that
expression of COX-2 is elevated using a second model in which C3H mice were
infected with brain homogenates obtained from subjects who died by genetic or
sporadic CJD. In this model, several COX-2-positive microglial cells were detected
in areas of intense spongiform degeneration. The intensity of COX-2 immunore-
activity was variable among infected animals, but was significantly increased
compared to control mice (Minghetti et al., 2005).

The similar findings obtained in the two mouse models, which are charac-
terized by different mouse strains (C3H and C57BL/6J), type of prion agent used
(CJD and mouse-adapted scrapie), and time of incubation necessary to develop
the disease (> 90 and 22–24 weeks), suggest that the selective up-regulation of
COX-2 in microglial cells is a consistent feature of prion disease and not charac-
teristic of a specific prion agent or mouse strain. Nevertheless, in a human study of
sporadic CJD, COX-1 and COX-2 were both increased in the cortex of patients who
died with disease(Deininger et al., 2003). COX-1 immunoreactivity was present
in macrophages/microglial cells whereas COX-2 was predominantly in neurons.
Messenger RNAs and proteins of both isoforms were higher in tissue from the
temporal lobe of one CJD patient when compared to one neuropathologically
unaltered control case. At present, it remains to be established whether COX
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over-expression is a cause or a consequence of neuronal death in CJD or whether
CSF levels of PGE2 represent an index of disease severity.

Experimental evidence suggests that PGE2 synthesis and COX-2 expression in
microglial cells are promoted by microglial clearance of apoptotic, but not necrotic,
neurons (De Simone et al., 2004). In CJD, abundance of apoptotic neurons correlated
well with microglial activation (Gray et al., 1999), supporting the hypothesis that
the increased levels of PGE2 in the CSF of CJD patients and the high expression of
COX-2 in microglial cells in experimental prion diseases may be associated with
the clearance of apoptotic neurons.

At opposed to AD, there is very little information available on anti-inflammatory
treatment of prion diseases. In neuroblastoma cells, COX-1 inhibitors were
beneficial against PrP peptide toxicity (Bate et al., 2002). In a rat model of CJD,
oral administration of indomethacin, begun soon after infection, had a moderate
effect on the onset of clinical signs, but not on survival time. In the same model,
dapsone, an antibiotic used to treat leprosy and skin infections, significantly delayed
clinical signs and extended disease duration (Manuelidis et al., 1998). Dapsone did
not ameliorate the course of disease nor the postmortem histopathology in scrapie
infected mice (Guenther et al., 2001).

5. CONCLUSIONS

In spite of intensive research over the past years, evidence of a direct role of
COX-2 in neurodegenerative events is still controversial and further experimental
and clinical studies are required before anti-inflammatory therapies aimed to inhibit
COX-2 are recommended for preventing or limiting neurodegeneration.

Numerous features contribute to the complexity of the role of COX-2 in brain
physiology and pathology. Specific neuronal populations express COX-2 under
physiological condition and such expression is central to important tasks such
as synaptic plasticity, and cognitive and behavioral functions. Several cell types,
including resident cells (neurons, glia, and endothelial cells) and infiltrating blood
cells, can express COX-2 following pathological events. Expression or over-
expression of COX-2 in each of these cells may have different functional conse-
quences and the final outcome is likely to depend on the prevailing product of
COX-2 activity, including PGs with different functions and free radicals, as well
as on the specific PG receptors expressed by target cells. COX-2 induction and/or
over-expression in particular cell types, is likely to be dependent on specific signals
(glutamate, cytokines, amyloid deposits, damaged neurons) which may be related
to disease or to a stage of disease, thus explaining some of the discordance in
the reported results. The comparison of similar but distinct chronic degenerative
diseases such as AD and CJD exemplifies the complexity of the problem and
illustrates how over generalization of the role of COX activity can be misleading.
Increased levels of PGE2 in the CSF of subjects affected by these two diseases
are likely to reflect distinct phenomena with opposite predictive values for subject
survival (Figure 1).
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Figure 1. COX-2 expression and PGE2 CSF levels in chronic inflammatory diseases: comparison
between Alzheimer’s disease and Creutzfeldt-Jakob disease

A final consideration concerns the beneficial effects of COX inhibitors in
several experimental models and epidemiological studies. These beneficial effects,
which are exerted by several but not all COX inhibitors, provide indirect proof
of the causative role of COX-2 in neurodegeneration. COX-independent mecha-
nisms including free radical scavenging activity, peroxisome proliferator-activated
receptor-� activation, anti-amyloidogenic activity by some non selective NSAIDs,
as well as actions interfering with systemic inflammatory processes, which in turn
can influence central inflammation, cannot be excluded.
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Abstract: The data that have accumulated in recent years underscore the importance of carefully
weighing the risks and benefits of traditional NSAIDs and COX-2 selective inhibitors
before making therapeutic decisions for the management of chronic arthritis. In clinical
practice, the majority of patients with moderate to severe arthritis who might benefit
from NSAID or COX-2 therapy are likely to be elderly and, therefore, at higher
risk for gastrointestinal and cardiovascular adverse events than younger persons.
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Thus, these patients are more likely to be taking low-dose aspirin and using over-the-
counter NSAIDs for pain.

Selecting a combination of therapies that provides relief from arthritis-related
symptoms, minimizes cardiovascular risk, and preserves the gastrointestinal mucosa is
complex. Factors to consider include the interference of certain NSAIDs, such as ibuprofen
or naproxen, with the antiplatelet effects of aspirin; direct effects of non-selective NSAIDs
and of COX-2 selective inhibitors on fluid retention and blood pressure; emerging data
about cardiovascular risks associated with these drugs; differences between these agents
with regard to associated gastrointestinal adverse event rates; and the feasibility of co-
administration of anti-inflammatory therapies with gastro-protective agents

1. INTRODUCTION

Cyclooxyenase-2 (COX-2) selective inhibitors were developed to create a new
class of nonsteroidal anti-inflammatory drugs (NSAIDs) with properties similar to
those of nonselective NSAIDs but without their potential COX-1-mediated gastroin-
testinal toxicity. [1, 2] Studies of COX-2 selective inhibitors have shown that they
are in fact associated with a significantly lower risk of upper and lower gastroin-
testinal complications than traditional NSAIDs, except in patients who are taking
concomitant aspirin.

Recent evidence also suggests that at least some of the COX-2 selective inhibitors,
and perhaps some traditional NSAIDs as well, are associated with an increased risk
of adverse cardiovascular (CV) events at certain doses. For example, reports of a
higher incidence of myocardial infarction (MI) among patients with arthritis taking
the COX-2 selective inhibitor rofecoxib than those taking the NSAID naproxen [2, 4]
have heightened concerns since 2001 about COX-2 inhibitor safety. Additionally,
elevated CV event rates were reported in patients with spontaneous adenomatous
polyps who were taking celecoxib [5] and in patients who received parecoxib and
valdecoxib immediately after coronary artery bypass graft surgery. [6]

This chapter summarizes findings concerning the effects of both nonselective
and selective NSAIDs – first to highlight some differences on the GI tract and
subsequently on the CV system that must be taken into account in order to fully
understand the complexities of the data that have accumulated during the past
several years.

2. EFFECTS OF COX-2 SELECTIVE INHIBITORS
ON THE GASTROINTESTINAL TRACT

The gastrointestinal adverse effects of aspirin and traditional NSAIDs are well
defined and include development of gastric or duodenal ulcers, hospitalizations due
to gastrointestinal bleeding complications, perforated ulcers or gastric obstruction,
and gastrointestinal-related deaths. [7] Gastric and duodenal ulcers and compli-
cations arising from them occur frequently in regular users of aspirin and tradi-
tional NSAIDs. According to one estimate, more than 100,000 hospitalizations and
16,500 deaths occur annually in the United States because of NSAID-related ulcer
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complications. [8] Fortunately, the risk of serious NSAID gastropathy has declined
substantially in the past decade. Among the reasons are use of lower nonselective-
NSAID doses, concomitant use of proton-pump inhibitors, and the introduction of
COX-2 selective inhibitors, which are fundamentally COX-1-sparing drugs. [9]

The gastrointestinal toxicity of traditional NSAIDs is due in part to nonse-
lective inhibition of both COX-1 and COX-2 isoenzymes involved in prostaglandin
synthesis. [10] By selectively suppressing prostaglandin production by the COX-2
enzyme, COX-2 selective agents provide anti-inflammatory and analgesic benefits
while conceptually sparing the gastroprotective activity of COX-1. [10] Data from
large-scale clinical trials have confirmed that COX-2 inhibitors are associated with
substantial reductions in gastrointestinal risk in the majority of patients who do not
use aspirin.

3. GASTROINTESTINAL RISK WITH COX-2 SELECTIVE
INHIBITORS IS REDUCED

Clinical studies suggest that COX-2 inhibitors are associated with a reduction in
risk of gastrointestinal adverse events equivalent to that achieved by adding proton
pump inhibitor therapy to traditional NSAID therapy. Also, endoscopic evidence
indicates that COX-2 selective inhibitors are associated with a lower incidence of
gastroduodenal ulcers than conventional NSAIDs. In a study conducted by Laine
and colleagues, 742 patients with osteoarthritis were randomly assigned to receive
rofecoxib (25 mg or 50 mg/day), ibuprofen, or placebo. [11] Patients were allowed
to take acetaminophen, non-NSAID pain medications, or an antacid during the trial.
Patients in the rofecoxib and placebo groups had lower rates of endoscopic ulcers
than patients in the ibuprofen group at 12 weeks; patients in both rofecoxib groups
also had lower rates of endoscopic ulcers at 24 weeks (P < �001 for comparisons
with ibuprofen). The rofecoxib and placebo groups did not differ for any GI
outcome, whereas efficacy or relief of arthritis-related symptoms was similar in
the rofecoxib and ibuprofen groups. Similarly, Simon and coworkers showed that
patients with rheumatoid arthritis who took celecoxib (100 mg, 200 mg, or 400 mg
twice daily) had significantly fewer clinically important ulcers (3 mm or greater
with obvious depth) than those who took naproxen 500 mg twice daily over a
12-week period. Further, regardless of the dose of the COX-2 selective inhibitor,
these findings were not significantly different from those observed for placebo. [12]

The Vioxx Gastrointestinal Outcomes Research (VIGOR) [2] study was the first
large-scale trial to provide evidence that COX-2 selective inhibitors minimize the
risk of upper gastrointestinal adverse effects in older (≥ aged 50) patients with
rheumatoid arthritis. [2] Over 9 months of follow-up, rofecoxib and naproxen
showed equivalent efficacy; however, the incidence of confirmed upper gastroin-
testinal adverse events per 100 patient-years in the rofecoxib group was less than
half that observed in the naproxen group. Of interest, a post hoc analysis of the trial
indicated that about 40% of the serious events occurred in the lower gastrointestinal
tract; these events were also reduced by more than half in patients who received
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rofecoxib. [13] It is noteworthy that there is no evidence that proton pump inhibitors
decrease the incidence of lower GI tract complications.

The Celecoxib Arthritis Safety Study (CLASS) provided additional evidence that
COX-2 inhibitors reduce risk of gastrointestinal events in adults with osteoarthritis
or rheumatoid arthritis. [1] Patients enrolled in CLASS were randomly assigned
to receive celecoxib, ibuprofen, or diclofenac and were also permitted to take
low-dose aspirin if indicated for cardiovascular prophylaxis. During the 6-month
treatment period, the annualized incidence of upper gastrointestinal complica-
tions alone and in combination with symptomatic ulcers was nearly twice as
high among patients who received conventional NSAIDs as among those who
received celecoxib. Preliminary data suggest that, in addition to minimizing
ulcers and their complications, celecoxib is better tolerated than traditional
NSAIDs. [12]

Similar or even greater reductions in gastrointestinal risk than those noted in
CLASS have been observed with the newer COX-2s etoricoxib, lumiracoxib, and
valdecoxib. [15, 18]

In comparative trials, no differences in efficacy have been observed between
COX-2 selective agents and NSAID comparators. Thus, COX-2s should not be
viewed as replacements for traditional NSAIDs based on efficacy for inflammatory
symptoms; instead, after a careful risk/benefit analysis, clinicians should consider
using COX-2 inhibitors in appropriately selected patients at high risk for gastroin-
testinal adverse effects or in patients who require anti-inflammatory therapy for
arthritis but who may not tolerate the gastrointestinal effects of ns-NSAIDs.

4. COX-2 INHIBITORS IN PATIENTS WITH HYPERTENSION

Arthritis and hypertension represent common co-morbid conditions in older patients
that often result in the co-administration of non-steroidal anti-inflammatory drugs
(NSAIDs) or COX-2 selective inhibitors with antihypertensive agents. Meta-
analyses of the NSAIDs from the early 1990s showed that many agents within
the class (eg, ibuprofen, indomethacin, and naproxen) could increase mean arterial
pressure by as much as 5 to 6 mm Hg in hypertensive patients. [19, 20] Increases
in blood pressure (BP) of this magnitude are sufficient to be of clinical concern.

Sustained BP elevations in the elderly are associated with increases in the risk of
both ischemic and hemorrhagic stroke, congestive heart failure, and ischemic cardiac
events. [21, 23] For example, in the VALUE trial, differences of approximately 2
to 4 mm Hg in systolic BP control in an older population of hypertensive patients
randomly assigned to 2 treatment groups (valsartan or amlodipine) resulted in a
clinically and statistically significant relative increase in cardiac events of over 40%
in the less-well-controlled group (valsartan recipients) during the first year of the
study. [23] Thus, it becomes of substantial importance to understand the relative
effects of the various NSAIDs and COX-2 selective inhibitors on BP destabilization
in patients with both treated and untreated hypertension.
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5. PATHOPHYSIOLOGIC EFFECTS OF NSAIDs AND COX-2
INHIBITORS THAT INDUCE HYPERTENSION

Nonselective COX inhibition can result in inhibition of prostaglandin synthesis and
is associated with both anti-natriuretic and vasoconstrictor effects. [24, 27] In some
cases, these effects have consequences on BP control and may be of particular
relevance in patients with preexisting hypertension, edema, or congestive heart
failure.

As shown in Figure 1, inhibition of COX-2 is associated with reductions in both
prostaglandin E2 �PGE2� and prostaglandin I2 �PGI2, or prostacyclin). [27] Inhibition
of PGE can cause an acute relative reduction in daily urinary sodium excretion of 30%
or more. [28] Within a few days, the kidneys in patients with normal renal function
will tend to increase sodium excretion to compensate for the antinatriuretic effects of
the COX-2 selective inhibitor or NSAID, to maintain homeostasis of sodium balance
(Figure 2). [28] However, in patients with chronic kidney disease this homeostatic
process is impaired and, within 1 to 2 weeks of their starting NSAID therapy, a consid-
erable amount of salt and water may accumulate. In such cases, both edema and hyper-
tension commonly develop and, in more severe cases, congestive heart failure. [29, 32]

In addition to causing problems with salt and water balance, the NSAIDs
and COX-2 selective inhibitors may impair the vasodilatory benefits of prosta-
cyclin. Loss of this mechanism of vasodilation in the face of numerous vasocon-
strictors (eg, angiotensin 2, norepinephrine, and endothelin) may lead to increases in
systemic vascular resistance and subsequently to increases in mean arterial pressure
(Figure 1).

PGI2

Hyperkalemia
Acute renal

failure

PGE2

Arachidonic acid

COX-1

COX-2

NSAIDs

Sodium
retention

Peripheral edema

CHF (rarely)

Blood pressure↑
Weight↑

Figure 1. Potential effects of NSAIDs on cardiorenal physiology
Source: From Brater DC. Am J Med. 1999;107:65S–70S. Reproduced by permission
Note: COX = cyclooxygenase; PGE2 = prostaglandin E2� PGI2 = prostaglandin I2� CHF = congestive
heart failure
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*P < 0.05, change from baseline; P < 0.05, change from baseline, celecoxib vs naproxen. 
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Figure 2. Mean (± standard error) urinary sodium excretion rates after administration of celecoxib and
naproxen to older patients with normal renal function. On days 1 and 2, the sodium excretion was
significantly reduced by both agents, but on day 3, sodium excretion rates returned towards baseline.
Source: From Whelton A. Arch Intern Med. 2000;160:1465–1470. Reproduced by permission

6. EFFECTS OF NSAIDs AND COX-2 INHIBITORS
IN NORMOTENSIVE PATIENTS

The effects of chronic NSAID and COX-2 selective inhibitor therapies on
normotensive patients have not been extensively studied. However, in a pooled
analysis of the effects of older NSAIDs on BP, indomethacin induced a slight
elevation in BP in normotensive persons. [19] In a fairly recent case-control analysis
in a Medicare population, Solomon et al studied the effects of NSAIDs and coxibs
on the development of hypertension. [31] The primary finding in this study was
that new-onset hypertension developed in 21% of patients for whom celecoxib
was prescribed, 23% of those for whom nonselective NSAIDs (ns-NSAIDs) were
prescribed, and 27% of those for whom rofecoxib was prescribed. Of note, the
background rate of new hypertension in patients not receiving NSAIDs was 22%.
[31, 33] Thus, this study demonstrated that rofecoxib was associated with a signifi-
cantly higher risk of hypertension than celecoxib and the ns-NSAIDs. Additionally,
the risk was higher if patients had a history of congestive heart failure or kidney or
liver disease.

7. EFFECTS OF NSAIDs AND COX-2 INHIBITORS IN TREATED
HYPERTENSIVE PATIENTS

A major focus of clinical research during the last several years has been
the potential destabilization of BP in hypertensive patients who are receiving
angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers
(ARBs), beta-blockers, calcium antagonists, or diuretics. In one of our earlier
studies, a placebo-controlled trial, ambulatory BP monitoring was used to assess the
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effect of high-dose celecoxib (200 mg BID) in 178 patients who were on chronic
ACE inhibitor therapy. [32] This study demonstrated that celecoxib (400 mg total
daily dose) was associated with a non-significant increase in 24-hour mean BP
of 1.6/1.2 mm Hg. Subsequently, a larger trial using the clinic systolic BP as
the primary endpoint evaluated the effects of rofecoxib 25 mg/day and celecoxib
200 mg/day in 1,092 patients on chronic, stable doses of antihypertensive therapies.
[29] This study showed that rofecoxib induced significant increases in systolic BP
in patients who were taking ACE inhibitors and beta-blockers but not in those
who were taking calcium antagonists (Figure 3). Patients randomly assigned to
receive celecoxib did not show a change in systolic BP regardless of background
antihypertensive therapy. These results support the notion that calcium antagonists
do not significantly depend on vascular prostacyclin as part of their mechanism of
action. [24]

In the most comprehensive randomized, double-blind clinical trial evaluating
the effects of NSAIDs in treated hypertensives, entitled the CRESCENT trial, 24-
hour ambulatory BP monitoring was performed at baseline and after 6 and 12
weeks of therapy with celecoxib, naproxen, or rofecoxib in nearly 400 patients
with diabetes, hypertension, and osteoarthritis. [14] This study demonstrated that at
equally effective doses for osteoarthritis, treatment with rofecoxib but not celecoxib
or naproxen induced a significant increase in 24-hour systolic BP (Figure 4). In
addition, 30% of patients administered rofecoxib had a resultant 24-hour systolic
BP of ≥ 135 mm Hg compared with about 16% of patients randomized to celecoxib
and 19% to naproxen.

Thus, NSAIDs and COX-2 selective inhibitors do have the potential to destabilize
BP in patients who are on chronic antihypertensive regimens, especially drugs
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Figure 3. Effects of rofecoxib and celecoxib on clinic systolic BP in patients given ACE inhibitors, beta-
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Figure 4. Effects of celecoxib, rofecoxib, and naproxen on hourly mean systolic BP over 24 hours after
6 weeks of therapy. A consistent increase from baseline in ambulatory systolic pressure was observed
only in the rofecoxib treatment group
Source: From White WB, et al. Arch Intern Med. 2005;165:161–168. Reproduced by permission

affecting the renin-angiotensin system, loop diuretics, and beta-adrenergic blockers.
Because NSAIDs and coxibs have an effect within 1 to 2 weeks after the start
of therapy, they should be used with caution in hypertensive patients who are
taking ACE inhibitors, angiontensin receptor blockers, or beta-blockers, as well as
in patients who have diabetes or mild renal disease. These patients should be seen
shortly after anti-inflammatory therapy is initiated.

The effects of various agents may vary, as may the responses in different types
of patients. Existing data suggest that in patients whose hypertension is being
treated, celecoxib and naproxen may destabilize BP less than more potent NSAIDs
or COX-2 selective inhibitors such as indomethacin and rofecoxib. In addition, if
elevated BP develops in a normotensive patient who is taking NSAIDs or COX-2
selective inhibitors, the physician may not attribute the hypertension to the newly
prescribed therapy. The most appropriate way to deal with this potential problem is
to interrupt the patient’s anti-inflammatory therapy for 2 weeks and then reassess
the patient’s BP levels carefully in the physician’s office.
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Figure 5. Accumulation of all cardiovascular events in the CLASS trial. Patients were analyzed
according to aspirin use. The patients taking aspirin had a nearly 4.5-fold increase in cardiovas-
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8. EVALUATING CARDIOVASCULAR EVENTS IN CLINICAL
TRIALS WITH COX-2 SELECTIVE AGENTS

Cardiovascular event rates among users of NSAIDs, including COX-2 selective
inhibitors, have been evaluated in numerous studies. The most robust data
come from prospective, randomized clinical trials in which the double-blind
was maintained for the entire course of the study. The seminal studies that
first examined cardiovascular events in arthritis populations were the VIGOR
[2] and CLASS studies. [1, 34] These 2 studies remain highly important with
regard to outcomes because they compared supra-therapeutic doses of COX-2
selective inhibitors with maximal therapeutic NSAID doses in the target population
with arthritis. Findings were dissimilar because cardiovascular event rates were
higher with rofecoxib 50 mg daily than with naproxen 500 mg twice daily in the
VIGOR trial, [2] whereas they were similar for celecoxib 800 mg daily, ibuprofen
2,400 mg daily, and diclofenac 150 mg daily in CLASS (Figure 5). [34] The
cardiovascular event rates in a meta-analysis of celecoxib and various NSAIDs
[35] in the osteoarthritis (OA) and RA populations confirmed that there were
similar rates of Anti-Platelet Trialists’ Collaboration (APTC) [36] adjudicated
endpoints.

Findings from a third study, [37] the Therapeutic Arthritis Research and Gastroin-
testinal Event Trial (TARGET), were similar to those in CLASS [34] for the
investigational COX-2 selective inhibitor lumiracoxib. The cumulative incidence of
APTC events in TARGET was relatively low and did not differ between lumiracoxib
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and naproxen or ibuprofen. However, the effects of placebo could not be studied
in that these patients suffered from arthritis and thus these trials also considered
efficacy.

9. OBSERVATIONAL STUDIES THAT HAVE ASSESSED THE
CARDIOVASCULAR RISK OF NSAIDs AND COX-2 SELECTIVE
INHIBITORS

Cardiovascular event rates have been evaluated in numerous databases from health
care companies, insurance rosters, and pharmacy benefit management companies.
All these studies were retrospective and either nested case-control or cohort analyses
based on drug use in the database and, therefore, pose some methodological
concerns. However, the large populations and hundreds of cardiovascular events
analyzed enhance their value from both clinical and epidemiologic perspectives.

In collaboration with the Food and Drug Administration, Kaiser Permanente
in northern California and epidemiologists at the Vanderbilt University School of
Medicine reported the results of a case-control study of nearly 1.4 million people,
who were observed for 2 years. [38] Nonusers (including those who were remote
users) of NSAIDs served as controls, and nonfatal myocardial and cardiovascular
death rates associated with various NSAIDs and COX-2 selective agents were then
compared. The results showed that use of most nonselective NSAIDs increases
the relative risk of a cardiac event (Figure 6). compared with nonuse. High doses
(> 25 mg daily) of rofecoxib were associated with a particularly elevated risk of
myocardial infarction and sudden death, whereas celecoxib was not.

10. LONGER TERM PLACEBO-CONTROLLED TRIALS WITH
NSAIDs AND COX-2 SELECTIVE INHIBITORS

No long-term clinical trials in patients with arthritis have been placebo-controlled
because of obvious clinical and ethical issues related to pain management. Thus
little, if anything is known about the relative risk of using the nonselective NSAIDs
compared with no treatment over time in arthritis or pain management. For the
COX-2 selective inhibitors rofecoxib and celecoxib, there are 4 placebo-controlled
trials in non-arthritis populations that have received a great deal of attention recently
since their safety data were published or announced prior to their efficacy findings.

In one of these trials, the Adenomatous Polyp Prevention on Vioxx (APPROVe)
trial, [5] the APTC event rate was 1.50 events/100 patient-years for rofecoxib 25 mg
daily versus 0.78 events/100 patient-years for placebo; in the Adenoma Prevention
with Celecoxib (APC) trial, [39] the combined APTC and heart failure event rate
was approximately 0.4 events/100 patient-years for placebo, 0.86 events/100 patient-
years for celecoxib 400 mg daily, and 1.27 events/100 patients-years for celecoxib
800 mg daily.

In these colonic polyp studies, the event rates for the COX-2 selective agents
did not appear to increase compared with placebo until after at least 1 year of
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Figure 6. Results of a 2-year observational study in 1.4 million persons administered various NSAIDs in
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infarction and sudden cardiovascular death was compared to non-users of NSAIDs and COX-2 inhibitors
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Source: Adapted from Graham D, et al. Lancet. 2005;365:475–481

drug exposure. These findings may be of clinical significance in the long-term
prevention of various epithelial cell cancers, and further analyses of risk and benefit
for those diseases will be warranted. However, the implications of the findings
from the APPROVe and APC trials for the chronic treatment of arthritis pain and
inflammation in patients for whom placebo is not an option are unclear.

Another important finding from the APPROVe and APC studies [5, 39] pertains
to interaction with aspirin. In these studies, aspirin use did not appear to influence
the relation of cardiovascular event rates among patients with spontaneous colonic
polyps who received COX-2 inhibitors and those who received placebo. Thus, if
the hypothesis that COX-2 selective inhibitors are thrombogenic due to imbalance
between prostacyclin and thromboxane production is correct, [40] additional
suppression of thromboxane synthesis by aspirin should have improved outcomes
with the COX-2 inhibitors relative to placebo compared with outcomes for nonusers
of aspirin. Additionally, pharmaco-epidemiologic studies have shown that the
frequency of cardiovascular events, including MI and sudden cardiac death, is
the same with nonselective-NSAIDs that inhibit COX-1 as with COX-2 selective
inhibitors. [38]

11. CONCLUSIONS

The data that have accumulated in recent years underscore the importance of
carefully weighing the risks and benefits of traditional NSAIDs and COX-2 selective
inhibitors before making therapeutic decisions for the management of chronic
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arthritis. In clinical practice, the majority of patients with moderate to severe arthritis
who might benefit from NSAID or COX-2 therapy are likely to be elderly and,
therefore, at higher risk for gastrointestinal and cardiovascular adverse events than
younger persons. Thus, these patients are more likely to be taking low-dose aspirin
and using over-the-counter NSAIDs for pain.

Selecting a combination of therapies that provides relief from arthritis-related
symptoms, minimizes cardiovascular risk, and preserves the gastrointestinal mucosa
is complex. Factors to consider include the interference of certain NSAIDs, such as
ibuprofen or naproxen, with the antiplatelet effects of aspirin; direct effects of non-
selective NSAIDs and of COX-2 selective inhibitors on fluid retention and blood
pressure; emerging data about cardiovascular risks associated with these drugs;
differences between these agents with regard to associated gastrointestinal adverse
event rates; and the feasibility of co-administration of anti-inflammatory therapies
with gastro-protective agents.
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Abstract: The development of drugs that selectively inhibit cyclooxygenase-2 (COX-2) demon-
strates translational research from bench to bedside based on underlying knowledge of
micro-cellular structure and function. However, theoretical concerns about potentially pro-
thrombotic effects of selective COX-2 inhibitors coupled with observations of increased
cardiovascular risk have produced significant consternation and lead to the withdrawal
of two of these agents from the market. A number of questions remain unanswered. It
appears clear that both selective and non-selective COX inhibitors are associated with
increases in blood pressure. In addition, blood pressure is often increased after starting
nonsteroidal therapy, and we know that even small increases in blood pressure in subjects
with pre-existing vascular disease are associated with substantial increases in the risk of
cardiovascular morbidity. Given this line of reasoning, one might hypothesize that the
observed increases in the risk of cardiovascular events associated with COX-inhibitors
are largely due to increases in blood pressure in populations of subjects who are already
at high risk. But can we generalize that the adverse cardiovascular effects observed for
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rofecoxib and valdecoxib are sufficient to indict the entire class of COX-2 inhibitors, or is
this not a class effect, but dependent upon the degree of COX-2 selectivity? In either case,
it seems prudent to recommend that subjects who are at higher risk for a cardiovascular
event and receiving a COX-inhibitor should also be treated with low dose ASA with
close follow up of blood pressure and efficacious use of anti-hypertensive medications.
Finally, modest dietary salt restriction may help lessen the effects of COX-inhibitors on
blood pressure

1. REVIEW OF PROSTANOID PRODUCTION

Prostaglandins (PGs) are critical mediators of a number of physiological processes
including the regulation of vascular homeostasis and thrombosis, as well as inflam-
mation [1]. Arachidonic acid, which is liberated from membrane-bound phospho-
lipids by phospholipase A2, is catalyzed by the enzyme cyclooxygenase (COX).
Because COX has two catalytic moieties, a cyclooxygenase and a peroxidase [2], this
enzymatic complex is also referred to as the prostaglandin G/H synthase
(PGHS) [3].

Cyclooxygenase initially generates the unstable endoperoxide intermediate,
prostaglandin G2�PGG2�, which it then catalyzes to prostaglandin H2�PGH2�.
Following the production of PGH2, further enzymatic processes are needed to form
the active prostanoids. Enzymes specific for each tissue (tissue-specific enzymes)
catalyze PGH2 to biologically active prostanoids [4]: prostaglandin I2 (PGI2, or
prostacyclin) synthase produces prostacyclin, thromboxane A2�TxA2� synthase
produces thromboxane, and prostaglandin D2, E2, and F2 synthases produce their
respective prostaglandins: PGD2, PGE2, and PGF2 (Figure 1). PGI2 and TxA2 are
probably the most important prostanoids in the regulation of vascular homeostasis,
since they have opposing effects on platelet function [3].

Because the rate-limiting step in the production of prostaglandins is the COX
enzyme, COX inhibitors can have potent effects. Although it does not appear that
either PGG2 or PGH2 have direct biological effects, inhibition of COX results in a
decrease in the substrate availability for a given tissue’s prostanoid synthases.

There are at least two related but distinct gene products that possess cyclooxy-
genase activity, COX-1 and COX-2. These cyclooxygenase isoforms are differ-
entially expressed and regulated throughout the vascular system. Initial evidence
suggested that COX-1 was constitutively and ubiquitously expressed, and COX-1
was therefore regarded as a housekeeping enzyme. In contrast, COX-2 was thought
to be strictly an inducible enzyme, up- regulated by diverse mitogenic and pro
inflammatory factors, such as bacterial lipopolysaccharides [6], cytokines such as
interleukin-1, and phorbol esters [7]. It is now known that this initial construct
for the COX isoforms was too simplistic. It has been demonstrated that COX-2 is
constitutively expressed in a variety of tissues, including vascular endothelial cells,
renal medullary cells [8, 9], and cells of the macula densa [10]. In addition, there
is evidence that COX-1 is inducible under certain conditions [11]. Of note, a third
enzyme termed COX-3 has been identified and appears to be a variant of COX-1
[12]. COX-3 may be a target for acetaminophen [12].
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Figure 1. The coxibs, selective inhibitors of cyclooxygenase-2
Source: Reproduced with permission: FitzGerald GA, Patrono C. N Engl J Med. 2001 Aug 9; 345[6]:
433–42 [5]

2. RATIONALE FOR DEVELOPMENT OF COX-2 INHIBITORS

Although NSAIDs are among the most commonly used medications [13, 14],
their use is limited by potential GI toxicity (e.g., dyspepsia, peptic ulcer disease,
and bleeding). Previous studies have consistently suggested that the constitu-
tively expressed COX-1 isoenzyme contributes to cytoprotective prostanoids that
maintain the integrity of the gastric mucosa [15]. As COX-2 was demonstrated to
be up-regulated by inflammatory cytokines, it was postulated that the therapeutic
effects of conventional NSAIDs were related to inhibition of COX-2 at sites of
inflammation whereas the adverse GI effects were attributed to inhibition of COX-
1 in the gastric epithelium. This is the basis for the strategy to develop drugs
that selectively inhibit the harmful effects of cyclooxygenase without affecting its
housekeeping functions, i.e. development of selective COX-2 inhibitors.

It appears that inhibition of COX-2 produces the desired anti-inflammatory
response [16]. The first randomized clinical trial showing decreased GI side effects
of a selective COX-2 inhibitor was the Vioxx Gastrointestinal Outcome Research
(VIGOR) trial. VIGOR compared rofecoxib and naproxen for occurrence of GI
toxicity among 8,076 patients with rheumatoid arthritis [13]. However, based on
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the Adenomatous Polyp Prevention on Vioxx (APPROVe) trial, Merck voluntarily
withdrew rofecoxib from the market on September 30, 2004 due to an observed
increase in cardiovascular risk among patients taking the drug for more than 18
months [17].

Four selective COX-2 inhibitors, celecoxib (Celebrex; Pfizer), rofecoxib (Vioxx;
Merck), valdecoxib (Bextra; Pfizer), and meloxicam (Mobic; Boehringer Ingelheim
Pharmaceuticals), have been approved for use by the FDA [19]. Celecoxib was
approved in December, 1998, rofecoxib in May, 1999, valdecoxib in November,
2001, and meloxicam in April, 2004. A fifth drug, etoricoxib (Arcoxia, Merck),
has been approved by the European regulatory authority �19�−and a sixth drug,
lumiracoxib (Prexige; Novartis), was recently approved in England and Mexico
[18, 19, 20]. On April 7, 2005, Pfizer voluntarily withdrew Valdecoxib from the
market due to concerns about cardiovascular risk and hypersensitivity reactions [21].

Chemical structures of first and second generation COX-2 inhibitors are
shown below.

Celecoxib Rofecoxib Valdecoxib Meloxicam

• First generation compounds: celecoxib (sulfonamide) & rofecoxib (sulfone)
• Second generation compounds: valdecoxib (sulfonamide), etoricoxib (sulfone),

meloxicam (oxicam) & lumiracoxib (which contains no sulfonamide or sulfone
group)

Selective COX-2 inhibitors such as lumiracoxib, etoricoxib, meloxicam, valdecoxib,
rofecoxib and celecoxib differ in terms of their relative selectivity for COX-2 versus
COX-1. Lumiracoxib is the most selective COX-2 inhibitor [18], whereas celecoxib
has relatively low selectivity for COX-2 [22]. Theoretically, high selectivity of
COX-2 inhibition could produce important cardiovascular side effects by upsetting
the balance between TxA2 and PGI2

3. BALANCE BETWEEN PGI2 AND TXA2: THEORETICAL
EXPLANATION FOR THROMBOPHILIA

It is important to understand the interactions of TxA2 and PGI2 in platelets and
the vascular epithelium, and the major role they play in the regulation of vascular
homeostasis. Of note, the only isoform of cyclooxygenase that platelets contain
is COX-1 [23], and the major prostanoid produced by platelets is TxA2 [23].
Thromboxane A2 is a potent stimulator of platelet activation [24], platelet aggre-
gation, and to a lesser extent, vasoconstriction [25]. As noted above, nonspecific
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COX-inhibitors, typified by the nonsteroidal anti-inflammatory drugs (NSAIDs),
do not directly inhibit TxA2 synthase, but rather they work upstream by inhibiting
cyclooxygenase to potentially decrease TxA2 production. Aspirin (ASA), unlike
other NSAIDs, is unique in its ability to bind irreversibly to COX [26]. The
antithrombotic effect of ASA is likely due to its ability to inhibit platelet TxA2

synthesis [26]. Aspirin irreversibly inhibits platelet COX-1 by acetylating a serine
residue at position 529 [27]. Since platelets lack nuclei, they are unable to recon-
stitute irreversibly inhibited cyclooxygenase, and the effects of ASA are prolonged.
Other NSAIDs also block platelet TxA2 synthesis, but they do so in a non-
irreversible manner.

As opposed to TxA2, PGI2 is a potent inhibitor of platelet aggregation and
induces vasodilation [26]. PGI2 is formed by vascular endothelium, and since intact
vascular endothelium can reconstitute COX after exposure to ASA, low dose ASA
has little effect on PGI2 production [1]. Therefore, a possible mechanism for the
antithrombotic effect of low dose ASA is that it tips the balance of prostaglandins
away from pro-thrombotic TxA2. However, high doses of ASA also decrease PGI2,
which may diminish its anti-thrombotic effects. Traditional NSAIDs tend to inhibit
both TxA2 and PGI2, in a manner similar to high dose ASA.

4. COX-2 INHIBITORS AND CARDIOVASCULAR EVENTS

4.1. Risk of Myocardial Infarction

According to one theory, all drugs that selectively block COX-2 may have
an adverse cardiovascular profile because they upset the balance between pro-
thrombotic TxA2 and anti-thrombotic PGI2. Aspirin and traditional NSAIDs inhibit
both TxA2 and PGI2, whereas COX-2 inhibitors decrease PGI2 production without
affecting TxA2. Suppression of COX-2 dependent formation of PGI2 by coxibs
may thus predispose subjects to MI and thrombotic stroke [28]. To better assess
the clinical risk of COX-2 inhibitors, it is important to review the recent studies.
Nevetheless, it should be noted that many of these studies did not have cardiovas-
cular outcome as a primary endpoint, and may not have been powered to detect
differences in the rates of these events [29].

One of the first randomized prospective studies examining the clinical effec-
tiveness of COX-2 inhibitors was the Celecoxib Long-term Arthritis Safety Study
(CLASS), published in September, 2000 [30]. In this prospective, randomized,
double-blind, multicenter, international study, subjects with rheumatoid arthritis
(RA) or osteoarthritis (OA) were treated with the COX-2 inhibitor, celecoxib, or a
traditional NSAID, either ibuprofen or diclofenac. Of note, the dose of celecoxib
studied (400 mg twice a day) was two to four times the maximum FDA-approved
effective dosage for RA and OA, respectively. All other NSAIDs were prohibited,
except for doses of ASA up to 325 mg per day. A total of 8,059 subjects were
randomized, of whom 3,987 received celecoxib. Of this group, 833 subjects were
on ASA (20.9% compared to 20.4% among those receiving traditional NSAID
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therapy). Treatment with celecoxib was associated with a trend toward a decrease
in the incidence of complicated GI ulcers and erosions (2.08% vs 3.54%, P = 0�09).
There was no difference noted in the incidence of cardiovascular events, irrespective
of ASA use [30]. However, the initial published report had selected time-censored
data, reporting on only the first 6 months of the study [31]. Examination of the later
data suggested that by week 65, celecoxib was associated with a similar number of
ulcer complications [32].

The second major clinical trial was the Vioxx Gastrointestinal Outcome Research
(VIGOR) trial, published in November, 2000 [13]. In this prospective, randomized,
non-blinded, multicenter, international study, subjects with rheumatoid arthritis
(RA) were treated with the COX-2 inhibitor, rofecoxib, or the traditional NSAID,
naproxen. As in the CLASS study, the dose of the COX-2 inhibitor was at twice
the maximum FDA-approved effective dosage for RA (50 mg once daily). All
other NSAIDs were prohibited, including ASA. Exclusion criteria included morbid
obesity or a history of myocardial infarction/coronary artery bypass (CABG) or
cerebrovascular events within 1 and 2 years, respectively, of enrollment in the study.
A total of 8,076 subjects were randomized, of whom 4,047 received rofecoxib,
with a median follow up of 9 months. Both drugs had similar efficacy against RA,
but rofecoxib resulted in significantly lower rates of upper GI e/vents compared
to naproxen. The overall mortality rates (0.5% vs 0.4%) and the death rates from
cardiovascular causes (0.2% vs 0.2%), and ischemic cerebrovascular events (0.2%
vs 0.2%) were similar in both groups, rofecoxib vs naproxen, respectively. However,
there were more myocardial infarctions in the rofecoxib group (0.4% vs 0.1%), and
in addition, the composite endpoint of non-fatal MI, non-fatal stroke, and sudden
death was higher in the rofecoxib group (0.8% vs 0.4%, P < 0�05) [33] Given these
results, Merck changed the exclusion criteria of other rofecoxib studies (in May,
2000) to allow subjects to use low-dose ASA [13].

Both the CLASS and VIGOR trials were designed to assess GI tolerability
and safety for COX-2 inhibitors relative to traditional NSAIDs. Neither trial was
designed or powered to assess possible pro-thrombotic effects of these agents [29].
Therefore, larger outcome trials or meta-analyses were needed to better define this
potential risk.

The results of the Therapeutic Arthritis Research and Gastrointestinal Event
Trial (TARGET) were published in August, 2004 [33]. As in the CLASS and
VIGOR trials, TARGET was a prospective, randomized, multicenter, international
study. In this large outcome study, subjects with OA were randomized to one
of two sub-studies, lumiracoxib (400 mg once daily) versus naproxen (500 mg
twice daily) or ibuprofen (800 mg thrice daily). Since naproxen and ibuprofen may
have differential cardioprotective effects due to their inhibition of platelet function
[34, 35], both drugs were used as traditional NSAID “active” controls. Subjects
with a history of cardiovascular disease (MI, stroke, CABG, percutaneous coronary
intervention) were excluded if they were not on low-dose ASA. Additional exclusion
criteria included use of any other NSAIDs or anticoagulation therapy other than low
dose ASA. A total of 18,325 subjects were randomized of whom 9,117 received
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lumiracoxib. Randomization was stratified by ASA use, with a target and achieved
total of 24% of participants taking low dose ASA. Observed rates of GI ulcer
complications did not differ between lumiracoxib and either NSAID group. The
primary cardiovascular endpoint was a composite of non-fatal MI, non-fatal stroke,
or cardiovascular death. Overall, no significant differences were noted in the rates
of MI between the lumiracoxib and combined NSAID treatment groups (Figure 2).
However, in the naproxen sub-study, more subjects who were not on low-dose ASA
had an MI in the lumiracoxib vs the naproxen group (0.28% vs 0.11%), although
the difference was not significant The incidence of stroke and CV deaths was
comparable across treatment groups, and the combined endpoint of non-fatal MI,

Figure 2. Incidence of myocardial infarction comparing lumiracoxib, ibuprofen and naproxen
Source: Reproduced with permission: Farkouh ME, Kirshner H, Harrington RA, Ruland S, Verheugt FW,
Schnitzer TJ, Burmester GR, Mysler E, Hochberg MC, Doherty M, Ehrsam E, Gitton X, Krammer G,
Mellein B, Gimona A, Matchaba P, Hawkey CJ, Chesebro JH; TARGET Study Group. Comparison of
lumiracoxib with naproxen and ibuprofen in the Therapeutic Arthritis Research and Gastro- intestinal
Event Trial (TARGET), cardiovascular outcomes: randomised controlled trial. Lancet. 2004 Aug
21–27;364(9435):675–84. PMID: 15325832 (33)
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non-fatal stroke, or CV death did not differ between treatment groups (0.65% vs
0.55%, lumiracoxib vs traditional NSAID, respectively). Of note, the incidence of
congestive heart failure occurred less frequently in the lumiracoxib group compared
to the combined traditional NSAID group (0.24% vs 0.34%) although the difference
was not significant.

The Adenomatous Polyp Prevention on Vioxx (APPROVe) trial was designed
to evaluate the chemopreventive effect of rofecoxib among subjects with a history
of colorectal adenomas over three years of therapy [36]. Subjects were initially
excluded if they were taking low dose ASA, but the protocol was amended after
May, 2000, based on the VIGOR trial results. Additional exclusion criteria included
uncontrolled HTN, angina or congestive heart failure, or a history of myocardial
infarction/coronary artery bypass (CABG) or cerebrovascular events within 1 and
2 years, respectively, of enrollment in the study (similar to the VIGOR trial).
A total of 2,586 subjects were randomized, of whom 1,287 received rofecoxib. On
September 30, 2004, the study was terminated about two months before the planned
completion date, at the recommendation of the external safety-monitoring board, at
which time a total of 1,857 subjects had completed the planned 3 years of treatment
(877 subjects in the rofecoxib group).

At this time, Merck voluntarily withdrew rofecoxib from the market due to
a significant increase in the rate of cardiovascular outcomes in patients taking
the drug for more than 18 months. There were 10 deaths in each group, but the
rofecoxib group had an increased number of adjudicated cardiac events (2.4% vs
0.9%) and confirmed cerebrovascular events (1.2% vs 0.5%, rofecoxib vs placebo,
respectively). In addition to adjudicated events, there were higher percentages of
subjects with hypertension and edema-related events, which included congestive
heart failure, pulmonary edema, and cardiac failure. The rates of cardiovascular
events were similar for the rofecoxib and placebo groups during the first 18 months
of the study, but differences became evident after 18 months (Figure 3).

In December 2004, a meta-analysis was published examining 18 randomized
controlled trials and 11 observational studies comparing rofecoxib with other
NSAIDs, or placebo, using a primary endpoint of MI. The combined relative risk
for an MI on rofecoxib vs placebo was 2.24 (Figure 4).

Building on data suggesting that COX-2 acts as a promoter of intestinal tumori-
genesis [38], and that celecoxib treatment (400 mg twice daily for six months)
decreased the number of colorectal polyps in subjects with familial adenomatous
polyposis [39], the Adenoma Prevention with Celecoxib (APC) study was under-
taken. In this prospective, randomized, double-blind, multicenter, international
study, subjects who had undergone endoscopic polypectomy for adenomas were
treated with either celecoxib 200 mg twice daily, celecoxib 400 mg twice daily,
or placebo. In light of the APPROVe data demonstrating an increased number of
cardiac events in the COX-2 inhibitor group, the APC drug and safety monitoring
board requested a focused reassessment of cardiovascular safety [40]. At the time of
this analysis, a total of 2,035 subjects had undergone randomization, of which 685
were in the celecoxib 200 mg twice-daily group and 671 in the celecoxib 400 mg
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Figure 3. Estimates of the cumulative incidence of confirmed serious thrombotic events comparing
rofecoxib and placebo
Source: Reproduced with permission: Bresalier RS, Sandler RS, Quan H, Bolognese JA, Oxenius B,
Horgan K, Lines C, Riddell R, Morton D, Lanas A, Konstam MA, Baron JA; Adenomatous Polyp
Prevention on Vioxx (APPROVe) Trial Investigators. Cardiovascular events associated with rofecoxib
in a colorectal adenoma chemoprevention trial. N Engl J Med. 2005 Mar 17;352(11):1092–102. Epub
2005 Feb 15. PMID: 15713943. [36]

twice-daily group. For the composite endpoint of death from cardiovascular causes,
MI, stroke or heart failure, compared to placebo, the hazard ratio was 2.3 and 3.4
for the 200 and 400 mg twice-daily groups, respectively (Figure 5). On the basis
of the results that celecoxib led to a dose-related increase in the risk of serious
cardiovascular events, on December 16, 2004, the steering committee stopped the
use of celecoxib in this study.

The cardiovascular safety committee also completed a preliminary review of
cardiovascular safety in another study, the Prevention of Spontaneous Adenomatous
Polyps (PreSAP) trial, which randomly assigned patients with a history of colorectal
adenomas to receive either 400 mg of celecoxib once daily or placebo. The prelim-
inary analysis did not show an increase in risk at this dose. [40] The authors
suggested that “differences in the dosing regimens between the APC study and
the PreSAP trial, twice daily compared with once daily, support the hypothesis
that sustained inhibition of prostacyclin (PGI2) may contribute to the increase in
cardiovascular risk.” [40]

Two studies examined the use of valdecoxib, and or its intravenous prodrug,
parecoxib, in subjects who had just undergone coronary artery bypass grafting
(CABG) surgery. The first study, published in June, 2003, was a multicenter,
phase III, placebo-controlled, double blind, randomized, parallel-group trial. Four
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Figure 4. Relative risk of MI comparing rofecoxib with control
Source: Reproduced with permission: Juni P, Nartey L, Reichenbach S, Sterchi R, Dieppe PA, Egger
M. Risk of cardiovascular events and rofecoxib: cumulative meta-analysis. Lancet. 2004 Dec 4–
10;364(9450):2021–9. PMID: 15582059. [37]

hundred and sixty two subjects were randomized to either parecoxib/valdecoxib
(311 subjects) or placebo. Although the treatment group had higher incidence of
deaths [4 (0.9%) vs 0 (0%), P = 0�309], MI [5 (1.6%) vs 1 (0.7%), P = 0�669� and
cardiovascular complications [9 (2.9%) vs 1 (0.7%), P = 0�177], these differences
did not reach statistical significance [41]. Given these results, another trial with
increased power was undertaken to clarify the safety of these COX-2 inhibitors
after CAGB. Unlike the first study, there were three groups. Group 1 received
intravenous parecoxib (first dose 40 mg IV, then 20 mg IV twice daily for 3 days)
followed by valdecoxib (20 mg twice daily through day 10). Group 2 received
intravenous placebo (twice daily for 3 days) followed by valdecoxib (20 mg twice
daily through day 10). The third group received placebo throughout the study. Of
the 1,671 subjects randomized, 555 where assigned to group 1,556 to group 2, and
560 to placebo. Cardiovascular events occurred significantly more frequently in
group 1 vs placebo (2.0% vs 0.5%, P = 0�03). Both treatment groups had a higher
rate of adverse events (7.4% vs 4.0%, P = 0�02) when compared to the placebo
group (Figure 6). On April 7, 2005, Pfizer voluntarily withdrew Valdecoxib from
the market due to concerns about cardiovascular risk and hypersensitivity reactions.
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Figure 5. Estimates of the risk of the composite end point of death from cardiovascular causes,
myocardial infarction, stroke, or heart failure among subjects who received celecoxib (200 mg twice
daily or 400 mg twice daily) or placebo
Source: Reproduced with permission: Solomon SD, McMurray JJ, Pfeffer MA, Wittes J, Fowler R, Finn
P, Anderson WF, Zauber A, Hawk E, Bertagnolli M; Adenoma Prevention with Celecoxib (APC) Study
Investigators. Cardiovascular risk associated with celecoxib in a clinical trial for colorectal adenoma
prevention. N Engl J Med. 2005 Mar 17;352(11):1071–80. Epub 2005 Feb 15. PMID: 15713944. [40]

4.2. Effects on Blood Pressure

Traditional NSAIDs have been observed to increase blood pressure [43], as well as
increase the risk of development of hypertension [44]. Animal models suggest that
selective COX-2 inhibitors may have similar hemodynamic effects [45].

The Celecoxib Rofecoxib Efficacy and Safety in Co-morbidities Evaluation Trial
(CRESCENT) was designed to investigate the effects of COX-2 inhibitors on 24-
hour blood pressure. In this prospective, randomized, double blind, multicenter,
international study, subjects with OA and type 2 diabetes were treated with celecoxib
(200 mg daily), rofecoxib (25 mg daily), or naproxen (500 mg twice daily) for 12
weeks [46]. After 6 weeks of therapy, the mean systolic BP was significantly
increased by rofecoxib, but not by celecoxib or naproxen.

In a multicenter, parallel-group, double blind, randomized, controlled trial
examining the effects of COX-2 inhibitors on blood pressure and edema, subjects
greater than 64-years old with hypertension and OA were randomized to either
celecoxib (200 mg daily) or rofecoxib (25 mg daily) for 6 weeks [47]. Subjects
in the rofecoxib group had a higher incidence of clinically significant elevation
in systolic BP vs the celecoxib group, defined as a > 20 mmHg increase from
baseline and absolute value ≥ 140 mmHg (14.9% vs 6.9%, P < 0�001) (Figure 7).
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Figure 6. Kaplan-Meier estimates of the time to a cardiovascular event
Source: Reproduced with permission: Nussmeier NA, Whelton AA, Brown MT, Langford RM, Hoeft A,
Parlow JL, Boyce SW, Verburg KM. Complications of the COX-2 inhibitors parecoxib and valdecoxib after
cardiac surgery. N Engl J Med. 2005 Mar 17;352(11):1081–91. Epub 2005 Feb 15. PMID: 15713945. [42]

Figure 7. Kaplan-Meier estimates of the time to a cardiovascular event
Source: Reproduced with permission: Whelton A, White WB, Bello AE, Puma JA, Fort JG; SUCCESS-
VII Investigators. Effects of celecoxib and rofecoxib on blood pressure and edema in patients > or = 65
years of age with systemic hypertension and osteoarthritis. Am J Cardiol. 2002 Nov 1;90(9):959–63.
PMID: 12398962. [47]
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In addition, edema occurred more often in the rofecoxib group than in the celecoxib
group (7.7% vs 4.7%, P = 0�045).

A meta-analysis examining 19 randomized trials using COX-2 inhibitors
attempted to better define their effect on blood pressure [48]. The COX-2 inhibitors
studied were celecoxib, rofecoxib, and etoricoxib. The COX-2 inhibitors caused
a weighted mean increase in systolic blood pressure when compared to placebo
(3.85 vs 1.06 mm Hg, respectively) and traditional NSAID (2.83 vs 1.34 mm Hg,
respectively).

5. CONCLUSION

In summary, the development of drugs that selectively inhibit cyclooxygenase-
2 (COX-2) demonstrates translational research from bench to bedside based on
underlying knowledge of micro-cellular structure and function. However, theoretical
concerns about potentially pro-thrombotic effects of selective COX-2 inhibitors
coupled with observations of increased cardiovascular risk have produced significant
consternation and lead to the withdrawal of two of these agents from the market.
A number of questions remain unanswered. It appears clear that both selective and
non-selective COX inhibitors are associated with increases in blood pressure. In
addition, blood pressure is often increased after starting nonsteroidal therapy, and
we know that even small increases in blood pressure in subjects with pre-existing
vascular disease (e.g., hypertension, diabetes mellitus) are associated with substantial
increases in the risk of cardiovascular morbidity [46]. Given this line of reasoning,
one might hypothesize that the observed increases in the risk of cardiovascular events
associated with COX-inhibitors may be largely due to increases in blood pressure
in populations of subjects who are already at high risk. But can we generalize that
the adverse cardiovascular effects observed for rofecoxib and valdecoxib are suffi-
cient to indict the entire class of COX-2 inhibitors, or is this not a class effect, but
dependent upon the degree of COX-2 selectivity? In either case, it seems prudent to
recommend that subjects who are at higher risk for a cardiovascular event and receiving
a COX-inhibitor should also be treated with low dose ASA [5] with close follow
up of blood pressure and efficacious use of anti-hypertensive medications. Finally,
modest dietary salt restriction may help lessen the effects of COX-inhibitors on blood
pressure [49].
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Abstract: Clinical investigations have demonstrated a relationship between the extended use
of rofecoxib and increased risk for atherothrombotic events. This has led to the
removal of rofecoxib from the market and explicit cardiovascular safety warnings
for other COX-2 selective and non-selective agents that remain on the market. Early
explanations for the cardiotoxicity of rofecoxib, such as the relative cardioprotective
effect of comparator agents (naproxen) or an “imbalance” between thromboxane and
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prostacyclin biosynthesis due to an absence of concomitant aspirin use, have not been
substantiated by the evidence. New experimental findings indicate that the cardiotox-
icity of rofecoxib is not a general class effect but may be due to its intrinsic chemical
structure and unique primary metabolism. Specifically, rofecoxib has been shown to
increase the susceptibility of human LDL and cell membrane lipids to oxidative modifi-
cation, a hallmark feature of atherosclerosis. Rofecoxib was also found to promote the
non-enzymatic formation of isoprostanes from biological lipids, which act as important
mediators of inflammation in the atherosclerotic plaque. The explanation for such
cardiotoxicity is that rofecoxib forms a reactive maleic anhydride in the presence of
oxygen due to its chemical structure and primary metabolism (cytoplasmic reductase).
By contrast, adverse effects on rates of LDL and membrane lipid oxidation were not
observed with other chemically distinct (sulfonamide) COX-2 inhibitors under identical
conditions. These findings provide a compelling rationale for distinguishing the differ-
ences in cardiovascular risk among COX-selective inhibitors on the basis of their intrinsic
physico-chemical properties

1. INTRODUCTION

Cyclooxygenase (COX) enzyme inhibitors block the rate-limiting step in the
synthesis of prostaglandins. Two isoforms of COX, designated as COX-1 and
COX-2, have been identified, both of which are inhibited by nonsteroidal anti-
inflammatory drugs (NSAIDs). The advantage of COX-2-selective inhibitors
is attributed to the observation that the COX-2 enzyme is expressed in
limited fashion throughout most tissues unless induced by inflammatory
stimuli or mitogens. Clinical investigations confirm that these agents produce
fewer gastrointestinal complications than NSAIDs that block both isoforms of
COX. [1, 2] The expression of COX-2 has also been specifically linked to
cardiovascular disease, as levels of this protein are elevated in atheroscle-
rotic lesions. [3, 4] The use of these agents has been proposed in the
treatment of atherosclerosis, a disease characterized by widespread inflam-
mation. [5]

2. EVIDENCE FOR THE CARDIOTOXIC EFFECTS
OF ROFECOXIB: COMPARISON TO OTHER COX
INHIBITORS

Despite their therapeutic advantages, the widespread use of selective COX inhibitors
has been questioned over concern for their cardiovascular safety. Prospective,
randomized clinical trials demonstrated a deleterious relationship between the
extended use of rofecoxib and risk for atherothrombotic events. [1, 6] In The Adeno-
matous Polyp Prevention on Vioxx (APPROVe) Trial, rofecoxib use was associated
with an unacceptable increase in cardiovascular events. [6] This study, conducted
in collaboration with the National Cancer Institute, evaluated a novel pharmaco-
logic benefit for rofecoxib in preventing the recurrence of colorectal polyps among
2,600 patients with a history of colorectal adenomas. However, the study was termi-
nated early when it was discovered that patients receiving 25 mg/day rofecoxib had
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twice the risk of thromboembolic events compared with those receiving placebo
(15 versus 7 per 1000 patients annually). The increased risk of serious thrombotic
events became statistically significant after 18 months.

The adverse effects with rofecoxib in APPROVe were observed despite the
concomitant use of aspirin, an inhibitor of both COX isoforms. This directly
contradicted the so-called “imbalance hypothesis” which had argued that relatively
unopposed COX-2 inhibition leads to increased thromboxane A2 levels and
enhanced thrombotic risk. [7–9] In fact, the use of aspirin among patients
receiving rofecoxib had no influence on their risk for an atherothrombotic
event. Additionally, while COX-2 is involved with production of the vasodilator
prostacyclin, the increased risk with rofecoxib use was unrelated to blood pressure
changes. Beyond APPROVe, an enhanced risk of cardiovascular disease among
users of rofecoxib has also been reported in large case-control and cohort
studies. [10–12]

The findings from APPROVe confirmed earlier concerns of a relationship
between use of rofecoxib and cardiovascular risk that had been reported several
years earlier. In 2000, the results of the Vioxx Gastrointestinal Outcomes Research
(VIGOR) trial revealed unexpected evidence of increased myocardial infarction
and stroke among patients on rofecoxib, despite the exclusion of patients with
known and significant preexisting coronary artery disease. [1] This study, conducted
as a double-blind, randomized, prospective clinical trial, included 8,076 patients
with rheumatoid arthritis. The study compared the occurrence of gastrointestinal
toxicity of rofecoxib (50 mg/day) and another nonsteroidal anti-inflammatory drug
(NSAID), naproxen (1000 mg/day). As expected, there was a greater than 50%
reduction in risk of serious gastrointestinal events among those receiving rofecoxib,
as compared to naproxen. But what was unexpected at the time was a significant
five-fold increase in the incidence of myocardial infarction in the rofecoxib group,
as compared to naproxen. It was initially hypothesized that the increased cardiovas-
cular risks were due to potential cardioprotection with naproxen, as opposed to a
cardiotoxic effect of rofecoxib. However, a meta-analysis of naproxen studies and a
later independent study conducted among 1.39 million Kaiser Permanente members
by David Graham of the FDA have since revealed that the cardioprotective effect
of this agent is small, at best, and could not account for these findings in VIGOR.
[13, 14]

A single trial called into question the safety of celecoxib, another COX-2
selective agent, when administered at higher doses (up to 400 twice daily) for
an extended period, [15] but a consistent adverse effect has not been observed.
[10–12] This trial known as the Prevention of Sporadic Colorectal Adenomas with
Celecoxib (APC) trial used doses in excess of those recommended for patients with
osteoarthritis (100 to 200 mg) and rheumatoid arthritis (200 to 400 mg). At the time
of the release of this trial, another cancer study called Prevention of Spontaneous
Adenomatous Polyps (PreSAP) failed to show an increase risk at these elevated
levels while yet a third trial involving patients with Alzheimer’s disease patients
(ADAPT) showed increased risk with naproxen, but not celecoxib. Based on the
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preponderance of the evidence, the FDA in early 2005 decided that celecoxib
should remain on the market (valdecoxib was removed due to its link to a rare skin
disorder). In an independent analysis of cardiovascular events of over one million
subjects, 26,748 of whom took rofecoxib and 40,405 of whom took celecoxib,
higher doses (50 mg/day) of rofecoxib tripled the risk for heart attack and sudden
cardiac death. [14] Remarkably, these results showed that naproxen failed to offer
any cardioprotection compared to the expected rates of cardiovascular events, and
celecoxib did not significantly alter the cardiovascular risk. [14] Thus, the apparent
differences in thrombotic risk among these agents cannot be simply attributed to
their selective or even non-selective COX inhibition.

Despite the controversy surrounding NSAIDs and COX-2 inhibitors, the benefit
of aspirin for secondary prevention in patients at high risk for cardiovascular
disease remains well established due to inhibition of platelet aggregation. COX-
1 and thromboxane synthase are both constitutively expressed in platelets and
have an essential role in regulating aggregation. The COX-2 enzyme, in particular,
is responsible for oxygenation of arachidonic acid into prostaglandin endoper-
oxide H2 followed by enzymatic conversion into thromboxane A2 �TXA2�, a
potent inducer of vasoconstriction and platelet aggregation. Platelet-derived TXA2

can also work through a paracrine pathway to upregulate endothelial COX-2
expression and prostacyclin synthesis. [16] These features of the COX system
explain why low dose aspirin preferentially inhibits COX-1 in platelets, resulting
in a reduction in TXA2 while sparing COX-2–derived prostacyclin biosyn-
thesis. On the other hand, nonspecific NSAIDs block both COX isoforms and
thereby reduce both the prothrombotic actions of TXA2 and the antithrombotic
properties of prostacyclin. Despite an apparent balance in their effects on these
two pathways, NSAIDs have been linked to increased cardiovascular risk at
higher doses. [17]

3. COX-2 INHIBITORS HAVE DISTINCT PHARMACOLOGIC
PROPERTIES

A compelling explanation for the differences in cardiovascular safety among COX-2
selective inhibitors is their distinct pharmacokinetic properties. While these agents
share a common pharmacologic target, they otherwise possess different pharma-
cokinetic and pharmacodynamic properties that contribute directly to their overall
efficacy and safety. These agents vary significantly in their rates of absorption,
amount of protein binding, membrane locations, metabolism and selectivity for
their enzymatic target (Table 1). Such pharmacokinetic differences also influence
efficacy, tolerance, tissue distribution, safety, and drug interactions. As postu-
lated by Nobel laureate John Vane in 2002, such fundamental differences in
the physico-chemical properties and metabolism of the COX-2 inhibitors should
be considered as an explanation for the increased cardiovascular risk associated
with use of rofecoxib, as had already been reported by that time in the VIGOR
trial. [18, 19]
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COX-2inhibitorscanbeclassifiedby theirchemicalpropertiesasbelonging toeither
the methylsulfone or phospholipid class groups. These chemical differences influence
the drugs’ chemical charge at physiologic pH, thereby affecting their lipophilicity,
tissue penetration, volume of distribution and even susceptibility to oxidative modifi-
cation. These chemical properties also contribute to other non-COX related actions
of these agents, such as endothelial-dependent nitric oxide release, vasodilation, and
renal function preservation, as demonstrated in animal models under well controlled
conditions. [18,19,21]Thesedirectcomparator studies showedaconsistentlydifferent
effect for rofecoxib with respect to cardiovascular disease surrogate biomarkers, as
compared to other COX-selective and non-selective agents. [18, 19] These studies
also support the earlier hypothesis [22] that basic chemical differences among COX-
2 agents can be manifest in their biological actions, some of which are entirely
independent of COX-2 inhibition per se.

4. ROFECOXIB FORMS A HIGHLY REACTIVE METABOLITE
THAT HAS POTENT PRO-OXIDANT ACTIVITY

Direct support for cardiotoxicity with rofecoxib, as opposed to other agents in this
class, has been provided by E.J. Corey (Nobel laureate in chemistry, 1990). To
understand the basis for this finding, it is important to note that the metabolism
of rofecoxib is unique among these agents. While the metabolism of all coxibs is
oxidative and involves cytochrome P450 enzymes, rofecoxib is first metabolized by
a cytoplasmic reductase (5-�-reductase) to form potential reactive metabolites, as
will be discussed. [23] By contrast, agents like celecoxib have an additional methyl
group on their primary structure which leads to inactivation via the high-capacity
hepatic cytochrome P450 enzyme system. [24] This results in more predictable
metabolism of these compounds compared to rofecoxib which is processed into
a variety of metabolites. [25] Indeed, Reddy and Corey reported that rofecoxib
readily formed a reactive metabolite, a maleic anhydride derivative (see Figure 1).
in the presence of oxygen. [26] This metabolite is capable of reactions with nucle-
ophilic groups of various biological molecules, especially amine groups, to cause
disruption in essential cellular structure-function relationships. It is noteworthy that
this reactive metabolite could not be derived from other COX-2 selective agents,
including celecoxib, valdecoxib and lumaricoxib due to their inability to form
analogous chemical metabolites. [26]

The formation of a reactive metabolite from rofecoxib may contribute specifi-
cally to mechanisms of atherothrombotic disease. In particular, the maleic anhydride
can form highly reactive peroxyl radicals, thereby promoting lipid oxidation. As
evidence for such a mechanism, we observed that rofecoxib, but not sulfonamide-
type COX-2 inhibitors (celecoxib and valdecoxib), caused an increase in suscep-
tibility of human LDL and membrane lipids to oxidative modification. [27] The
formation of isoprostanes and aldehydes with rofecoxib was non-enzymatic and
may be mediated by its reactive metabolite. In addition to a biochemical mechanism
mediated by its metabolite, we observed that rofecoxib (and etoricoxib) altered
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Figure 1. Chemical steps involved in the formation of a reactive metabolite for rofecoxib. Under
physiologic conditions, rofecoxib readily ionizes to an anion that then forms a reactive maleic anhydride
in the presence of oxygen. [26] the metabolite is capable of reacting with PUFAs associated with
membrane phospholipid or LDL to form toxic lipid peroxyl groups. The metabolite may also react with
amine groups in proteins, thereby altering essential aspects of cellular structure and function
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the three-dimensional structure of the lipid molecules, a process that could further
accelerate the rate of lipid peroxidation. [27] Again, these toxic effects of rofecoxib
were not reproduced by other COX-selective or non-selective agents, including
naproxen, ibuprofen, diclofenac or meloxicam.

5. ROFECOXIB INCREASES THE SUSCEPTIBILIY OF HUMAN
LDL TO OXIDATIVE MODIFICATION: COMPARISON
TO OTHER COX-2 INHIBITORS AND NSAIDs

Minimally modified or oxidized LDL has an essential role in atherosclerotic
plaque instability by contributing to mechanisms of endothelial dysfunction and
inflammation. [28, 29] Oxidative LDL contributes directly to foam cell formation,
endothelial dysfunction and destructive inflammatory processes associated with
plaque instability and thrombus formation. [30, 31] In vivo studies show that levels
of oxidized LDL strongly correlate with the severity of acute coronary syndromes
and plaque instability. [32, 33] In a prospective study of over 600 patients, we
observed that levels of lipid oxidation markers were highly predictive of coronary
events over a three year period, independent of traditional risk factors and markers
of inflammation. [34] Thus, a pro-oxidant effect with rofecoxib may be an important
clue for understanding the basis for its toxicity and developing pharmacologic
approaches to block this activity.

We evaluated the effects of rofecoxib on rates of lipid peroxidation in isolated
human LDL and lipid vesicles enriched with polyunsaturated fatty acids (e.g.,
arachidonic acid), the substrate for lipid peroxidation. Oxidative changes in
these various biological preparations were monitored and compared to another
selective COX-2 inhibitor (celecoxib) and non-selective COX inhibitors (naproxen,
diclofenac) under identical conditions. The activity of rofecoxib was also compared
to sulfone analogs, including methyl phenyl sulfone and dimethyl sulfone. Following
incubation with human LDL, rofecoxib significantly �p < 0�001� decreased the
lag time for human LDL conjugated diene formation by 42�8 ± 1�5% at 100 nM
(Figure 2). This pronounced effect on the rate of conjugated diene formation
indicates that rofecoxib has potent pro-oxidant activity, as evidenced by depleted
LDL antioxidant capacity.

In addition to measuring conjugated diene formation, we also measured the effects
of these agents on the formation of reactive aldehydes, especially malondialdehyde
(MDA). Consistent with its effect on conjugated diene formation, rofecoxib and
etoricoxib also caused marked increases in MDA levels. The comparative effects
of these agents on MDA formation from human LDL (measured as TBARS)
are reported in Figure 2. Compared to celecoxib, naproxen and diclofenac, only
rofecoxib caused a significant increase in MDA levels, even at a concentration
(50 nM) that was 10-fold lower (50 nM) than that used for comparison drugs. Pro-
oxidant changes in conjugated diene formation or MDA levels were not observed
following treatment with other COX selective or non-selective inhibitors under
identical conditions. Additionally, other sulfone-containing compounds (methyl
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Figure 2. (Continued)



184 Mason et al.

phenyl sulfone, dimethyl sulfone) had no effect on LDL oxidation (data not shown).
As compared to vehicle treated LDL samples (MDA level of 3�23 ± 0�28 �M),
there were no significant changes in LDL oxidation for samples treated with either
dimethyl sulfone �3�32 ± 0�19 �M� p = 0�9� or methyl phenyl sulfone �3�25 ±
0�13 �M� p = 0�7� at a concentration of 1 �M. [27]

6. EFFECT OF COX-2 INHIBITORS AND NSAIDs
ON ISOPROSTANE FORMATION FROM MEMBRANE
SULFONAMIDE

Isoprostanes are prostaglandin isomers that can be generated non-enzymatically
by free radical modification of arachidonic acid associated with phospholipids in
LDL and cellular membranes. F2-isoprostanes have been specifically identified in
atherosclerotic plaques where they are mediators of inflammation. [35] We tested
the effects of these agents on peroxidation of lipid vesicles containing arachi-
donic acid, the substrate for non-enzymatic formation of isoprostanes. Using mass
spectroscopy, we observed pronounced differences in isoprostane generation among
the COX-2 inhibitors. [27] Levels of isoprostanes were shown to increase from
140 ± 25 ng/ml �mean ± S�D�� in vehicle-treated samples to 190 ± 18 ng/ml �p <
0�0025� and 224±22 ng/ml �p < 0�0001� in the presence of 100 nM rofecoxib and
etoricoxib, respectively (Figure 3A). By contrast, celecoxib had no significant effect
on peroxidation of arachidonic acid-enriched vesicles, even at higher concentrations.

7. EFFECT OF ROFECOXIB AND CELECOXIB ON THE OXYGEN
RADICAL ANTIOXIDANT CAPACITY (ORAC)
OF HUMAN PLASMA

As reported in the Physicians Desk Reference �2003�, the maximum plasma concen-
tration �Cmax� for celecoxib at an approved 200 mg dose is 1�85 �M (705 ng/ml).
In the case of rofecoxib, an approved dose of 25 mg results in a plasma concen-
tration of 658 nM (207 ng/ml). The comparative effects of rofecoxib and celecoxib

�
Figure 2. (A) Comparative effects of NSAIDs on rates of conjugated diene formation in human LDL
(100 �g protein/ml) following incubation with COX-2 selective (celecoxib, rofecoxib) and non-selective
inhibitors (diclofenac, naproxen). Diene formation in the presence of each agent at a concentration
of 100 nM was monitored at 234 nm and compared to vehicle (control). The lag time was calculated
from the intercept of the lines drawn through the linear portions of the lag phase and propagation
phase. LDL oxidation was initiated with CuSO4 at 37 �C. Values are mean ± S�D� of experiments
done in triplicate. ∗p < 0�001, different from vehicle-treated LDL samples. (B) Comparative effects
of NSAIDs on formation of TBARS in human LDL (100 �g protein/ml) following incubation with
COX-2 selective (celecoxib, rofecoxib) and non-selective inhibitors (diclofenac, naproxen, ibuprofen)
at 500 nM. Oxidation was initiated with CuSO4 at 37 �C. The effects of the drugs on LDL oxidation
were compared to vehicle (control) based on TBARS formation measured at an absorbance of
532 nm. ∗p < 0�001 and †p < 0�01 versus vehicle treated samples. (Figure reproduced from an
earlier article. [27])
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Figure 3. (A) Effects of rofecoxib and etoricoxib (100 nM) versus vehicle-treatment on isoprostane
formation from lipid vesicles enriched with arachidonic acid (0.25 mg/ml). Peroxidation of lipids occurred
over time in the absence of any exogenous initiators at 37 �C. Total levels of F2-isoprostanes were
measured by GC-MS with negative chemical ionization in DAPC lipid vesicles prepared in the presence
of vehicle or drug. Values are mean ± S�D� �n = 4�� ∗p < 0�01 and †p < 0�0001 versus vehicle treated
samples. (B) Comparative effects of COX-2 inhibitors rofecoxib and celecoxib on the antioxidant
capacity of human plasma were assessed using the Oxygen Radical Absorption Capacity (ORAC) assay.
The area under the curve (AUC) from the analysis was reported as a function of treatment at 1�0 �M.
Plasma oxidation was initiated with AAPH at 37 �C. The effects of the drug were compared to vehicle
(control). ∗p < 0�0001, rofecoxib versus either vehicle or celecoxib treated samples. (Figure reproduced
from an earlier article. [27])
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on the antioxidant capacity of human plasma were assessed using the Oxygen
Radical Absorption Capacity or ORAC assay. [36] The area under the curve
(AUC) from the ORAC analysis is reported in Figure 3B. Consistent with a
pro-oxidant effect, rofecoxib significantly �p < 0�001� reduced the ORAC value
by 34% (28�1 ± 1�2 in vehicle-treated samples to 18�6 ± 1�3) at 1�0 �M. In
parallel experiments, celecoxib did not significantly change this value, even
at the highest concentration tested �10�0 �M�, in which the ORAC value
was 28�5±0�1. [27]

8. EFFECT OF COX-2 INHIBITORS ON LIPID STRUCTURE

To further understand how the distinct properties of the COX-2 inhibitors
influence the susceptibility of LDL and membrane lipids to oxidative modifi-
cation, we used small-angle x-ray diffraction approaches to measure their inter-
action with biological membranes. [37] The addition of rofecoxib produced
a change in electron density consistent with a location in the phospho-
lipids headgroup. [27] At the same time, rofecoxib caused disordering in
the hydrocarbon core, similar to thermal heating or oxidative damage to
the membrane. [38, 39] Thus, the pro-oxidant activity of rofecoxib may be
related, in part, to physico-chemical changes in lipid structure. By contrast,
the addition of celecoxib to the phospholipids bilayer was associated with
the hydrocarbon core, a location attributed to its greater lipophilicity. These

Figure 4. Schematic illustration of structural changes in membrane lipids with rofecoxib, based on
small angle x-ray diffraction analysis. The location of rofecoxib in the phospholipid headgroup region
caused a disordering of the phospholipid acyl chains. The alteration in the intermolecular packing of
the lipid molecules may facilitate the diffusion of free radicals. By contrast, celecoxib had a well-
defined location in the membrane hydrocarbon core; a position consistent with its highly lipophilic
properties. The equilibrium position of the celecoxib molecule did not cause a disordering in the lipid
molecules
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Figure 5. A summary of the cardiotoxic mechanism for rofecoxib based on experimental findings.
[26, 27] The rofecoxib molecule alters lipid structure and undergoes conversion to a reactive metabolite
that may stimulate formation of reactive oxygen species, such as lipid peroxyl groups. As evidence of
this pro-oxidant activity, rofecoxib increased levels of isoprostanes, oxidized LDL, and reduced plasma
antioxidant capacity. These oxidized lipids contribute to endothelial dysfunction and inflammation,
thereby contributing to mechanisms of atherothrombosis

differences in the molecular membrane interactions of the COX-2 inhibitors
may contribute to their distinct physico-chemical effects on lipid peroxidation
(Figure 4).

9. CONCLUSION

We have reviewed a mechanistic basis for cardiotoxicity with rofecoxib that can be
attributed to its distinct chemical properties, unique primary metabolism and potent
pro-oxidant activity. These findings are summarized in Figure 5. Following primary
metabolism, rofecoxib readily forms a highly reactive maleic anhydride derivative
that causes oxidative damage in various biological targets, including human LDL
and arachidonic acid, to form atherogenic aldehydes and isoprostanes. The toxic
effects of rofecoxib could not be reproduced by sulfonamide COX-2 inhibitors, such
as celecoxib, or NSAIDs when tested under identical conditions. Collectively, these
findings indicate that rofecoxib is cardiotoxic due to inherent chemical properties
that are unrelated to COX-2 inhibition.
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Abstract: Significant use of selective cyclooxygenase-2 (COX-2) blocking agents prescribed for
the treatment of arthritis during 1999 to 2005 facilitates epidemiologic investigations to
illuminate their chemopreventive effects against human cancer. We therefore conducted
a set of case control studies of selective COX-2 blocking agents to determine their
chemopreventive potential for the four major cancers: breast, prostate, colon, and lung.
Newly diagnosed cases (323 breast cancer patients, 229 prostate cancer patients, 326 colon
cancer patients, and 486 lung cancer patients) were ascertained during 2002 to September
30, 2004, at The James Cancer Hospital and Solove Research Institute, The Ohio State
University Medical Center, Columbus, Ohio. All cases of invasive cancer were confirmed
by examination of the pathology report. Healthy controls without cancer were ascertained
from hospital screening clinics during the same time period. Controls were frequency
matched at a rate of 2:1 to the cases by age, gender, and county of residence. We collected
information on type, frequency, and duration of use of selective COX-2 inhibitors and
nonselective nonsteroidal anti-inflammatory drugs (NSAIDs). Other potentially important
risk factors (smoking, drinking, body mass, medical history, blood pressure and cholesterol
medications, family history of cancer, occupational history, and reproductive history for
women) were also recorded for each subject. Estimates of odds ratios were obtained with
adjustment for age and other potential confounders using logistic regression analysis. Use
of selective COX-2 inhibitors resulted in a significant risk reduction for each type of
cancer (71% for breast cancer, 55% for prostate cancer, 70% for colon cancer, and 79%
for lung cancer) and an overall 68% risk reduction for all four cancers. This investigation
demonstrates that COX-2 blocking agents have strong potential for the chemoprevention
of cancers of the breast, prostate, colon and lung

1. INTRODUCTION

1.1. Burden of Cancer

The American Cancer Society estimates that more than 1.4 million new cases
of invasive cancer will be diagnosed during 2006 in the United States, and
more than 564,000 Americans will die from cancer [1]. When age-adjusted
death rates are considered, cancer has surpassed heart disease and is now the
leading cause of death among American women and men under age 85. The
majority (about 60%) of cancer deaths are attributable to four major cancer
types: lung, breast, prostate, and colon. Among women, cancers of the lung
and bronchus, breast, and colon account for more than half of the deaths.
Among men, the majority of deaths are due to cancers of the lung and
bronchus, prostate, and colon. Lung cancer is the leading cause of cancer death
in both men and women, causing nearly 93,000 deaths in men and 82,000
deaths in women every year. Breast cancer is the most common malignancy
among American women and the second leading cause of cancer death. In
2006, 213,000 women are expected to develop invasive breast cancer and nearly
41,000 will die from the disease. Prostate cancer is the most common malig-
nancy among American men and the second leading cause of death. In 2006,
234,000 men are expected to develop invasive prostate cancer and 27,000 will
die from the disease. Colon cancer is the third leading cause of death in
both men and women and will cause nearly 55,000 deaths in 2006. Despite
intensive efforts aimed primarily at early detection and therapy, the high mortality
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rates of these malignancies have persisted for several decades. Innovative research
efforts must therefore be redirected towards chemoprevention of the early stages of
carcinogenesis.

1.2. Nonsteroidal Anti-inflammatory Drugs (NSAIDs) and Cancer

Epidemiologic studies indicate that nonsteroidal anti-inflammatory drugs (NSAIDs)
reduce the risk of virtually all cancers [2]. Recently, we comprehensively
reviewed the published scientific literature on non-steroidal anti-inflammatory drugs
(NSAIDs) and cancer and evaluated results based upon epidemiologic criteria of
judgment: consistency of results, strength of association, dose response, molecular
specificity, and biological plausibility [3]. Sufficient data from 91 epidemiologic
studies were available to examine the association of relative risk and NSAID intake
for ten human malignancies. Results showed a significant decrease in the risk
with intake of NSAIDs (primarily aspirin or ibuprofen) for 7 of 10 malignancies
including the four major types: colon, breast, lung, and prostate cancer. Daily
intake of NSAIDs (325 mg aspirin or 200 mg ibuprofen) produced risk reductions
of 63% for colon cancer, 39% for breast cancer, 36% for lung cancer, and 39%
for prostate cancer. Significant risk reductions were also observed for esophageal
cancer (73%), stomach cancer (62%), and ovarian cancer (47%). NSAID effects
became apparent after five or more years of use and were stronger with longer
duration. Observed protective effects were also consistently stronger for gastroin-
testinal malignancies (esophagus, stomach, and colon). Results for pancreatic
cancer, urinary bladder cancer, and renal cancer were inconsistent. Initial epidemi-
ologic studies of malignant melanoma, Hodgkin’s disease, and adult leukemia also
found that NSAIDs are protective.

The epidemiologic literature therefore provides compelling evidence that regular
intake of NSAIDs with non-selective activity against cyclooxygenase-2 (COX-2)
protects against the development of many types of cancer. When results are
combined according to the relative incidence of these malignancies, it is estimated
that regular NSAID intake is associated with a 36% reduction in overall cancer
risk. This estimate is in close agreement with the findings of Gonzalez-Perez
and colleagues [4] who reported a similar reduction in overall cancer risk with
NSAID use.

1.3. Antineoplastic Effects of NSAIDs

The anti-inflammatory effects of NSAIDs stem primarily from inhibition of
cyclooxygenase, the rate limiting enzyme of the prostaglandin cascade [5]. Two
primary genes are responsible for the genetic control of cyclooxygenase, a consti-
tutive gene (COX-1) and its inducible isoform (COX-2) [6, 7]. Molecular studies
show that the inducible cyclooxygenase-2 gene (COX-2) is over-expressed in
virtually every type of human cancer that has been studied including colon
cancer, breast cancer, prostate cancer, lung cancer [8–14], see also Chapter 10.
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Metabolism of arachidonic acid via the cyclooxygenase pathway produces various
prostaglandins, prostacyclins and thromboxanes, and increased levels have been
shown in malignant tumors in comparison to benign tumors and normal tissues
[15–19]. Certain prostaglandins, for example PGE2, PGF2-alpha and 6-keto-PGF-
1-alpha, are upregulated in association with tumor formation [20]. Both in vitro and
in vivo studies have demonstrated that inhibition of the cyclooxygenase pathway,
and particularly COX-2, results in the inhibition of tumor growth and development
[21–28].

In the past quarter century, scores of independent investigations employing
animal models of carcinogenesis have generated compelling evidence that NSAIDs
have significant and consistent effects against cancer development at several
anatomic sites. Early investigations in the 1980’s by Pollard and Luckert [29, 30]
and Reddy et al. [31, 32] showed that administration of indomethacin and
piroxicam significantly inhibited colon carcinogenesis. Karmali et al. [33, 34]
discovered similar effects of NSAIDs against breast cancer, and also elucidated
differential effects of essential dietary fatty acids in prostaglandin biosynthesis
and tumor promotion. Her studies showed that dietary supplementation with
the n-6 fatty acid, linoleic acid, promoted tumor growth and development via
enhanced arachidonic acid metabolism and elevated levels of PG activity, whereas
the n-3 essential fatty acid, linolenic acid, had the opposite effect. Subsequent
investigations have confirmed these early findings not only for colon and breast
cancer, but also for lung cancer [35], prostate cancer [36], and a variety of other
tumors that have been investigated in animal models [37]. In these studies of
chemically induced tumors, supplemental administration of general NSAIDs such
as aspirin, ibuprofen, piroxicam, sulindac, and others, in the diet or drinking water
consistently reduced the growth and development of malignant neoplasms by 25 to
75%. It is important to note that recent preclinical studies have demonstrated even
stronger antineoplastic effects of selective COX-2 inhibitors such as celecoxib,
rofecoxib, valdecoxib, and nimesulide against colon cancer [38, 39] and breast
cancer [40, 41], as well as other malignancies. Animal models of carcinogenesis
therefore provide compelling evidence that NSAIDs inhibit tumor growth
and development.

Various physiologic mechanisms may be responsible for the observed anti-
tumor effects of NSAIDs. Inhibition of cyclooxygenase and blockade of the
prostaglandin cascade may impact upon neoplastic growth and development by
reducing key features of carcinogenesis, vis a vis, mutagenesis, angiogenesis, and
mitosis, and also by stimulating apoptosis of malignant cells [42, 43, 44]. It has
recently been discovered that up-regulation of COX-2 and correlative production of
prostaglandin E2 (PGE2) effectively and specifically induces the promoter II region
of the cytochrome P-450 gene (CYP-19) which is transcribed and translated into
aromatase, the chief enzyme in the biosynthesis of estrogen [45, 46]. It is well known
that estrogen has strong proliferative effects and mitogenic potential, and proce-
dures which reduce estrogen levels or estrogen activity have been associated with
decreased risk of breast cancer as well as other malignancies. The COX blocking
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agents have also been found to activate the peroxisome proliferator-activated
receptors (PPAR), ligands which modulate neoplastic transcription in conjunction
with upregulation of the prostaglandin cascade [47]. Recent investigations of cell
lines of adenocarcinoma of the lung reveal the presence of acetylcholine receptors
which modulate arachidonic acid release and stimulate carcinogenesis; notably,
these effects are blocked by administration of NSAIDs [48, 49]. These multiple lines
of evidence suggest that aberrant induction and upregulation of the prostaglandin
cascade play a significant role in carcinogenesis, and that blockade of this process
has strong potential for intervention.

1.4. Breast Cancer and NSAIDs

Karmali’s early work on breast cancer development in animals provided unequivocal
proof that dietary supplementation with the essential n-6 fatty acid, linoleic
acid, heightens prostaglandin biosynthesis and promotes breast cancer devel-
opment, whereas the n-3 fatty acid linolenic acid has the opposite effect [33, 34].
Independent studies by many investigators have consistently demonstrated that
aspirin, indomethacin, ibuprofen, and other NSAIDs significant reduce the incidence
of chemically induced breast cancer in animals [50–56]. A recent report by Harris,
Alshafie, Abou-Issa, and Seibert provides the first evidence that the selective COX-2
blocker, celecoxib, has striking chemopreventive and therapeutic effects against
mammary carcinogenesis in vivo, vis a vis., in the Sprague-Dawley rat model of
breast cancer, celecoxib is a dramatically effective inhibitor of tumor initiation,
multiplicity, growth, and development [40].

Harris and colleagues have reported the results of four separate epidemiologic
investigations, each suggesting that NSAIDs such as ibuprofen and aspirin signifi-
cantly reduce the risk of breast cancer [57–61]. Perhaps the most notable of these
studies is the Women’s Health Initiative national sample of 81,000 postmenopausal
women, wherein long term regular use of over the counter NSAIDs reduced the risk
of breast cancer by 28% and the use of ibuprofen per se reduced the risk by 49%,
whereas acetaminophen, an analgesic without COX-2 activity, had no effect on the
risk [61]. Our recent meta-analysis of seventeen independent epidemiologic studies
found that regular use of over the counter NSAIDs produced a 39% reduction in
breast cancer risk [3]. Most recently, the final results of a large multi-center epidemi-
ologic investigation of more than 7,000 breast cancer cases found that aspirin and
other NSAIDs significantly decreased breast cancer risk [62]. In molecular studies
of breast tissues, over-expression of the COX-2 gene is a feature of most human
breast cancers [11], and COX-2 levels in malignant cells are correlated with up-
regulation of aromatase and heightened estrogen biosynthesis in adjacent breast
adipose [46]. Overall, the evidence shows consistency of chemopreventive effects
of non-selective NSAIDs against breast cancer plus molecular specificity of COX-2
over-expression in mammary carcinogenesis, thus setting the stage for studies of
the selective COX-2 inhibitors.
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1.5. Prostate Cancer and NSAIDs

An early animal study by Pollard and luckert [63] demonstrated that the NSAID,
piroxicam, produced significant inhibition of the metastatic spread of transplanted
prostate cancer. Subsequently, molecular studies showed that most prostate tumors
over-express COX-2 [64, 65], and in vitro studies found that the growth of
prostate cancer cell lines is enhanced by arachadonic acid and inhibited by
NSAIDs [36, 66].

Nelson and Harris [67] first reported that common over the counter NSAIDs such
as aspirin and ibuprofen significantly reduce the risk of prostate cancer. Our recent
meta-analysis of thirteen published epidemiology investigations found evidence of
heterogeneity among studies; nevertheless, regular intake of non-selective NSAIDs
reduced the risk of prostate cancer by 39% [3].

1.6. Colon Cancer, Colon Polyps and NSAIDs

The greatest concentration of effort in cancer research on NSAIDs and COX-2
blockade has focused on colon carcinogenesis. Pollard and Luckert [29, 30], and
Reddy and colleagues [31, 32, 38, Chapter 13] first published the results of animal
investigations which show that NSAIDs block the development of colon cancer;
these findings have been confirmed by many independent investigations [38].
Preclinical studies also provide convincing evidence that selective COX-2 blockade
by celecoxib and other COX-2 inhibitors markedly reduces the incidence of colon
cancer in vivo [39].

Human clinical and epidemiologic studies of sporadic adenomatous polyps have
consistently shown that intake of aspirin, ibuprofen, or other NSAIDs reduces the
risk of colonic polyp development [68–75]. Thun et al. [76], initially published
the results of an epidemiologic study showing that intake of aspirin is protective
against fatal colon cancer. Subsequent independent epidemiologic studies provide
good corroborative evidence that NSAIDs have antineoplastic effects against colon
carcinogenesis [77]. Our recent meta-analysis of twenty-one epidemiologic studies
found that regular intake of over the counter NSAIDs, primarily aspirin, produced
a 63% reduction in the risk of colon cancer [3].

Molecular studies tend to substantiate these observations in revealing marked
over-expression of COX-2 by the vast majority of malignant colonic tumors
[12, 13, 14, 78, 79]. Randomized clinical trials have established that regular and
continuing intake of celecoxib suppresses the formation of preneoplastic adeno-
matous polyps and causes regression of existing polyps in patients with Familial
Adenomatous Polyposis [80], and that regular intake of aspirin reduces the incidence
of colon polyps in patients with prior colorectal cancer [81]. These studies which are
thoroughly reviewed elsewhere [77, 82] provide convincing evidence that sustained
intake of compounds with COX-2 blocking activity not only inhibits the devel-
opment of colon cancer per se, but also interrupts the evolution of preneoplastic
lesions of the colonic mucosa.
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1.7. Lung Cancer and NSAIDs

The early preclinical studies of Schuller et al. [35] and Castonguay and Rioux
[83, 84] provide convincing evidence that inhibition of prostaglandin biosynthesis by
various NSAIDs reduces the development of chemically induced pulmonary adeno-
carcinoma. Wolf et al. [8], Hida et al. [9], Koki et al. [14], and other investigators
have observed that COX-2 is over-expressed in 70–90% of human pulmonary adeno-
carcinomas and other non-small cell lung cancers. Additional molecular studies by
Schuller and colleagues [48, 49] determined that lung carcinogenesis is linked to the
stimulation of beta-adrenergic receptors by nitrosamines and possibly other tobacco
carcinogens. They have identified a novel mechanism by which the nitrosamine,
NNK, modulates the arachidonic acid cascade and DNA synthesis through signal
transduction involving both beta-1 and beta-2 adrenergic receptors. Notably, this
effect is inhibited by administration of NSAIDs [85].

Early prospective epidemiologic investigations by Peto et al. [86] and
Schreinemachers and Everson [87] suggested that regular aspirin intake produced
a significant reduction in lung cancer risk. Subsequently, other investigators have
also observed protective effects of aspirin and other NSAIDs against the devel-
opment of lung cancer; our meta-analysis of eleven published epidemiologic studies
found that regular intake of NSAIDs produced a 36% reduction in the risk of lung
cancer [3].

Since cigarette smoking is the predominant risk factor for lung cancer, we
conducted a case control study to specifically compare the use of NSAIDs between
smokers who developed lung cancer (smoking cases) and control subjects who also
smoked. The important design feature of this study was that cigarette smoking was
matched out in the analysis in order to focus specifically on potential effects of
NSAIDs in preventing tobacco carcinogenesis. We observed that regular intake of
NSAIDs with COX-2 activity (primarily aspirin and ibuprofen) produced a 69%
reduction in the relative risk of lung cancer [88]. In contrast, acetaminophen, the
comparator analgesic without COX-2 activity, had no effect on the risk of lung
cancer. These findings clearly suggest that COX-2 blockade inhibits lung carcino-
genesis among smokers.

1.8. Rationale for Epidemiologic Investigation of Selective COX-2
Inhibitors

Taken together, the above results provide the background and significance to
conduct further epidemiologic studies to examine the chemopreventive potential
of selective COX-2 blockade against common solid tumors. Significant use of
selective cyclooxygenase-2 (COX-2) blocking agents such as celecoxib (Celebrex)
and rofecoxib (Vioxx) prescribed for the treatment of arthritis during 1999 to
September 30, 2004 (the date of the recall of Vioxx from the worldwide marketplace
by its manufacturer, Merck) facilitates epidemiologic investigations to illuminate
their chemopreventive effects against major cancers.
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We therefore designed a case control investigation to estimate and test odds
ratios as measures of preventive effects of selective COX-2 agents against the four
major types of cancer in the United States. Specifically, we examined the chemo-
preventive effects of selective COX-2 inhibitors (celecoxib, valdecoxib, rofecoxib,
and meloxicam) against invasive carcinomas of the breast, prostate, colon, and lung
utilizing a case control epidemiological design. Effects of COX-2 blockade were
quantified in comparisons of cancer cases with healthy controls. This investigation
was designed to collect initial critical evidence on the relative potential of selective
COX-2 blocking agents in the chemoprevention of cancers of the breast, prostate,
colon and lung.

2. RESEARCH DESIGN AND METHODS

2.1. Experimental Design and Population Studied

The experimental design is a retrospective case control study of breast cancer,
prostate cancer, colon cancer, and lung cancer with frequency matching of cases
and control subjects for age, gender, and location of residence. Our ultimate goal is
to study 500–600 cases of each type of cancer with histological verification based
upon review of the pathology records, and cancer-free controls frequency matched
to the cases at a 2:1 ratio [89]. The current report provides an interim analysis of
the available cases and controls for which data has been collected, validated, and
computerized.

All cases were ascertained from the James Cancer Hospital and Research Institute
(CHRI) at The Ohio State University Medical Center, Columbus, Ohio. Selected
ambulatory clinics and services were utilized to ascertain suitable control subjects
without cancer. Specifically, we utilized the mammography screening service and
the prostate screening service for ascertainment of healthy control subjects. The
controls were frequency matched to the cases at a rate of 2:1 on age, gender, race,
place (county) of residence. The protocol was approved by the Internal Review
Board of The Ohio State University Medical Center.

2.2. Data Collection

Critical information on exposure to selective COX-2 inhibitors, non-selective
NSAIDs, and other factors was obtained by trained medical personnel at the time
of cancer diagnosis for cases or screening visit for controls. We collected accurate
and comprehensive information on the type, frequency of use, dose, and duration of
use of both prescription and non-prescription drugs. Other data variables collected
consisted of demographic characteristics, height, weight, menstrual and pregnancy
history for women, family history of cancer, comprehensive information on
cigarette smoking, alcohol intake, pre-existing medical conditions (arthritis, chronic
headache, cardiovascular conditions including hypertension, angina, ischemic
attacks, stroke, and myocardial infarction, lung disease, and diabetes mellitus),
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and medication history including over the counter and prescription NSAIDs, and
exogenous hormones. Regarding selective COX-2 inhibitors and other NSAIDs,
the use pattern (frequency, dose, and duration), the type, such as celecoxib,
valdecoxib, rofecoxib, meloxicam, aspirin, ibuprofen, naproxen, indomethacin, etc,
were recorded. Data on the related analgesic, acetaminophen were collected for
comparison with selective COX-2 inhibitors and other NSAIDs.

2.3. Biostatistical Analysis

Effects of the selective COX-2 inhibitors as a group were quantified by estimating
odds ratios and their 95% confidence intervals. Odds ratios were adjusted for
age and other factors by logistic regression analysis [90, 91]. Estimates were
obtained for each type of cancer (breast, prostate, colon, and lung) and tested
for heterogeneity by chi square tests. Data were stratified by gender (for lung
and colon cancer), ethnicity, and by cancer risk factors (e.g., smokers and non-
smokers) and odds ratios estimated within subgroups and checked (by chi square
tests) for internal consistency, effect modification, and confounding. Adjusted
estimates were obtained for specific types of compounds, e.g, celecoxib and
rofecoxib. Homogeneous data were pooled for examination of adjusted effects
across risk factors and across all malignancies combined. Similar methods
were applied for the non-selective NSAIDs, low dose < 80 mg) aspirin. We
also estimated the effects of acetaminophen (an analgesic that has no COX-
2 blocking activity) for comparison with selective COX-2 inhibitors and other
NSAIDs.

3. RESULTS

3.1. Breast Cancer Results

Results for breast cancer are presented in Table 1. Daily intake of selective
COX-2 inhibitors for two years or more produced a significant reduction in
the risk of breast cancer �OR = 0�29� 95% CI = 0�14–0�59�. Risk reductions
were similar for individual COX-2 inhibitors (OR = 0�17 for celecoxib and
OR = 0�36 for rofecoxib). Significant risk reductions were also observed for the
intake of two or more pills per week of regular aspirin �OR = 0�49� 95% CI =
0�26–0�95�, and ibuprofen or naproxen �OR = 0�37� 95% CI = 0�18–0�72�. Neither
acetaminophen nor baby aspirin (81 mg) had any effect on the relative risk of
breast cancer.

3.2. Prostate Cancer Results

Results for prostate cancer are presented in Table 2. Daily intake of selective COX-2
inhibitors for two years or more produced a significant reduction in the risk of
prostate cancer �OR = 0�45� 95% CI = 0�20–1�00�. Estimated risk reductions were
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Table 1. Odds ratios with 95% confidence intervals for breast cancer and selective cyclooxygenase-2
(COX-2) inhibitors and over the counter nonsteroidal anti-inflammatory drugs (OTC NSAIDs)

Compound Number of cases Number of controls Multivariate ORd

(95% CI)

None/Infrequent Usea 262 453 1.00
COX-2 Inhibitorsb 10 52 0.29 (0.14–0.59)
OTC NSAIDsc

Aspirin 15 40 0.49 (0.26–0.94)
Ibuprofen/Naproxen 11 52 0.37 (0.18–0.72)
Acetaminophen 8 16 1.02 (0.39–2.20)
Baby Aspirin 17 36 0.77 (0.42–1.41)

a No use of any NSAID or analgesic or infrequent use of no more than one pill per week for less than
one year;

b COX-2 inhibitors include celecoxib, rofecoxib, valdecoxib, and meloxicam used daily for two years
or more.

c Over the counter (OTC) NSAIDs/analgesics used at least two times per week for two years or more.
d Multivariate odds ratios are adjusted for continuous variables (age and body mass) and categorical

variables (parity, menopausal status, family history, smoking, and alcohol intake).

Table 2. Odds ratios with 95% confidence intervals for prostate cancer and selective cyclooxygenase-2
(COX-2) inhibitors, and over the counter nonsteroidal anti-inflammatory drugs (OTC NSAIDs)

Compound Number of cases Number of controls Multivariate ORd

(95% CI)

None/Infrequent Usea 158 175 1.00
COX-2 Inhibitorsb 12 20 0.45 (0.20–1.00)
OTC NSAIDsc

Aspirin 24 39 0.52 (0.29–0.93)
Ibuprofen 12 16 0.62 (0.27–1.42)
Acetaminophen 7 8 1.05 (0.37–3.03)
Baby Aspirin 16 27 0.61 (0.31–1.17)

a No use of any NSAID or analgesic or infrequent use of no more than one pill per week for less than
one year;

b COX-2 inhibitors include celecoxib, rofecoxib, valdecoxib, and meloxicam used daily for two years
or more.

c Over the counter (OTC) NSAIDs/analgesics used at least two times per week for two years or more.
d Multivariate odds ratios are adjusted for continuous variables (age and body mass) and categorical

variables (family history, smoking, and alcohol intake).

similar for individual COX-2 inhibitors (OR = 0�51 for celecoxib and OR = 0�27
for rofecoxib). A significant risk reduction was also observed for the intake of
two or more pills per week of regular aspirin �OR = 0�52� 95% CI = 0�29–0�93�,
and a non-significant risk reduction was observed for intake of ibuprofen �OR =
0�62� 95% CI = 0�27–1�42�. Neither acetaminophen nor baby aspirin (81 mg) had
a significant effect on the relative risk of prostate cancer.
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3.3. Colon Cancer Results

Results for colon cancer are presented in Table 3. Daily intake of selective COX-2
inhibitors for two years or more produced a significant reduction in the risk
of colon cancer �OR = 0�30� 95% CI = 0�16–0�55�. Estimated risk reductions
were similar for women �OR = 0�25� and men �OR = 0�42�, as well as for the
individual COX-2 inhibitors, celecoxib �OR = 0�37� and rofecoxib �OR = 0�23�.
Significant risk reductions were also observed for the intake of two or more pills
per week of regular aspirin �OR = 0�27� 95% CI = 0�16–0�48�, and ibuprofen or
naproxen �OR = 0�18� 95% CI = 0�08–0�39�. The effect of baby (81 mg) aspirin
was marginally significant �OR = 0�61� P < 0�05� whereas acetaminophen use did
not significantly influence the relative risk of colon cancer.

3.4. Lung Cancer Results

Results for lung cancer are presented in Table 4. It is important to note that all
estimates are adjusted for a measure of the predominant risk factor for lung cancer,
pack years of cigarette smoking. Daily intake of selective COX-2 inhibitors for
two years or more produced a significant reduction in the risk of lung cancer
�OR = 0�21� 95% CI = 0�11–0�44�. Estimated risk reductions were similar for
women �OR = 0�43� and men �OR = 0�09�, as well as for the individual COX-2
inhibitors, celecoxib �OR = 0�23� and rofecoxib �OR = 0�19�. Significant risk
reductions were also observed for the intake of two or more pills per week of regular
aspirin �OR = 0�30� 95% CI = 0�17–0�52�, and ibuprofen or naproxen �OR =
0�36� 95% CI = 0�20–0�69�. The effect of baby (81 mg) aspirin was marginally

Table 3. Odds ratios with 95% confidence intervals for colon cancer and selective cyclooxygenase-2
(COX-2) inhibitors, and over the counter nonsteroidal anti-inflammatory drugs (OTC NSAIDs)

Compound Number of cases Number of controls Multivariate ORd

(95% CI)

None/Infrequent Usea 248 616 1.00
COX-2 Inhibitorsb 15 96 0.30 (0.16–0.55)
OTC NSAIDsc

Aspirin 19 96 0.27 (0.16–0.48)
Ibuprofen/Naproxen 7 112 0.18 (0.08–0.39)
Acetaminophen 8 37 0.66 (0.28–1.55)
Baby Aspirin 29 104 0.63 (0.38–1.00)

a No use of any NSAID or analgesic or infrequent use of no more than one pill per week for less than
one year;

b COX-2 inhibitors include celecoxib, rofecoxib, valdecoxib, and meloxicam used daily for two years
or more.

c Over the counter (OTC) NSAIDs/analgesics used at least two times per week for two years or more.
d Multivariate odds ratios are adjusted for continuous variables (age and body mass) and categorical

variables (family history, smoking, and alcohol intake).
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Table 4. Odds ratios with 95% confidence intervals for lung cancer and selective cyclooxygenase-2
(COX-2) inhibitors, and over the counter nonsteroidal anti-inflammatory drugs (OTC NSAIDs)

Compound Number of cases Number of controls Multivariate ORd

(95% CI)

None/Infrequent Usea 355 628 1.00
COX-2 Inhibitorsb 20 76 0.21 (0.11–0.44)
OTC NSAIDsc

Aspirin 32 97 0.30 (0.17–0.52)
Ibuprofen/Naproxen 21 116 0.36 (0.20–0.69)
Acetaminophen 20 38 1.21 (0.58–2.54)
Baby Aspirin 38 107 0.59 (0.35–0.99)

a No use of any NSAID or analgesic or infrequent use of no more than one pill per week for less than
one year;

b COX-2 inhibitors include celecoxib, rofecoxib, valdecoxib, and meloxicam used daily for two years
or more.

c Over the counter (OTC) NSAIDs/analgesics used at least two times per week for two years or more.
d Multivariate odds ratios are adjusted for continuous variables (pack years of cigarette smoking, age

and body mass) and categorical variables (family history and alcohol intake).

significant �OR = 0�63� P < 0�05� whereas acetaminophen use did not significantly
influence the relative risk of lung cancer.

4. DISCUSSION

This is the first epidemiologic investigation to observe significant risk reduc-
tions in human breast cancer, prostate cancer, colon cancer, and lung cancer
due to intake of selective COX-2 inhibitors. Standard daily dosages of celecoxib
(200 mg) or rofecoxib (25 mg) taken for two or more years produced a statisti-
cally significant risk reduction for each type of cancer (71% for breast cancer,
55% for prostate cancer, 70% for colon cancer, and 79% for lung cancer). The
composite estimate across all four cancers shows a 70% decrease in cancer risk
�OR = 0�30� 95% CI = 0�21–0�42� (Figure 1). Comparator NSAIDs with non-
selective COX-2 activity (325 mg aspirin, 200 mg ibuprofen or 250 mg naproxen)
also produced significant risk reductions, although their observed effects were not
as strong as selective compounds. In contrast, acetaminophen, a compound with
negligible COX-2 activity, produced no significant change in the risk of any of the
cancers under study. These results coupled with existing preclinical, molecular, and
epidemiologic evidence suggest that aberrant induction of COX-2 and up-regulation
of the prostaglandin cascade play a significant role in human carcinogenesis, and
that blockade of this process has strong potential for intervention.

Celecoxib (Celebrex) and rofecoxib (Vioxx) were approved for the treatment
of arthritis by the FDA in 1999. In randomized clinical trials, both compounds
demonstrated better gastrointestinal safety and efficacy profiles than their NSAID
predecessors [92, 93, 94, 95, 96]. Following FDA approval, each of these drugs was
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Figure 1. Composite results for COX-2 Inhibitors and cancer

routinely prescribed to millions of individuals who suffered from arthritis and other
inflammatory conditions. It was thus unsettling to both patients and prescribing
physicians alike when Merck recalled Vioxx from the market due to concerns
regarding cardiovascular outcomes [97]. Subsequently, the cardiovascular safety of
all selective COX-2 inhibitors has come under scrutiny [98].

Randomized clinical trials (RCTs) have traditionally been the gold standard for
unbiased assessment of the risks versus benefits of therapeutic and chemopre-
ventive medications. Extraordinary media coverage has been given to the two RCTs
wherein increases were observed in the risk of adverse cardiovascular outcomes
with long term intake of well-known selective COX-2-inhibiting agents (rofecoxib
and celecoxib) [99, 100, 101]. Unfortunately, several potential pitfalls in these
investigations have not been explored. These include the following:
1. Dosages of both rofecoxib (Vioxx) and celecoxib (Celebrex) administered in

these RCTs were above the standard recommended doses (2 and 4 times, respec-
tively, the typical dose used in the treatment of arthritis).

2. Only fixed doses were tested without adjustment according to body size as
recommended by the drug manufacturers. Because the therapeutic window of
smaller individuals is usually reduced, their dose should have been lowered and
safety tolerance checked by measuring individual blood levels.

3. Data of both RCTs were examined by “intention to treat” analysis which assumes
that all individuals who were enrolled for study completed the full course of
treatment. Since there was substantial loss of subjects to follow-up in both RCTs,
this method may have led to unreliable results pertaining to etiologic effects of
the compounds.

4. Cox regression analysis was applied in the examination of data; however, the
Cox model used incorporated only treatment effects without adjustment for
individual cardiovascular risk factors. As a consequence, results may have been
influenced by confounding, interaction (effect modification), or both.
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5. Since neither RCT was designed to examine cardiovascular outcomes, inclusion
of only such outcomes (as opposed to all adverse events) may have compromised
probability levels in tests of significance.

Furthermore, focus on these two studies at the exclusion of others has produced
misinformation about the cardiovascular safety of individual COX-2 inhibitors. For
example, recent analyses of studies of celecoxib reflect a slight protective effect of
standard daily 400 mg dosage in the cardiovascular system [102, 103].

Clearly, future chemopreventive studies should attempt to eliminate sources of
bias and accurately elucidate risk versus benefit of the selective COX-2 inhibitors.
Comparative studies should be designed to determine the appropriate dose, duration,
side effects, and cost-effectiveness of individual compounds. Continued exploration
of selective COX-2 inhibitors should be considered a top cancer research priority.
Our findings of marked decreases in cancer risk with COX-2 blockade underscores
the critical need for human clinical investigations of these compounds in order
to expedite their efficacious application in the chemoprevention and therapy of
cancer. Furthermore, experimental designs of chemopreventive clinical trials should
embellish rather than ignore two golden rules of medicine: the dose makes the
poison and first do no harm [104].

5. CONCLUSIONS

We conducted a set of case control studies to examine the effects of selective
COX-2 inhibitors on the four major human cancers (breast, prostate, colon, and
lung). Results are summarized below:
1. Daily intake of selective COX-2 inhibitors produced a significant reduction in

the risk for each type of cancer (71% for breast cancer, 55% for prostate cancer,
70% for colon cancer, and 79% for lung cancer).

2. Similar risk reductions were observed for individual COX-2 inhibitors, celecoxib
and rofecoxib.

3. The observed chemopreventive effects were associated with recommended daily
doses of celecoxib (median dose = 200 mg) or rofecoxib (median dose = 25 mg).

4. Significant risk reductions of lesser magnitude were observed for over the counter
NSAIDs with non-selective COX-2 activity, such as regular (325mg) aspirin and
(200 mg) ibuprofen.

5. Daily intake of baby (81 mg) aspirin produced marginally significant risk reduc-
tions for colon cancer and lung cancer, but did not significantly reduce the risk
of breast cancer or prostate cancer.

6. Acetaminophen, an analgesic without COX-2 activity, did not produce a signif-
icant change in the risk of any of the cancers studied.

Notably, selective COX-2 inhibitors (celecoxib and rofecoxib) were only recently
approved for use in 1999, and rofecoxib (Vioxx) was withdrawn from the market-
place in 2004. Nevertheless, even in the short window of exposure to these
compounds, the selective COX-2 inhibitors produced significant reductions in the
risk of the four major human cancers (breast, prostate, colon, and lung). These
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early results tend to substantiate the important role of COX-2 in carcinogenesis, and
reciprocally, the strong potential for selective COX-2 blockade in cancer chemo-
prevention [105]. Further studies will be required to determine the appropriate
dose, frequency of intake, duration, side effects and cost effectiveness of COX-2
inhibitors in the chemoprevention of cancer.
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Abstract: Large bowel cancer is one of the most common human malignancies in western countries,
including North America. Several epidemiological studies have detected decreases in the
risk of colorectal cancer in individuals who regularly use aspirin or other nonsteroidal
anti-inflammatory drugs (NSAIDs). Clinical trials with NSAIDs in patients with
familial adenomatous polyposis have demonstrated that treatment with NSAIDs causes
regression of pre-existing adenomas. Preclinical efficacy studies using realistic laboratory
animal models have provided scientifically sound evidence as to how NSAIDs act to
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retard, block, and reverse colonic carcinogenesis. Selective COX-2 inhibitors (celecoxib)
as well as naturally occurring anti-inflammatory agents (curcumin) have proven to
be effective chemopreventive agents against colonic carcinogenesis. There is growing
optimism for the view that realization of preventive concepts in large bowel cancer will
also serve as a model for preventing malignancies of the prostate, the breast, and many
other types of cancer. There is increasing interest in the use of combinations of low
doses of chemopreventive agents that differ in their modes of action in order to increase
their efficacy and minimize toxicity. Preclinical studies conducted in our laboratory
provide strong evidence that the administration of combinations of chemopreventive
agents (NSAIDs, COX-2 inhibitors, DFMO, statins) at low dosages inhibit carcinogenesis
more effectively and with less toxicity than when these agents are given alone

1. INTRODUCTION

Cancer of the colon is one of the leading causes of cancer death in men and
women in Western countries, including the United States [1]. Therefore, it is a
major public health problem. The limited success of current treatment for advanced
colon cancer has provided the impetus for increased emphasis on prevention. An
expert panel assembled by the American Institute for Cancer Research and World
Cancer Research Fund concluded that certain dietary factors, particularly caloric
intake, modulate the risk for colorectal cancer development [2]. This finding is
supported by experimental evidence from preclinical studies using well-established
colon cancer models. Dietary epidemiologic studies have led to the identification
of naturally-occurring chemopreventive agents present in fruits, vegetables, and
grains. These natural products are principal sources of anti-inflammatory agents
and antioxidants [2, 3].

An impressive body of evidence supports the concept that chemoprevention has
the potential to be a major component of colorectal cancer control. Chemopre-
vention refers to the administration of chemical agents, those naturally occurring in
foods as well as synthetic analogues that may block the tumor initiation (mutation)
and promotion events that form the sequential stages of cancer development [4, 5].
Inhibition of these processes before the occurrence of clinically detectable tumors
is receiving increasing attention as an attractive and plausible approach for cancer
control [4, 5]. Reduced exposure to the underlying risk factors or use of chemopre-
ventive agents that retard, block, or reverse the process of carcinogenesis, can be
applied for patients with pre-cancerous lesions and for those diagnosed with early-
stage cancer [5]. The potential benefits of chemoprevention are very substantial
because the goals are to reduce cancer incidence and mortality. In the past 25
years, much progress has been achieved in the chemoprevention of colorectal
cancer by naturally-occurring agents and their synthetic analogs, and particularly
with anti-inflammatory pharmacologic agents [4–6]. This review briefly summa-
rizes our current knowledge of the preventive effects of several naturally-occurring
and pharmacological anti-inflammatory agents administered individually and in
combination in modulating the pathogenesis of colon carcinogenesis in preclinical
models.
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2. NONSTEROIDAL ANTI-INFLAMMATORY DRUGS (NSAIDS)

Coussens and Werb [7] reviewed the literature and concluded that inflammation
is a critical component of tumor progression. These authors emphasized that the
tumor microenvironment is orchestrated by inflammatory cells contributing to
the neoplastic process. There is strong evidence that inflammatory cytokines and
chemokines which are produced by the tumor cells may contribute directly to
malignant progression [8]. These insights have fostered new approaches to cancer
development and its prevention by NSAIDs.

In recent years attention has been drawn to the potential chemopreventive
properties of NSAIDs. An effective preventive strategy for colon cancer could be
envisioned on the basis of recent epidemiological, clinical, and laboratory investi-
gations that combine to present an inverse relationship between the use of NSAIDs
and colorectal cancer development [5, 6, 9–12]. These studies have consistently
reinforced the evidence that NSAIDs are indeed effective chemopreventive agents
against colon cancer development.

2.1. Epidemiologic Evidence

Combined evidence from epidemiologic studies supports the notion that NSAID use,
specifically aspirin, prevents colorectal cancer [9–12]. Case-control and prospective
studies consistently show that aspirin use reduces colorectal cancer risk by about
30–50% [9–12]. The results of a large American Cancer Society cohort study of
more than 650,000 subjects indicated that taking aspirin at least 16 times/month
produced a risk reduction of approximately 40% compared to subjects who reported
not taking aspirin [9, 10]. Thus, the available data from human epidemiologic
studies clearly suggest that aspirin intake protects against colorectal cancer in both
men and women.

2.2. Evidence from Preclinical Studies

Developmental strategies for colorectal cancer prevention in humans by chemopre-
ventive agents, including NSAIDs, have been facilitated by the relevant laboratory
animal models, including azoxmethane (AOM)-induced colon cancer in various
strains of rats [13–23]. Pioneering studies by Narisawa et al [14, 15] and Pollard and
Luckert [16] demonstrated that indomethacin and piroxicam administered to rodents
in drinking water or in the diet inhibited colon tumors induced by a variety of
carcinogens. Since that time, a number of investigators have evaluated the chemo-
preventive effects of these agents [17–23]. Of particular interest is that aspirin,
piroxicam, and sulindac reduced spontaneous intestinal tumorigenesis in APCMin

mice that are genetically predisposed to develop intestinal tumors due to a germline
mutation in the APC gene [24–26]. Irrespective of the type of NSAID tested
(indomethacin, aspirin, ibuprofen, piroxicam, ketoprofen, or sulindac) and variations
in the timing of treatment (initiation/post-initiation, or promotion and progression
phase), these agents suppressed the incidence and multiplicity of colon tumors.
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In our laboratory experiments, nonselective NSAIDs (aspirin, ibuprofen, ketop-
rofen, piroxicam, and sulindac) reduced colon tumorigenesis by 40% to 70% in
a dose-dependent manner when administered at up to 80% of the tolerable dose
levels (Figure 1). [6, 17–19]. Thus, epidemiological, clinical, and laboratory animal
model studies together have provide compelling evidence that the use of NSAIDs
is effective in reducing the risk of colon cancer.

The mechanisms by which NSAIDs act to reduce the risk of colon carcino-
genesis are not yet clearly understood. Accumulating evidence points to inhibition
of arachidonic acid metabolism via blockade of cyclooxygenase enzymes, which in
turn modulates the synthesis of prostaglandins that affect cell proliferation, tumor
growth, and immune responsiveness [5, 6, 26–28]. Two mammalian isozymes,
cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2), encoded by different
genes, are known to be present in colon tumors of humans and rodents, and to
catalyze the conversion of arachidonic acid to prostaglandins [27–30]. Increased
levels of COX-2 have been found in both human and chemically induced
colon tumors in F-344 rats and intestinal adenomas from APCMin and APC�716

mice [29–33].
Genetic evidence also supports a role for COX-2 in the development of intestinal

neoplasia. Oshima et al [29] assessed the development of intestinal adenomas
in APC�716 mice (a model in which a targeted truncation deletion in the tumor
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Figure 1. Chemopreventive efficacy of NSAIDs and COX-2 selective inhibitors on AOM-induced colon
adenocarcinoma formation. Aspirin, ibuprofen, ketoprofen, piroxicam and sulindac were given at 80%
tolerable dose and nimesulide and celecoxib were given at ∼ 35–40% tolerable dose during initiation
and postinitiation stages of colon carcinogenesis
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suppressor gene APC causes intestinal polyposis) in a wild-type and homogenous
null COX-2 genetic background. The number and size of intestinal tumors were
reduced by 6- to 8-fold in the COX-2 null mice compared with COX-2 wild type
mice. This finding led to the hypothesis that COX-2 may play a key role in colon
cancer growth and progression. While both isozymes carry out essentially the same
catalytic reaction, many of the inflammatory, inducible effects of cyclooxygenase
appear to be mediated by COX-2, whereas the normal physiological functions of
cyclooxygenase are mediated by COX-1 [29–33]. The expression of COX-1 does
not fluctuate due to stimuli, whereas cytokines, mitogens, growth factors and tumor
promoters induce COX-2 expression. In addition, intestinal epithelial cells over-
expressing the COX-2 gene develop adhesion properties and they resist apoptosis
[6]. Therefore, over-expression of COX-2 may alter the tumorigenic potential of
intestinal epithelial cells. However, it has also been shown that prolonged admin-
istration of NSAIDs can cause unwanted adverse effects, such as gastrointestinal
bleeding, ulceration and renal toxicity, which are manifested mainly by the inhibition
of COX-1 activity.

Several selective COX-2 inhibitors have been identified and tested for their
efficacy in preclinical studies [6, 25, 32–34, 36]. We have extensively examined
celecoxib in the AOM-induced colon tumor rat model. High doses of celecoxib
(1500 ppm in food) reduced the incidence of colon tumors by 90% and were better
tolerated (∼ 35% of tolerable dose) than comparable (80% tolerable) doses of
nonselective NSAIDs [6, 30, 32, 33]. It is noteworthy that the degree of inhibition of
colon carcinogenesis by celecoxib markedly exceeded the observed inhibition with
NSAIDs, including aspirin, ibuprofen, sulindac and piroxicam, which we tested
previously for their chemopreventive potency in similar experimental designs [6, 30]
(Figure 1).

Selective COX-2 inhibitors such as celecoxib also inhibit tumor development in
APCMin mice [29, 31]. These models mimic the rapid development of adenomatous
polyps that affect humans with germline inactivation of one APC gene but differ
from FAP in that the mouse tumors occur predominantly �>95%� in the small
intestine and rarely in the colon.

2.3. Phytochemicals with Anti-inflammatory Activities

Certain natural dietary components exhibit biochemical and physiologic properties
analogous to those of NSAIDs. This observation has fostered increased research
on the potential of natural dietary agents possessing anti-inflammatory activities
in reducing the risk of cancer. Agents such as curcumin, phenylethyl methyl-
caffeate, ursolic acid, and oleanolic acid have been shown to possess anti-
inflammatory activities [34–39]. Importantly, most of these phytochemicals induce
anti-inflammatory activities by modulating inducible nitric oxide synthase (iNOS)
and COX expression, similar to the effects induced by synthetic NSAIDs. Never-
theless, these natural compounds are less toxic than the NSAIDs. Among naturally
occurring anti-inflammatory agents, curcumin (diferuloylmethane), which is a
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bioactive compound present in tumeric, was extensively studied and proved to be an
inhibitor of several types of chemically induced neoplasia [35–37]. Dietary adminis-
tration of curcumin reduces formation of focal areas of dysplasia and aberrant crypt
foci in the colon, which are early preneoplastic lesions in rodents [37]. Continuous
feeding of 0.2% curcumin during the initiation and post-initiation stages of AOM-
induced colon carcinogenesis reduced adenocarcinoma incidence, multiplicity, and
the total tumor burden in male F-344 rats [35]. Curcumin, given as a dietary
supplement during the promotion/progression period, dramatically inhibited colon
tumorigenesis in a dose-dependent manner [36].

Phenylethyl caffeate and its analogue, phenylethyl methylcaffeate, are major
components of propolis in beehive honey that possess potent anti-inflammatory
activities [38]. These compounds inhibit AOM-induced colonic aberrant crypt
formation (ACF) and adenocarcinomas, skin carcinogenesis in rodent models, and
also intestinal polyp formation in APCMin mice [38–41]. Triterpenoids, such as
oleanolic acid and its analogues, have been found to suppress COX-2 expression and
activity in colon cancer cells, and to inhibit AOM-induced colonic ACF formation in
a dose-dependent manner in rats [34]. Importantly, curcumin, phenylethyl methyl-
caffeate, ursolic acid, oleanolic acid, and their analogues have no known side effects
like those seen with synthetic and conventional NSAIDs. The inhibitory effect of
curcumin and other anti-inflammatory phytochemicals is in part associated with
increased apoptosis, suggesting that increased cell death may be one of the mecha-
nisms by which these agents block carcinogenesis. This information suggests that
phytochemicals that possess anti-inflammatory activity may retard growth and/or
development of existing neoplastic lesions in the colon, and these agents may
be effective chemopreventive agents for individuals at high risk for colon cancer
development, such as patients with polyps.

With regard to their modes of action, curcumin and phenylethyl caffeate exhibit
an array of metabolic, cellular, and molecular activities, including inhibition of
arachidonic acid formation and its further metabolism to eicosanoids [6,37,42–44].
In our assays, dietary administration of these agents significantly inhibited phospho-
lipase A2 �PLA2� and PI-PLC in the colonic mucosa and tumor tissues, leading
to the release of arachidonic acid from phospholipids; they also altered COX
activity and modified prostaglandin (PGE2� levels [6]. In contrast to NSAIDs,
dietary curcumin and phenylethyl methylcaffeate inhibit lipoxygenase (LOX)
activity, and block the production of the LOX metabolites, 5(S)-, 8(S)-, 12(S)-
and 15(S)- hydroxyeicosatetraenoic acids (HETEs), in the colonic mucosa and
in tumors [6, 42–44] and importantly, 12(S)-HETE formation in AOM-induced
colonic tumors. Other studies indicate that curcumin and phenylethyl methylcaf-
feate also inhibit several mediators and enzymes involved in the mitogenic signal
transduction pathways of the cell and in AP-1 and NFkB activation [43, 44].
Overall, naturally occurring anti-inflammatory agents predominantly block the
expression of COX-2 activity by acting on upstream signaling pathways at the
level of mRNA, suggesting that the mode of action of these agents is somewhat
different from that of the NSAIDs, which modulate the COX-2 protein. This
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difference in mode of action between these anti-inflammatory phytochemicals and
NSAIDs may, in part, explain the lack of toxicity of these agents in comparison
with NSAIDs.

2.4. Combination of Low Doses of NSAIDs
with other Chemopreventive Agents

An important strategy to improve the balance of benefits and risks associated
with NSAID use is to identify combinations of agents with different modes of
action that are effective at very low doses. This approach is extremely important
when a promising chemopreventive agent demonstrates significant efficacy but may
produce toxic side effects at effective higher doses. As an example, consider our
study of the chemopreventive efficacy of combinations of piroxicam, an NSAID,
and difluoromethylornithine (DFMO), a specific, irreversible enzyme-activated or
suicide inhibitor of ornithine decarboxylase (ODC) in AOM-induced colon carcino-
genesis in F-344 rats [45]. In the study, we tested effects of individual compounds
at high dosages compared to low and high doses of piroxicam (100 and 200 ppm)
combined with low and high doses of DFMO (1000 and 2000 ppm, respectively).
As expected, higher dosages of the individual compounds (200 or 400 ppm of
piroxicam, and 2000 or 4000 ppm of DFMO) in the diet reduced the incidence and
multiplicity of AOM-induced colon adenocarcinomas. An important finding of the
study was that the low dose levels of piroxicam (100 ppm) and DFMO (1000 ppm)
administered together was more effective in inhibiting the incidence and multiplicity
of colon adenocarcinomas than administration of these agents individually at high
doses. Administration of these agents in combination at low doses suppressed colon
adenocarcinomas more effectively than when these agents were given alone at high
doses. These observations are of clinical significance because this can pave the way
for use of combinations of these agents in small doses for the chemoprevention of
colon neoplasms and other types of cancer.

Statins are a class of pharmaceutical agents that inhibit 3-hydroxy-3-methyl-
glutaryl CoA reductase (HMG-CoA-reductase), a rate limiting enzyme in meval-
onate synthesis, leading to inhibition of cholesterol biosynthesis. Statins have been
shown to interfere with isoprenylation and subsequent membrane localization of
G-proteins, including Ras and Ras-related proteins [46, 47]. Randomized controlled
clinical trials designed to examine effects of statins in preventing cardiovascular
disease provides evidence that statins may also prevent colorectal cancer [48].
Patients with coronary heart disease who took statins (provastatin or simvastatin)
had a reduced incidence of colon cancer compared to those not taking the drugs
during a 5-year follow-up period [48]. Nevertheless, chronic use of high doses of
agents such as statins, COX-2-inhibitors, and NSAIDs may induce side effects in
ostensibly normal individuals. In preclinical models, Agarwal et al. [49] observed
that the combination of lovastatin and sulindac was more effective in inhibiting
azoxymethane-induced colonic ACF in male F-344 rats than when these agents
were given singularly, and we also found that treatment with combinations of low
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doses of celecoxib and lovastatin synergistically suppressed the growth of HT-29
human cancer cells and induced apoptosis [50].

In other studies we observed that a low-dose combinations of sulindac, an NSAID,
and the cholesterol-lowering drug, lovastatin, were more effective in suppressing
chemically-induced colon cancer in rodents and stimulating apoptosis in human
tumor cells than when either drug was given alone at a high dose (51]. Our recent
study provides convincing evidence that a very low dose of lovastatin in combination
with a low dose of celecoxib suppressed invasive and noninvasive adenocarcinomas
of the colon in the AOM-induced colon cancer model [51] (Figure 2]. Furthermore,
our recent study indicates that a very low dose of celecoxib administered in a
high-fat diet containing omega-3 polyunsaturated fatty acids was more effective
in inhibiting colon carcinogenesis than when it is administered in a high-fat diet
containing mixed lipids (saturated and unsaturated fats) [52]. Thus, the use of
a low dose of celecoxib in combination with a healthy diet and lifestyle may
well be a promising approach for future human clinical trials. These animal data
strongly support the view that combinations of chemopreventive agents that have
diverse mechanisms of action can have beneficial applications in human cancer
chemoprevention trials. This should be one of the approaches to future research and
human intervention trials.
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3. TRANSLATIONAL STUDIES

3.1. Randomized Clinical Trials

Randomized clinical trials have shown that sulindac suppresses adenomatous polyps
and causes regression of existing polyps in patients with familial adenomatous
polyposis (FAP) [53]. Labayle, et al. [54] reported that, in a randomized, placebo-
controlled, double-blind crossover study of patients with FAP, administration of
sulindac at a dosage of 300 mg/d for 6 to 12 months caused disappearance of
all colonic polyps. In another study, the incidence and size of adenomas were
reduced in FAP patients after long-term therapy with sulindac [53]. Although the
dosage of sulindac administered in these studies varied from 150 to 400 mg/d,
most of the patients treated with this drug exhibited full remission, whereas some
patients showed a partial response. By contrast, some FAP patients developed
rectal carcinoma, despite ongoing therapy with sulindac [55, 56], and adenomatous
polyps resumed growth in FAP patients when NSAID treatment was stopped.
With regard to sporadic adenomatous polyps, NSAID prophylaxis produced no
statistically significant difference in polyp size (regression of small < 1 cm) among
the 18 patients treated with sulindac (300 mg) for 4 months [57].

3.2. Curcuminoids

Lao, et al. [58] performed a dose escalation study to determine the maximum
tolerated dose, safety profile and serum concentrations of a single dose of
standardized powdered of turmeric. Healthy volunteers were administered escalating
doses from 500–12,000 mg. Results indicate that the tolerance of curcumin in high
single oral doses appears to be excellent [58].

3.3. Celecoxib

Clinical trials of celecoxib for the prevention of colonic polyps have produced
mixed results. A randomized, double-blind trial of the COX-2 inhibitor, celecoxib,
was conducted to evaluate its effects in the prevention of colorectal adenomas in
2035 patients who were randomized to receive placebo, 200 mg celecoxib or 400 mg
celecoxib administered twice daily [59]. Follow-up colonoscopy was performed at
1 and 3 years after study randomization. Results indicate that celecoxib signifi-
cantly suppressed formation of large intestinal adenomas at 1 and 3 years after
polypectomy. However, an increased risk of cardiovascular events was observed
among celecoxib users [59]. In another randomized, placebo-controlled, double-
blind study, 400 mg of celecoxib taken once daily was evaluated for the prevention
of colorectal adenomatous polyps among 1561 patients from 107 centers in 32
countries [60]. In this study, once daily use of 400 mg of celecoxib significantly
reduced the occurrence of colorectal adenomas within 3 years after polypectomy.
It is stated that “once daily dosing” offers not only a simpler chemopreventive
regimen but may possibly provide an alternative to the benefit-risk profile of “twice
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daily dosing” [60]. Additional data will need to be collected and evaluated in order
to determine the overall risk versus benefit profile of celecoxib in the prevention
of colon cancer and other neoplasms.

4. CONCLUSION

Large bowel cancer is not only the third most frequent cancer in the world but is one
of the most common human malignancies in Western countries, including North
America. In recent years, multidisciplinary research in epidemiology, molecular
biology, and laboratory animal model studies have contributed much to our under-
standing of the etiology of this cancer; more importantly, it has enabled us to devise
preventive strategies. Several epidemiological studies have detected a 40 to 50%
decrease in risk of colorectal cancer in individuals who regularly use aspirin and
other nonsteroidal anti-inflammatory drugs (NSAIDs). Clinical trials with NSAIDs
in patients with familial adenomatous polyposis have demonstrated that treatment
with NSAIDs caused regression of pre-existing adenomas. Preclinical efficacy
studies using realistic laboratory animal models have provided scientifically sound
evidence as to how NSAIDs act to retard, block, and reverse colonic carcinogenesis.
Equally exciting are the opportunities for effective chemoprevention with selective
COX-2 inhibitors in a variety of animal models of colon cancer. Selective COX-2
inhibitors such as celecoxib proven to be effective chemopreventive agents against
colonic carcinogenesis with minimal gastrointestinal toxicity. Our exploration of the
multistep process of carcinogenesis has provided substantial insights into the mecha-
nisms by which anti-inflammatory agents modulate these events. There is growing
optimism for the view that realization of preventive concepts in large bowel cancer
will also serve as a model for preventing malignancies of the prostate, the breast,
and many other types of cancer. There is increasing interest in the use of combina-
tions of low doses of chemopreventive agents that differ in their modes of action in
order to increase their efficacy and minimize toxicity. Preclinical studies conducted
in our laboratory provide strong evidence that the administration of combinations
of chemopreventive agents (NSAIDs, COX-2 inhibitors, DFMO, statins) at low
dosages inhibits carcinogenesis more effectively and with less toxicity than when
these agents are given alone.
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Abstract: Epidemiologic and laboratory studies suggest that non-steroidal anti-inflammatory drug
(NSAID) use reduces the risk of Alzheimer’s disease (AD). Initial reports in the early
1990’s indicated that a history of arthritis, a presumed surrogate of NSAID use, was
associated with a lower risk of AD. [1] These reports were followed by epidemio-
logic studies in which NSAID use was assessed directly and the majority of these
reports confirmed the inverse association with risk for AD. [2, 3] Postmortem studies in
humans [4], studies in animal models of AD [5, 6], and in vitro studies [7, 8] generally
support the notion that NSAIDs can reduce the deleterious inflammation which surrounds
amyloid beta (A�) plaques in the AD brain. In addition, some studies conducted in vitro
and in rodents point to a subgroup of NSAIDs that may work by inhibiting amyloidogenic
APP metabolism rather than through traditional anti-inflammatory mechanisms. [9–11]
This novel property of NSAIDs is currently being explored in epidemiologic studies.
Results from randomized clinical trials of NSAIDs and established AD and one trial
on secondary prevention have not been promising and there have been no prevention
trials completed. The feasibility of using NSAIDs as a chemopreventive agent in AD is
discussed
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1. INTRODUCTION

AD is a neurodegenerative disease that causes progressive decline in cognitive
function and behavior, culminating in dementia. Clinical disease onset is insidious
and symptom progression is typically slow. It is estimated that between 2.5 and 4.5
million people in the United States are currently afflicted with AD. [12, 13] Age is
the strongest risk factor and a meta-analysis of the annual incidence of AD indicates
that rates approximately double for every five year age group over 60 starting at
0.06% in 60–65 year olds and increasing to 6.69% in those 95 years of age and
older. [14] This, coupled with the fact that the age distribution of the population is
shifting upward, may lead to a major public health problem in the future. Estimates
in the United States alone indicate that the proportion of the population older than
65 years of age was 12% (35 million) in 2000 but is expected to increase to 20%
(82 million) by 2050. [15, 16]

As noted by Alzheimer nearly a century ago, the brains of AD patients show
three hallmark neuropathological and diagnostic features – neurofibrillary tangles,
A� or “senile” plaques, and gliosis. These pathological features are present in
more abundance in people with AD but are also present in brains of non-demented
individuals. The neurofibrillary tangles are the main intracellular pathology of
the disease and are primarily comprised of hyper-phosphorylated tau protein. [17]
Neurofibrillary tangles gradually develop over decades and are used post-mortem
to stage AD pathology. [18] In the AD brain, neurofibrillary tangles are thought to
be the first stage preceding neuronal degeneration and loss, although their etiology
still remains elusive. [19]

The extracellular “senile” plaques are primarily comprised of insoluble A�
deposits and are often surrounded by activated astrocytes and microglia, and, in
the case of mature plaques, contain dystrophic neurites. A� peptides are prote-
olytically derived from a much larger parent molecule, amyloid precursor protein
(APP), a type I transmembrane protein. APP metabolism is a highly regulated
process that is coordinated by a family of enzymes known as the secretases. There
are two pathways for APP metabolism: non-amyloidogenic and amyloidogenic. In
the former, APP is first acted upon by �-secretase and then �-secretase cleavage,
precluding the formation of A�. Amyloidogenic processing of APP occurs through
sequential cleavage by extracellular �-secretase and intramembrane �-secretase, and
results in peptides from 38 to 43 amino acids in length. [20] A�40 is a more abundant
and more soluble variant of the peptide whereas A�42 is not as readily cleaved (and
therefore not as abundant), but is thought to be more toxic because it characteristi-
cally forms aggregates that may start the process of amyloid deposition in the AD
brain. [21] Diffuse plaques, which are present early in the disease, are comprised
mainly of A�42 [22] and are also found in non-AD brains as early as the fourth
or fifth decade. [18] It seems that, as the disease progresses, the diffuse plaques
mature to form senile neuritic plaques that contain both A�42 and A�40. [21–23]

In addition to these two neuropathological features, Alzheimer originally
identified a third type of pathology known as glial inflammation or simply
“gliosis”. [24] Although acute inflammatory responses are often beneficial in
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clearing foreign material from the brain, it is the chronic inflammation present
in AD that may be pathogenic as it causes neurotoxicity, damage to neighboring
cells, and is even thought to promote plaque pathology. [19, 25] The cellular and
biochemical processes involved in brain inflammation in AD have been exten-
sively studied (for detailed reviews see Akiyama et al. 2000 [26], McGeer et al.
2003 [27], and Eikelenboom et al. 2002 [28]). It is still not known whether this
brain inflammation is an epiphenomenon (i.e., resulting from the disease process)
or is pathoetiologically involved in disease initiation and/or progression. [19, 24]
However, it is clear that the inflammatory response observed in the AD brain is
typically localized around the A� plaques. For example, the numbers of proinflam-
matory cells such as microglia and astrocytes are elevated in AD brains compared to
controls and these cells are co-localized with A� plaques. [29] Activated microglia,
identified in vivo using positron emission tomography, have been found in patients
with mild AD suggesting that the inflammatory process occurs at early stages of the
disease. [30] Also, biochemical markers of inflammation, such as cyclooxygenase
(COX), complement factors, chemokines, and cytokines, are in higher concentration
in the AD brain. [31] A�-associated increases in activated microglia and related
inflammatory markers have also been shown in studies using transgenic mouse
models of AD. [32–35] Whether or not A� deposition precedes inflammation, once
the deposition begins it is thought to activate proinflammatory glial cells which
in turn produce a myriad of inflammatory molecules 26 which may lead to a
feed-forward continuous cycle of deposition and inflammation.

A growing body of evidence suggests that non-steroidal anti-inflammatory drugs
(NSAIDs), which are commonly used for pain relief and treatment of symptoms in
inflammatory conditions such as arthritis, may protect against the neuropathogenesis
of AD. [1–3] Epidemiologic data have accumulated over the last 15 years showing
that the use of NSAIDs is associated with a reduced risk of AD. And, data from
laboratory studies in cell culture and animal models are helping to clarify the
mechanisms through which NSAIDs might exert their protective effects. These data
are summarized below, and the potential for using NSAIDs as part of an intervention
strategy in AD is discussed.

2. MECHANISMS OF ACTION

There are at least two possible mechanisms by which NSAIDs might protect against
AD. One is by reducing inflammation via a COX-mediated pathway and the other
is by altering APP metabolism to A� via a COX-independent pathway. Regarding
the more traditional anti-inflammatory mechanism, NSAIDs competitively inhibit
the active site of COX preventing it from binding arachidonic acid and converting
it to prostaglandins, which are locally-acting hormones involved in inflammatory
responses. [36, 37] At least two isoforms of the COX enzyme, referred to as
COX-1 and COX-2, have been identified. [38] COX-1 is constitutively expressed
in most tissues including the brain and gastric mucosa. By contrast, COX-2 is
inducible and typically only detected in response to inflammation, except in the
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brain where it is constitutively present. [38] Commonly-used NSAIDs such as
aspirin, ibuprofen, naproxen, and indomethacin, are non-selective in that they inhibit
both COX-1 and COX-2 to varying degrees. The degree to which an NSAID
blocks COX-1 relative to COX-2 is typically related to its toxicity. For example,
NSAIDs that preferentially inhibit COX-1 generally have more gastrointestinal side
effects. [38] Recently, COX-2 selective NSAIDs, such as celecoxib, rofecoxib, and
valdecoxib, were approved for use in humans. These NSAIDs were widely touted at
first because they have desirable anti-inflammatory properties presumably without
the side effects of other traditional NSAIDs. However, they have since attracted
considerable scrutiny due to emerging concerns over their potential cardiotoxicity.
[39–41] Aspirin, unlike the other NSAIDs, inhibits COX by irreversibly acetylating
the enzyme’s active site. As a result, any new COX activity must be mediated
by newly synthesized enzyme. [36] In platelets, the COX enzyme also plays an
important role in converting arachidonic acid to thromboxanes, which are locally-
acting hormones involved in the clotting activities of platelets. Because platelets
cannot synthesize new COX enzyme, aspirin has potent anti-clotting effects even
at low doses. It is this property which provides the rationale for using low-dose
aspirin to prevent cardiovascular disease. Higher doses of aspirin may be required
to see an anti-inflammatory effect.

Evidence from neuropathologic studies supports the notion that NSAIDs may
protect against inflammation in the brain. MacKenzie and colleagues examined the
brains of cognitively normal people who had osteoarthritis (OA) or rheumatoid
arthritis (RA) and had been taking NSAIDs for one year or longer and compared
them to age-matched controls. [42] They found, as expected, that some OA/RA
brains and some control brains contained amyloid plaques. However, the number of
activated microglia was lower in chronic NSAID users compared to non-users and
this decrease was not dependent on the number of amyloid plaques. This decrease
in inflammatory cells has been found in some studies [4, 42], but not all. [43]

The effect of NSAIDs on brain inflammation has also been investigated in
cell culture and animal model studies. Aside from one contradictory finding [44],
these studies have provided consistent evidence that NSAIDs have significant anti-
inflammatory effects in the brain. [5–8, 45, 46] For example, in a mouse model of
AD, Lim and colleagues found that chronic three or six-month treatment with the
NSAID, ibuprofen, or the naturally-occurring NSAID, curcumin, reduced plaque-
associated microglial activation, astrocytosis, and inflammatory products. [5, 6, 47]
Similar anti-inflammatory properties have been found by others using ibuprofen
[46] and indomethacin. [7, 8, 45]

Aside from their anti-inflammatory properties, recent evidence suggests that some
NSAIDs may protect against AD independently of COX by directly reducing the
metabolism of APP to A�. [9, 11] As described above, the metabolism of APP to A�
is thought to play a central role in the pathogenesis of AD. APP is a type I transmem-
brane protein found in many cell types including neurons. Its normal physiological
role is unknown, but it has been shown to inhibit certain enzymes, promote cell
adhesion, and is associated with neuroprotection and neurodevelopment. [20, 48]
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In AD, it undergoes sequential enzymatic cleavage first in the extracellular region
by the enzyme �-secretase, which results in the release of a soluble protein denoted
sAPP�. The remaining piece of APP, embedded in the cell membrane, is then
cleaved by the intramembrane enzyme, �-secretase, after which the resulting A�
fragment is secreted from the cell. [20] Gamma-secretase cleavage can occur at
four sites resulting in A� fragments varying in length with 38, 40, 42, or 43 amino
acids. Both the A�40 and A�42 peptides accumulate in the “senile” plaques that are
pathognomic of AD, but it is the A�42 species that is thought to be more damaging.
Recent studies suggest that NSAIDs may modulate the activity of �-secretase and
shift the cleavage of APP towards the more benign A�40 species. [9, 49]

Both in vivo [5, 6, 9, 11, 44–46, 50] and in vitro [9–11, 46, 50–55] studies
have now documented that NSAID administration can modulate A� levels or A�
plaques. Interestingly, some of these studies suggest that the effect on A� production
may depend upon the type of NSAID. In vivo studies with ibuprofen [5, 6],
indomethacin [45], and a derivative of flurbiprofen [44] all showed reduced
A� levels in brain regions classically associated with Alzheimer-like pathology.
However, one study could not replicate the ibuprofen finding and failed to show
any evidence that celecoxib treatment mitigated A� pathology. [44] In a more
detailed series of studies, Weggen and colleagues fed ibuprofen or naproxen
to Alzheimer’s mice and measured both soluble A�42 and A�40 levels. [11]
They found that although ibuprofen selectively lowered A�42 compared to A�40,
naproxen did not. In a follow-up study, they fed numerous NSAIDs to mice for
three days and, as before, found that only some NSAIDs (e.g., diclofenac, diflu-
nisal, fenoprofen, flurbiprofen, ibuprofen, indomethacin, meclofen, piroxicam, R-
flurbiprofen, S-flurbiprofen, and sulindac) selectively lowered A�42 compared to
A�40 whereas other NSAIDs (e.g., aspirin, ketoprofen, nabumetone, and naproxen)
did not. [9] Yan and colleagues [46] found a similar reduction in A�42 after
mice were fed ibuprofen for four months, but a recent study by Lanz et al. [50]
failed to show consistent reductions in brain A�42 after three-day administration of
flurbiprofen, ibuprofen, or sulindac. Cell culture studies appear to support the notion
that some, but not all, NSAIDs selectively decrease A�42 levels. However, the results
are more difficult to interpret because many different cell types (i.e., derived from
humans vs. other animals, and from peripheral vs. glial cells or neuronal cells) and
varying doses of NSAIDs have been used. For example, in hamster ovary, human
neuroglioma, human kidney, or mouse fibroblasts, a selective reduction in A�42 was
found with diclofenac, fenoprofen, flurbiprofen, ibuprofen, indomethacin, meclofen,
R-ibuprofen, R-flurbiprofen, S-flurbiprofen, and sulindac, but not with aspirin,
celecoxib, diflunisal, etodolac, fenbufen, ketorolac, ketoprofen, mefanamic acid,
meloxicam, nabumetone, naproxen, phenylbutazone, piroxicam, sulindac sulphone,
and suprofen. [9, 11, 46, 52] In contrast, Gasparini and colleagues tested a neurob-
lastoma cell line and found that flurbiprofen, sulindac sulfide, and aspirin produced
a reduction in both A�42 and A�40, while in primary neurons, sulindac sulfide
reduced both A�42 and A�40 and celecoxib reduced A�40 and increased levels
of A�42. [54] Although the results from the cell culture studies are not entirely
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consistent with the animal model studies, there appears to be some consensus that
NSAIDs such as ibuprofen, flurbiprofen, indomethacin and sulindac tend to lower
A�42 whereas others such as naproxen and celecoxib do not.

The mechanisms underlying the apparent differences between NSAIDs need clari-
fication, but in any case A�42 reduction is probably not mediated through COX as
compounds that lack COX activity (e.g., R-flurbiprofen, R-ibuprofen) still showed
the capacity to decrease A�42. [9–11, 51, 52, 55] To demonstrate that the effect
on A�42 reduction is independent of COX, Weggen and colleagues treated COX-
deficient cells with sulindac sulphide and then monitored A�42 levels. [11] Interest-
ingly, the COX-deficient cells did not demonstrate any alteration in basal A�42 vs.
wild-type cells, but treatment with sulindac did reduce A�42. In another study, Sagi
et al. showed that other known targets of NSAIDs besides COX, including lipoxy-
genases, peroxisome proliferator-activated receptor, or nuclear factor kappa B, are
also not required for A�42-reduction. [10] Studies with a broken cell �-secretase
assay have suggested that the A�42 lowering NSAIDs may in fact directly target the
�-secretase complex. [9, 49] In order to elucidate how such NSAIDs might interact
with �-secretase, Lleo and colleagues utilized a fluorescence resonance energy
transfer technique. [56] They found that these NSAIDs influence the proximity
between APP and presenilin-1 (PS1), which is thought to activate or be part of
the �-secretase complex, and as a result alter PS1 conformation. They proposed a
model in which the allosteric change in PS1 conformation shifts the cleavage of
APP toward shorter A� species. [56]

However these compounds work to reduce amyloidogenic APP processing, a key
question is whether such drugs will be effective in the prevention or treatment of
clinical AD. One study with a transgenic mouse model of AD showed that treatment
with ibuprofen was associated not only with a reduction in amyloid burden but
also with mitigation of behavioral deficits as assayed by an open field task. These
results are encouraging because they suggest that AD-like clinical features can be
ameliorated by NSAID treatment. [6] However, another study with a transgenic
mouse model suggested that the neuroprotective effects of such NSAIDs may
depend upon when they are used. Jankowsky and colleagues made an inducible
APP transgenic mouse (where the mutant APP transgene is controlled by the
antibiotic tetracycline and its analogues, designed to mimic �-secretase inhibition)
and turned the transgene “off” once AD-like pathology was established. Strikingly,
these authors were unable to reverse A� plaque, astroglial, or neuritic pathology
in these mice, even after six months of transgene inactivation. [57] These results
suggest that inhibition of �-secretase would need to be started early in the course
of the disease in order to have any efficacy.

3. EVIDENCE FROM EPIDEMIOLOGIC STUDIES

3.1. Observational Studies

At least 25 epidemiologic studies have reported on the relationship between
NSAIDs and the risk of AD in humans. [58-83] Many of the early studies
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from the 1990’s examined inflammatory conditions such as arthritis, with some
[59, 60, 62, 63, 66, 67] but not all [58, 61, 64] finding an inverse association with
AD. In a meta-analysis of these earlier studies, McGeer and colleagues reported
that a history of arthritis was associated with a 44% reduction in risk of AD. [1]

It was suggested that a history of arthritis was a surrogate for NSAID
exposure [63], and that the chronic use of NSAIDs among those with arthritis was
responsible for the observed reduction in risk of AD. Thus, later studies began to
focus specifically on the use of NSAIDs. Of twelve such studies that examined the
use of non-aspirin NSAIDs using a non-prospective study design (i.e., case-control
or cross-sectional) [68–71, 73–76, 79, 81, 84, 85], ten concluded that AD cases
were less likely to have been using these agents whereas two concluded there was
no association. [73, 79] The odds ratios (ORs) reported in these studies ranged
from 0.19 (95% CI = 0.06 to 0.64) in a sibling study conducted by Breitner and
colleagues [70] to 0.79 (95% CI = 0.45 to 1.38) in a retrospective case-control
study conducted as part of the Rochester Epidemiology Project. [73] Eight of the
twelve non-prospective studies are summarized in a meta-analysis in Figure 1a.
To be included in the meta-analysis the studies had to have an outcome of AD
that was diagnosed by formal criteria (e.g., the Diagnostic and Statistical Manual
of Mental Disorders [87] or the National Institute of Neurological and Commu-
nicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders
Association [88]), the original data must have been reported for both the cases and
the controls, and the criteria for exposure to non-aspirin NSAIDs must have been
well-documented. The combined OR from these studies, which is based on a total
of 1,833 AD cases and 13,780 controls, indicates a 53% risk reduction of AD in
those participants who reported using a non-aspirin NSAID (combined OR = 0.47,
95% CI = 0.36 to 0.62).

In two studies conducted by Breitner and colleagues, an effort was made to tease
apart the separate effects of NSAID use and arthritis on AD risk. [70, 85] When
this was done, the OR for individuals who had a history of arthritis but did not
use NSAIDs was 0.60 (95% CI = 0.10 to 3.50) in a study of twins and 0.68 (95%
CI = 0.38 to 1.22) in a study of siblings. For individuals who used NSAIDs but did
not have a history of arthritis the OR was 0.08 (95% CI = 0.01 to 0.69) in the twin
study and indeterminate in the other study due to limited sample size. Although not
definitive, these results provided evidence that the previously observed reduction
in AD risk was due to the use of NSAIDs and not arthritis.

Seven of the non-prospective studies also had data available on aspirin use.
[70, 73, 75, 76, 81, 83, 85] As seen in Figure 1b, which is based on data from
1,509 AD cases and 7,923 controls, aspirin use was also associated with a reduced
risk of AD (combined OR = 0.55, 95% CI = 0.44 to 0.70), but in nearly half of
the studies the confidence interval included the null. As discussed above, aspirin is
like other NSAIDs in that it inhibits the COX enzyme, but it does so in a different
manner by irreversibly blocking the active site. Another consideration with aspirin
is that it is typically taken by the elderly for cardioprophylaxis at lower doses that
will not have a potent anti-inflammatory effect.
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Figure 1. Meta-analyses showing the relationship between 1a) non-aspirin NSAID use and AD in non-
prospective studies, 1b) aspirin use and AD in non-prospective studies, 1c) non-aspirin NSAID use
and AD in prospective studies, 1d) aspirin use and AD in prospective studies, 1e) two or more years
of non-aspirin NSAID use and AD in prospective studies, and 1f) two or more years of aspirin use
and AD in prospective studies. (OR = odds ratio; RR = risk ratio). Figures 1a, c, and e modified
from Szekely et al: Neuroepidemiology 2004;23:159–169 with permission from S. Karger AG, Basel;
Statistical analysis performed using Stata 8.0 [86]

A major limitation of non-prospective observational studies like the ones
discussed above is that they are unable to establish the temporality between
NSAID use and AD, making it difficult to draw firm conclusions about the causal
relationship between the two. Furthermore, such studies can be biased by differ-
ential recall of NSAID exposure in patient and control groups. This recall may be
especially problematic in studies of diseases affecting memory such as AD. As a
result, prospective studies in which information on exposure to NSAIDs is collected
prior to diagnosis of AD can provide more conclusive evidence about their putative
association.
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Five prospective studies including a total of 836 AD cases and 16,294 controls
have been published on the relation between NSAID use and incidence of AD. The
findings from these studies are summarized in Figure 1c. [72, 77, 78, 80, 82] The
combined risk ratio (RR) for lifetime use of non-aspirin NSAIDs and AD was 0.71
(95% CI 0.58 to 0.87). All five studies showed a trend for an inverse association
between NSAIDs and AD, but it should be noted that all but one risk estimate
included the null. In three of the studies in which data on duration was available,
[72, 77, 80] the combined RR for two or more years of NSAID use was 0.42 (95%
CI 0.26 to 0.66) (Figure 1e), suggesting a greater reduction in risk of AD with
longer user. Interestingly, these three studies were also able to examine lag effects
between NSAID use and onset of AD. In particular, two of these studies [77, 80]
reported evidence suggesting that NSAID use was effective in reducing the risk of
AD only if taken several years before the clinical onset of disease. By contrast,
NSAID use within several years of the onset of disease did not appear to have any
protective effect. These latter findings appear to be consistent with those from the
study by Jankowsky and colleagues described above in which they showed using
a transgene mouse model that it was not possible to reverse the AD pathology by
simulating �-secretase inhibition once the pathology was established. [57]

Five prospective studies also reported data on aspirin use. Figure 1d. shows a
marginal reduction in risk of AD with lifetime use (RR = 0.83, 95% CI 0.59 to
1.17). However, as shown in Figure 1f, the reduction in risk became more apparent
for use of aspirin greater than two years (RR = 0.73, 95% CI 0.55 to 0.97), again
suggesting a duration effect similar to what is found with the other non-aspirin
NSAIDs.

Other than aspirin, the effects of individual NSAIDs on AD risk have not been
systematically examined in the published observational studies. The problem is
that the sample sizes in these studies have typically been too small to allow for
such investigations. Aspirin is an exception because it is used much more widely
among the elderly for cardioprophylaxis. Consequently, it remains an open question
whether those NSAIDs that have been shown to lower A�42 in cell cultures and
in animal models are associated with lower risk of AD in observational studies
compared to NSAIDs that do not possess this property. An abstract from the
Rotterdam Study [89], one of the five prospective studies that found a reduced
risk of AD with NSAIDs, attempted to address this question and was reported at
a research conference. The authors suggested that the observed reduction in AD
risk was attributable to the use of A�42-lowering NSAIDs such as ibuprofen and
flurbiprofen, but the findings were inconclusive because of very small sample sizes.
To overcome this limitation, we have pooled data from prospective studies of AD
with the goal of assembling a sample that has sufficient power to adequately assess
the neuroprotective effects of the different types of NSAIDs. Preliminary findings
from this individual-patient-data meta-analysis, based on three published studies,
suggested that NSAID exposure was associated with decreased risk of AD, but the
reduction was not dependent on the A�42-lowering capability of the NSAID. [90]
We are currently nearing completion of this project and hope that the results from
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the larger pooled sample will provide more definitive conclusions regarding the
role of type of NSAID on AD risk.

It should be noted that even though data from observational studies provide
invaluable information about the relationship between NSAID use and AD, there
are confounders and biases inherent in the design of these studies that must
be considered when interpreting their results. One type of confounding that is
a particular problem in studies of pharmacologic treatments is confounding by
indication, in which a drug under investigation is used as a treatment for a disease
which is, in itself, associated with the outcome of interest. [91, 92] For example,
the apparent risk reduction with NSAID use and AD could be due to the presence
of arthritic disease, for which NSAIDs are routinely taken. However, the studies
that attempted to address this issue provided some evidence that NSAID use, in the
absence of arthritis, still reduced risk for AD. Results from studies of medication
can also be influenced by the healthy drug user bias in which individuals who use
medications may be more health conscious or may have greater access to health
care compared to non-users. [93] This is probably not a substantive bias for studies
on NSAID use, as compared to hormone replacement therapy or vitamin use, as
NSAIDs are often taken for chronic pain relief and not as preventive therapies.
Also, many of the observational studies found null results when looking at a
control medication, acetaminophen (also used for pain management), suggesting
that this is not an important source of bias. Another potential source of bias in
prospective studies could result from differences in mortality between exposed
groups, or mortality bias. If participants exposed to NSAIDs have a higher rate
of mortality due to NSAID-related complications compared to those unexposed to
NSAIDs, the relationship between NSAID use and mortality could then result in
an apparent inverse relationship between NSAID use and AD because the NSAID
users are removed from the risk set (they die) before they have a chance to develop
dementia. This issue was addressed in both the Rotterdam [94] and Cache County
(unpublished data) cohorts where it was found that NSAID use was associated with
a reduced risk of AD but not with all-cause mortality. Despite these (and other)
limitations of observational studies, the consistency of findings across many studies
does support the notion that NSAIDs might, in theory, be efficacious in reducing
the risk of AD.

3.2. Randomized Trials

The encouraging findings from the observational studies have provided a rationale
for carrying out randomized controlled trials (RCT) to formally test the effects of
NSAIDs on AD. To date, seven RCTs have been carried out to test whether NSAIDs
can slow the progression of clinically established AD (see Table 1). Such trials are
often referred to as tertiary prevention or treatment trials. The NSAIDs tested thus
far include indomethacin [95], diclofenac [96], nimesulide [97], naproxen [98] and
the more recently developed selective COX-2 inhibitors celecoxib and rofecoxib.
[98–100] Sample sizes of these RCTs ranged from 40 to 692 subjects, and the
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duration of follow-up was typically 6 to 12 months. Only one of these trials showed
a mild benefit in slowing cognitive decline [95], while the others did not offer any
evidence of a therapeutic effect. More recently, preliminary results were reported
from a RCT of 207 subjects testing an enantiomer of flurbiprofen which was
selected specifically because it modulates �-secretase but has little activity against
COX. This trial showed slightly less decline in cognitive ability in patients with
mild AD over a 12 month period among subjects taking 1600 mg of R-flurbiprofen
compared to placebo. [101] While the results do not show a striking improvement,
they are promising and are currently being followed-up by a RCT with a larger
sample and longer period of follow-up. [103, 108] Two other RCTs for the treatment
of AD are also currently recruiting subjects to test curcumin. [102, 104] This
compound, derived from the spice turmeric, may be of interest as it has strong anti-
inflammatory and anti-oxidant properties and has been shown in animal models of
AD to decrease levels of plaque burden, circulating amyloid, and proinflammatory
cytokines. [47, 109]

Only one RCT has been carried out to test whether NSAIDs can delay the
progression of prodromal mild cognitive impairment (MCI) to AD. [105] Such trials
are often referred to as secondary prevention trials. In this secondary prevention
trial, a total of 1,457 subjects were randomized to receive either 25 mg of rofecoxib
or placebo and followed for up to four years. Surprisingly, subjects on rofecoxib
converted to AD at a faster rate than those on placebo, but there were no signif-
icant differences in other functional measures. Another secondary prevention trial
using 400 mg of celecoxib with 135 subjects followed for 18 months was recently
completed, but the results have not yet been reported. [106]

Only one RCT has been initiated to test whether an NSAID can delay the
progression to AD among cognitively normal elderly individuals. Such trials are
often referred to as primary prevention trials. The Alzheimer’s Disease Anti-
inflammatory Prevention Trial [110], known as ADAPT, began recruiting partic-
ipants in 2001 with an expected follow-up of up to seven years. The trial was
designed to test two NSAIDs, naproxen and celecoxib, for the prevention of AD
in approximately 2,625 elderly individuals who were cognitively normal with no
evidence of MCI but who were at higher risk of AD than the general population
because they had at least one first-degree relative with a history of dementia.
Other exclusion criteria were based on a number of safety measures related
to potential toxic side effects of NSAIDs. Participants were asked to travel to
the clinics for routine biannual safety monitoring and annual cognitive assess-
ments as well as additional safety-related visits. As ADAPT progressed, evidence
from other studies emerged raising concerns about the cardiovascular safety of
COX-2 inhibitors. [111, 112] More definitive evidence that these drugs, particularly
rofecoxib, increased the risk of cardiovascular events was later reported. [113, 114]
This led to withdrawal of rofecoxib from the market and to suspension of two
cancer trials using celecoxib. In December of 2004, ADAPT investigators decided
to suspend treatment in ADAPT due to the findings from outside trials and also
because preliminary data suggested an increased risk of cardiovascular events in the
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naproxen group. [107, 115] ADAPT participants were asked to stop taking study
drug, but were asked to continue followup visits for safety and outcome monitoring.
The results pertaining to cardiovascular events, AD, or cognitive decline are not
available at the time of this writing.

4. SUMMARY AND CONCLUSIONS

The evidence is growing that NSAIDs may be useful in combating AD. Laboratory
studies indicate there are compelling, biologically plausible reasons to believe
that NSAIDs have a potent neuroprotective effect. By inhibiting COX, NSAIDs
may reduce inflammatory responses in the brain thought to be associated with
AD pathogenesis. Furthermore, certain NSAIDs may also modulate the activity of
�-secretase to reduce amyloid plaque production by shifting APP metabolism away
from the more toxic A�42 species. In line with this, epidemiologic studies carried
out since the early 1990’s have consistently shown that NSAIDs are associated with
a lower risk of AD. A meta-analysis of the most rigorously conducted observational
studies suggested that the use of non-aspirin NSAIDs for more than two years
is associated with a 60% reduction in risk of AD, while the use of aspirin for
more than two years is associated with a 30% reduction. The less apparent effect
with aspirin may be due to the fact that it is typically taken by the elderly at low
doses for cardioprophylaxis. Although observational studies have not had sufficient
sample size to examine whether the reduction in risk is different for specific
NSAIDs shown to selectively reduce A�42, preliminary findings from a pooled
analysis that we are carrying out suggest this may not be the case. Results from
randomized trials have not been as encouraging. Seven trials with NSAIDs have
been reported in the literature. With the possible exception of the most recent trial
with R-flurbiprofen, the results from these trials suggest that NSAIDs (or related
agents) may not be effective for the tertiary or secondary prevention of AD. These
results are not surprising, and in fact appear to be consistent with observational
studies that have shown that NSAIDs need to be taken several years prior to the
clinical onset of disease in order to have any effect on lowering AD risk. Thus, it is
reasonable to conclude that NSAIDs may be particularly effective for the primary
prevention of AD before the course of disease has progressed to a point beyond
remediation.

The best way to formally demonstrate the efficacy of NSAIDs on primary
prevention is through randomized trials. Unfortunately, the one existing trial
that was appropriately designed to address this important question, ADAPT,
suspended treatment early due to safety concerns. Primary prevention trials of AD,
like ADAPT, present significant challenges. These challenges include attaining
an adequate sample size, allowing for a sufficient follow-up time, maintaining
compliance, and implementing a cost-effective data collection schedule. [116]
Participants willing to enroll in trials may have lower disease rates and mortality
compared to others, and therefore either the sample size must be increased or
the follow-up lengthened to ensure accrual of sufficient disease endpoints. [117]



NSAIDs for the chemoprevention of Alzheimer’s disease 243

Additionally, a longer trial may be needed to accommodate agents that require a
certain amount of time to fully exert a protective effect. However, as trials become
bigger and longer, the threat of non-compliance increases [116] and the costs quickly
become prohibitive. Finally, there are considerable ethical concerns in giving drugs
like NSAIDs, which can have significant toxic side effects, to elderly subjects who
do not have the disease.

Despite these challenges, it is important that efforts continue to further
clarify the neuroprotective role of NSAIDs. Because many elderly take
NSAIDs regularly for a variety of indications such as arthritis, it is crucial
to establish the risks of taking NSAIDs in regards to potential gastroin-
testinal and cardiovascular adverse effects relative to the benefits including
any concomitant salutary effects on cognition. Furthermore, by elucidating the
mechanisms by which NSAIDs may protect against AD, more rational inter-
ventions can be adapted that maximize the benefits while minimizing the
risks, and certain groups of participants who might tolerate the new treat-
ments better than others can be more successfully identified. Thus, future
studies should continue to investigate the relative contribution of COX and
�-secretase mediated effects of NSAIDs and how these different effects translate
into a reduced risk of AD in human populations. Additionally, it will be important
for investigators to focus on the issue of how the timing of NSAID exposure
and the duration of use influences the underlying progression of AD. With 2.5 to
4.5 million prevalent cases in the United States alone and projections that these
numbers will likely quadruple in the United States over the coming 50 years [12],
AD is a major public health problem that threatens to worsen. Thus, there is consid-
erable motivation to develop effective strategies for delaying or even preventing
the disease.
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Abstract: Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a dramatic
loss of dopaminergic neurons in the substantia nigra (SN). Several pathogenic mecha-
nisms have been implicated in the demise of these cells, including dopamine-dependent
oxidative stress, mitochondrial dysfunction, excitotoxicity, and proteasomal impairment.
In recent years, the involvement of neuroinflammatory processes in nigral degeneration
has gained increasing attention. Not only have activated microglia and increased levels
of inflammatory mediators been detected in the striatum of PD patients, but a large body
of animal studies points to a contributory role of inflammation in dopaminergic cell loss.
For example, post-mortem examination of human subjects exposed to the parkinsonism-
inducing toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, revealed the presence of
activated microglia decades after drug exposure, suggesting that even a brief pathogenic
insult can induce an ongoing inflammatory response. Perhaps not surprisingly, non-
steroidal anti-inflammatory drugs have been shown to reduce the risk of developing PD.
In the past few years, various pathways have come to light that could link neurodegen-
eration and microglial activation, finally ascribing a pathogenic trigger to the chronic
inflammatory response characteristic of PD

1. PATHOGENESIS OF PARKINSON’S DISEASE

1.1. Clinical Characteristics

Parkinson’s disease is one of the leading causes of neurologic disability in elderly
people, with an estimated one million North Americans currently affected by the
disease. The clinical features of PD involve tremor, rigidity, bradykinesia and
postural instability. The mean age of onset is 55 years of age, with the risk for
developing PD increasing 5-fold by the age of 70. Two forms of the disease have
been identified: a sporadic form, which affects 95% of all cases and whose etiology
is unknown, and a familial form accounting for about 5–10% of affected persons,
which is linked to mutations in a restricted number of genes (see reviews by
(Dauer and Przedborski, 2003; Zimprich et al., 2004; Cookson et al., 2005). The
symptoms observed in PD are caused by a > 50% loss of dopaminergic neurons
in the substantia nigra (SN) pars compacta corresponding to a > 80% reduction in
dopamine levels in the striatum (Figure 1), with a more severe depletion seen in the
putamen (thought to be involved in the regulation of movement) than in the caudate
nucleus (involved in higher cognitive functions) (Kish et al., 1988; Hirsch et al.,
1988; Fearnley and Lees, 1991; Pakkenberg et al., 1991; Hornykiewicz, 1998).
A reduction in dopamine is also seen in other dopaminergic projection areas such
as the neocortex and hippocampus (Scatton et al., 1982). In addition, cell loss is
also found in other brain areas such as the noradrenergic locus coeruleus, dorsal
vagal nucleus and medullary nuclei, serotonergic dorsal raphe, nucleus basalis of
Meynert and other cholinergic brainstem nuclei (Jellinger, 1999).

1.2. Molecular Pathways Leading to Neurodegeneration in PD

Several hypotheses exist which attempt to explain the selective loss of dopamin-
ergic neurons in PD (Figure 2). One theory proposes that nigral neurons are
selectively vulnerable to environmental contaminants triggering mitochondrial
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Figure 1. Schematic showing regions in the human brain affected in PD

dysfunction, produce an endogenous mitochondrial toxin, or harbor endogenous
defects in mitochondrial enzymes such as Complex I (NADH dehydrogenase) of
the electron transport chain that lead to impaired energy metabolism (see review
by Orth and Schapira, 2002). This theory arose from the fortuitous finding that
the meperidine analog, 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP), and
other mitochondrial poisons such as rotenone can induce a parkinsonian condition
in humans, non-human primates, and rodents. In support of the mitochondrial
dysfunction hypothesis are neuropathological studies reporting a ≈ 30% defect
in Complex I function in the SN and platelets from deceased PD patients (see
reviews by Schapira, 1994; Sherer et al., 2002). Furthermore, mutations in mitochon-
drial DNA genes such as 12SrRNA, have been linked in recent years to rare
maternally-inherited forms of parkinsonism with additional clinical features not
found in idiopathic PD. Mutations in a nuclear-encoded mitochondrial gene, DNA
polymerase g or POLG, have also been linked to familial parkinsonism but again
the clinical characteristics of this disorder differ from classical PD and caution
should be used when extrapolating disease mechanisms active in these diseases to
PD (Abou-Sleiman et al., 2006).

The proteolytic stress hypothesis ascribes the loss of nigral neurons in PD to the
toxic accumulation of misfolded and aggregated proteins. This theory is supported
by studies showing a significant defect in the 20S proteasome, the primary cellular
machinery responsible for degrading non-ubiquinated proteins, in post-mortem
nigral tissue from sporadic PD patients, and by linkage of two genes encoding



252 Hald et al.

Figure 2. Potential etiological triggers and pathogenic mechanims contributing to the loss of dopamin-
ergic cells in PD. White boxes indicate key events occuring during the etiology and pathogenesis stages
of the disease that could play a causative role in dopaminergic cell dysfunction and ultimately cell
death. Gray boxes boxes outside the mainstream cascade represent events thought to contribute to the
pathogenesis of the disease

enzymes essential for the proper function of the ubiquitin-proteasome system (UPS),
namely ubiquitin carboxyl-terminal hydrolase 1 (UCHL1) and parkin, a ubiquitin E3
ligase, to early-onset, familial forms of PD (see reviews by McNaught and Olanow,
2003; Greenamyre and Hastings, 2004). Interestingly, Complex I inhibitors such as
rotenone have been shown to reduce proteasomal activity through ATP depletion,
leading to increased toxicity in neurons with a compromised proteasome. This may
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constitute a link between mitochondrial activity, proteasomal insufficiency and cell
death in PD (Hoglinger et al., 2003).

In an alternative hypothesis, the preferential loss of nigral neurons in PD has
been attributed to the highly-oxidative intracellular environment within dopamin-
ergic neurons arising mainly from the highly labile nature of their endogenous
neurotransmitter dopamine (Lotharius and Brundin, 2002a; Lotharius and Brundin,
2002b). Indeed, post-mortem studies of PD patients show a significant and selective
increase in various oxidative stress markers in the SN compared to control subjects
(Table 1). These indices of oxidation are not found in other brain regions unaffected
in the disease. PD-linked mutations in genes encoding proteins such as DJ-1, a
putative oxidative sensor (Bonifati et al., 2004), further support a causative role of
oxidative stress in this disorder.

1.3. Dopamine-dependent Oxidative Stress: Evidence and Implications

Intracellularly, dopamine is either degraded by monoamine oxidase A (MAO-A)
(Gotz et al., 1994) or by autooxidation. Dopamine metabolism by MAO-A leads
to the production of dihydroxyphenylacetic acid (DOPAC) and H2O2 under the
consumption of O2 and H2O (Maker et al., 1981; Gesi et al., 2001) (Figure 3). Intra-
cellular autooxidation of dopamine generates H2O2 and dopamine-quinone (Graham,
1978; Sulzer and Zecca, 2000). The latter of which participates in nucleophilic
addition reactions with protein sulfhydryl groups (Tse et al., 1976; Graham, 1978;
Stokes et al., 1999), leading to structural modifications in proteins and reduced
levels of the tripeptide thiol glutathione (GSH), the major redox buffer used by
cells to counteract oxidative stress. In this context, dopamine-quinones were shown
to inhibit glutamate and dopamine transporter function in synaptosomes (Berman
et al., 1996; Berman and Hastings, 1997), inhibit tyrosine hydroxylase (TH) in
cell free systems (Kuhn et al., 1999), and promote H+ leakage from mitochondria
resulting in uncoupling of respiration to ATP synthesis (Berman and Hastings,
1999; Khan et al., 2001).

H2O2, produced during the metabolism of dopamine (Graham, 1978; Maker et al.,
1981), can be converted through the Fenton reaction in the presence of ferrous iron
�Fe2+� to hydroxyl radicals �OH•�. Hydroxyl radicals are highly reactive species
capable of covalently modified cellular macromolecules including proteins. Iron-
mediated catalysis of hydroxyl radicals could be a key pathogenic mechanism
contributing to oxidative stress in PD, given that the iron levels in the SN are
not only higher than in other areas of the brain (Gerlach et al., 1994), but are
increased by approximately 35% in PD patients compared to age-matched controls
(Sofic et al., 1988; Dexter et al., 1989). A similar increase in iron levels has not
been found in progressive supranuclear palsy, a neurodegenerative disease of the
brainstem, suggesting that increased iron levels are not a mere consequence of
neurodegeneration (Hirsch et al., 1991). Thus, it appears that dopamine oxidation
may underlie the selective vulnerability of dopaminergic neurons to cell death in PD.
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Table 1. Evidence of oxidative stress in PD

Evidence References

I. Experimental data
• MPTP-treated mice show upregulation of iNOS and increased

levels of nitrotyrosine
Liberatore et al., 1999

• iNOS knockout mice show decreased sensitivity to MPTP Liberatore et al., 1999
• Mice overexpressing either Cu/Zn (cytoplasmic) or Mn

(mitochondrial) superoxide dismutase are more resistant to
MPTP, a combination of paraquat and maneb, and 6-OHDA

Przedborski et al., 1992;
Callio et al., 2005;
Thiruchelvam et al.,
2005

• Cu/Zn knockout mice are more susceptible to MPTP Zhang et al., 2000
• Glutathione peroxidase knockout mice are more susceptible to

MPTP
Klivenyi et al., 2000;
Zhang et a., 2000

• Both autooxidation and MAO-A dependent oxidation of
dopamine leads to the production of H2O2� O2

•−� OH•, and
dopamine quinones

Maker et al., 1981;
Graham, 1978

• Dopamine metabolism by MAO-A increases GSSG levels in
synaptosomes

Spina and Cohen, 1988

• MPP+-induced Complex I inhibition leads to the formation of
H2O2 and O•−

2

Kalivendi et al., 2003

• Drosophila overexpressing glutathione S-transferase are
protected from dopaminergic neuronal loss

Whithworth et al., 2005

• Synthetic superoxide dismutase/catalase mimetics protects
against dopaminergic cell death both in vitro and in vivo

Peng et al., 2005

II. Human data
• Decreased levels of GSH in the SN of PD patients Sofic et al., 1992; Pearce

et al., 1997
• Increased levels superoxide dismutase activity in the SN of PD

patients
Radunovic et al., 1997;
Saggu et al., 1989

• Increased iron levels in the SN of healthy individuals and PD
patients

Gerlach et al., 1994;
Sofic et al., 1988;
Dexter et al., 1989

• Increased levels of 8-hydroxyguanosine, protein carbonyls, and
HNE in PD brains

Yoritaka et al., 1996;
Alam et al, 1997; Zhang
et al., 1999

• Increased levels of toxic dopamine derivatives (e.g. NM(R)
salsollinol, DMDHIQ+) in the nigrostriatal system of PD
patients

Maruyama et al., 1997

• Increased levels of cysteinyl-dopamine conjugates in the SN
and putamen of deceased PD patients compared to controls

Spencer et al., 1998

• Uric acid protects against PD de Lau et al., 2005

1.4. Evidence of Oxidative Stress in PD

In addition to a wide body of experimental evidence suggesting that oxidative
stress plays an active role in the pathogenesis of PD (in vitro and in vivo studies
summarized in Table 1), post-mortem investigations have consistently shown that
oxidative stress is a hallmark not only of healthy but diseased human nigral tissue
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Figure 3. Oxidation of dopamine. Oxidation of dopamine by MAO or by autooxidation leads to the
production of H2O2, which when converted to OH• radicals, can lead to the oxidization of proteins,
lipids and nucleosides. Autooxidation of dopamine also leads to the generation of dopamine-quinone,
which may covalently bind to proteins or further be converted to neuromelanin. The modification of
biomolecules by OH• or dopamine quinone may exert toxic effects on dopaminergic neurons

(Table 1). Carbonyl modifications, which are indicative of protein oxidation, are
increased 2-fold in the SN compared to the basal ganglia and prefrontal cortex of
normal subjects (Floor and Wetzel, 1998). Levels of 4-hydroxy-2,3-nonenal (HNE),
an aldehyde generated during lipid peroxidation and 8-hydroxyguanosine, a nucle-
oside oxidation product, are increased approximately 6- and 16-fold, respectively,
in the SN of PD brains compared to controls (Yoritaka et al., 1996; Zhang et al.,
1999). Decreased levels of GSH localized to surviving neurons in the SN in parkin-
sonian patients have also been reported (Sofic et al., 1992; Pearce et al., 1997).
These reactive oxygen species (ROS) appear to arise from increased oxidation
and metabolism of dopamine, since salsolinol, an endogenous dopamine-derived
neurotoxin, appears to be elevated in the cerebrospinal fluid of newly diagnosed
PD patients (Maruyama et al., 2000). In fact, cysteinyl-dopamine conjugates are
found to be increased in the SN and putamen of PD patients compared to controls
(Spencer et al., 1998).

2. INFLAMMATORY PROCESS IN PARKINSON’S DISEASE

2.1. Brain Inflammation in PD

The brain is an immunologically isolated site, largely sheltered from circulating
cells and proteins of the immune system. A number of diseases that lead to
injury of the central nervous system (CNS) are mediated by classic autoim-
munity or inflammatory reactions in the brain. Multiple sclerosis is a typical
autoimmune disease characterized by the breakdown of the blood-brain barrier
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(BBB), recruitment of leukocytes and secretion of antibodies by plasma cells
(Matyszak, 1998; van der Goes A. et al., 1999) Although dysfunction of midbrain
efflux pumps for small molecules has recently been identified in the BBB of PD
patients as assessed by positron emission tomography (PET) (Kortekaas et al.,
2005), there is little evidence that either the BBB or the blood-cerebrospinal fluid
barrier (CSF) are compromised in PD (Haussermann et al., 2001). Recently, Orr
and colleagues observed IgG deposition at the surface of SN dopamine neurons in
post-mortem PD brain samples without evidence of BBB compromise (Orr et al.,
2005). However, classical inflammatory mediators such as acute-phase proteins,
complement factors and cytokines can be rapidly induced in the brain (Allan and
Rothwell, 2001). The role of inflammation in neurodegenerative conditions such as
PD is not well understood, primarily because the events triggering the inflammatory
response observed in PD are still obscure (see reviews by McGeer and McGeer,
2004; Hald and Lotharius, 2005).

2.2. The Role of Astrocytes in Inflammation and in PD

In higher species, including humans, astrocytes are the most abundant cell type in
the CNS, outnumbering neurons 10 to 1 (Magistretti and Ransom, 2002) Under
physiological conditions, they are responsible for household tasks such as providing
energy in the form of carbohydrates to neurons (Pellerin, 2005; Hertz, 2004),
regulating cerebral blood flow as well as controlling water and ion homeostasis
(Simard and Nedergaard, 2004). In addition to these functions, astrocytes are known
to play an important role in modulating neuronal activity through the uptake and
release of neurotransmitters such as glutamate and adenosine triphosphate (ATP)
(Hertz et al., 1999; Volterra and Meldolesi, 2005).

In a wide range of neurological disorders, astrocytes undergo a remarkable
transition from quiet nursing cells to a state, referred to as “reactive”, in which, they
bear some resemblance to cells of the immune system. They are distinguished from
resting astrocytes by hypertrophy, proliferation (astrogliosis) and a changed gene
expression (Sofroniew, 2005). In the reactive state, astrocytes secrete a wide variety
of neurotrophic factors that may promote neuronal survival (Liberto et al., 2004)
but also pro-inflammatory factors and putative neurotoxic factors such as ROS and
reactive nitrogen species (RNS) (Hald and Lotharius, 2005; McNaught and Jenner,
2000; Cacquevel et al., 2004; Falsig et al., 2004; Chung and Benveniste, 1990).
They also express MHC class II, making astrocytes antigen-presenting cells capable
of driving inflammatory processes within the CNS (Benveniste et al., 1989).

Experimental and human data supporting the presence of reactive astrogliosis
in PD is not as substantial as for activated microglia. Though several groups
have reported astrogliosis, astrocytic hypertrophy and upregulation of the astrocyte
marker glial fibrillary acidic protein (GFAP) in the 6-OHDA and MPTP animal
models of PD (Miklossy et al., 2006; Reinhard et al., 1988; Chen et al., 2002;
Stromberg et al., 1986; O’Callaghan and Seidler, 1992; Schneider and Denaro,
1988; Sheng et al., 1993), the same observations in PD patients are more sparse
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and have been disputed (Damier et al., 1993; Mirza et al., 2000; Schipper et al.,
1998; Miklossy et al., 2006).

Theoretically there is good reason to believe that some degree of reactive
astrogliosis could take place in PD, as cytokines such as tumor necrosis factor alpha
(TNF-�), interleukin 1beta (IL-1�), IL-6, the levels of which are upregulated in
PD patients as well as in animal models of PD, are capable of inducing astrocytes
into their reactive state (Giulian et al., 1988; Selmaj et al., 1990) and stimulate
astrocyte-mediated production of TNF-�, IL-1�, IL-6, ROS and nitric oxide (NO)
(McNaught and Jenner, 2000; Chung and Benveniste, 1990; Benveniste et al., 1990;
Lee et al., 1993; Cacquevel et al., 2004).

In CNS pathologies such as Alzheimer’s disease (AD) (Yermakova and
O’Banion, 2001), amyotrophic lateral sclerosis (Barbeito et al., 2004) and ischemia
(Maslinska et al., 1999) as well as in in vitro (Xu et al., 2003; Falsig et al.,
2004) and in vivo models of reactive astrogliosis (Minghetti, 2004), upregulation
of cyclooxygenase-2 (COX-2) in astrocytes precedes an increase in prostaglandin
synthesis (Xu et al., 2003; Falsig et al., 2004). This suggests that COX inhibitors
could provide tools for treating CNS diseases involving reactive astrogliosis.
Epidemiological data have shown that COX inhibitors have a beneficial effect
on disease progression in AD patients whose brains are marked by widespread
astrogliosis (In t’ Veld et al., 2001). However, a one-year, controlled clinical trial
using the non-specific COX inhibitor Naproxen and the selective COX-2 inhibitor
Rofecoxib did not support these findings (Aisen et al., 2003).

The possibility that reactive astrocytes produce a combination of putative
neurotrophic and neurotoxic factors could result in mixed beneficial and detrimental
effects of utilizing COX inhibitors in regards to damaged or stressed neurons.
Modulating or partly blocking the production of toxic substances from reactive
astrocytes or enhancing the neuroprotective processes like increased GSH release,
solely produced in the brain by astrocytes (Dringen and Hirrlinger, 2003), could
turn out to be valuable as a PD therapy. Indeed, ONO-2506 (arundic acid) a specific
modulator of reactive astrogliosis, blocks astrocytic expression of neuritic extension
factor, S100B, nerve growth factor beta (NGF-�), COX-2 and inducible nitric oxide
synthase (iNOS) while increasing the expression of GSH in vitro (Asano et al.,
2005). In animal models of ischemia-induced brain damage and in the MPTP model
of PD ONO-2506 was found to partially block neurodegeneration (Asano et al.,
2005; Kato et al., 2003; Kato et al., 2004).

2.3. The Role of Microglia in Inflammation and in PD

Under normal conditions, microglia display a ramified morphology and are called
“resting” microglia, but upon subtle changes in their micro-environment, or as a
consequence of pathological changes, they rapidly transform into an activated state
displaying a plastic amoeboid morphology (Kreutzberg, 1996). Microglial activation
can be triggered by pathogenically-modified CNS proteins, antigens from infectious
agents, such as the gram-negative bacterial cell wall component lipopolysaccharide
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(LPS), prion proteins, or by a complex combination of biomolecules including
ATP, cyclic adenosine monophosphate (cAMP), IL-1�, IL-6 and IL-10 (Hanisch,
2002; Nakamura, 2002). Activated microglia release pro-inflammatory molecules
such as IL-1�, TNF-�, and NO, the overproduction of which can be neurotoxic.
NO readily reacts with superoxide �O•−

2 �, also produced by activated microglia,
to produce highly reactive peroxynitrite anions �ONOO−�. ONOO− can lead to
DNA base modifications and strand breaks (Kennedy et al., 1997), as well as
covalently modify tyrosine residues leading to a disruption of enzyme function and
structural protein integrity, events that can trigger cellular apoptosis or necrosis
(Beckman and Koppenol, 1996; Estevez and Jordan, 2002).

The proinflammatory cytokines TNF-� and IL-1 can also trigger direct toxicity
in neurons (Allan and Rothwell, 2001; Clarke and Branton, 2002) and can poten-
tiate an ongoing inflammatory response by enhancing microglial NO production
(Possel et al., 2000; Hunot et al., 1999). Microglia activated with LPS upregulate
levels of COX-2, a key enzyme responsible for the synthesis of inflammation-related
prostaglandins (Hoozemans et al., 2002). The prostaglandins can be directly toxic
to neurons through activation of caspase 3 or indirectly through astrocyte-mediated
release of glutamate, increased levels of which have been linked to excitotox-
icity (Consilvio et al., 2004). Whether microglial activation protects or exacerbates
neuronal loss is presently debated (Hirsch et al., 2003), though a majority of
evidence gained from both in vitro and in vivo studies suggests that activated
microglia exert a toxic effect on neurons. However, moderately activated microglia
appear to play a homeostatic role in the CNS by scavenging excess neurotoxins,
removing dying cells and cellular debris (for review see Nakamura, 2002), and by
promoting collateral sprouting in normal or injury states via the release of trophic
factors like brain-derived neurotrophic factor (BDNF) (see review by Aloisi, 1999;
Batchelor et al., 1999).

In PD, the degeneration of dopaminergic neurons is associated with robust
microglial activation (McGeer et al., 1988; Fearnley and Lees, 1991; Imamura
et al., 2003; Ouchi et al., 2005; Orr et al., 2005) which could be seen as an epiphe-
nomenon rather than having a direct involvement in the pathogenesis of the disease.
However, recent PET studies conducted in early-stage, untreated PD patients using a
radiotracer for activated microglia, �11C	�R�-PK11195 and the dopamine transporter
tracer �11C	CFT demonstrated parallel changes in microglial activation and corre-
sponding dopaminergic terminal loss in the nigrostriatal pathway in early PD (Ouchi
et al., 2005). Furthermore, activation of microglia as visualised by PET scanning
or immunohistochemistry is not a regionally-unspecific phenomenom in PD but
is highly localized to the midbrain (Ouchi et al., 2005; Orr et al., 2005). These
data support the view that neuroinflammatory responses mediated by microglia
contribute significantly to the progressive degeneration process in the disease.

Animals treated with MPTP, rotenone and 6-OHDA exhibit levels of microglial
activation similar to those found in PD (Cicchetti et al., 2002; Czlonkowska et al.,
1996; Sherer et al., 2003). In the rotenone model, microglial activation was detected
before the appearance of a dopaminergic lesion (Sherer et al., 2003). In post-mortem
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investigations of humans exposed to MPTP, activated microglia have been detected
up to 16 years after the last drug exposure (McGeer et al., 2003). Activated microglia
and dopaminergic cell loss are also found in the SN of primates years after they were
treated with MPTP (Langston et al., 1999). These findings suggest that microglia
play an active role in the pathology of PD and may indeed perpetuate the degen-
eration of dopaminergic neurons once activated. Both human and preclinical data
supporting an active role of inflammation in PD are shown in Table 2.

Direct evidence that microglial activation can trigger cell loss comes from in
vivo studies using LPS. Intranigral injection of LPS in rats results in activation

Table 2. Evidence of inflammation in PD

Evidence References

I. Human data
• Elevated level of antibodies to proteins modified

by dopamine oxidation products in PD patients
Rowe et al., 1998

• Increased levels of cytokines in the CSF and
striatum in PD brains

Blum-Degen et al., 1995; Mogi et al., 1994b
Mogi et al., 1994a; Muller et al., 1998

• Increased number of activated microglia in PD
brains

McGeer et al., 1988

• Sustained microglial activity in humans exposed
to MPTP years after drug exposure

Langston et al., 1999

• Decreased risk of developing PD in regular
NSAID users

Chen et al., 2003

II. Experimental data
• Several animal models of PD (MPTP, rotenone

and 6-OHDA) show microglial activation
Clcchetti et al., 2002; Czlonkowska et al., 1996
Sherer et al., 2003

• LPS-induced microglial activation leads to
dopaminergic degeneration in vitro and in vivo

Gao et al., 2002; Wang et al., 2002; Liu et al.,
2003; Gayle et al., 2002; Hemmer et al., 2001
Le et al., 2001; Castano et al., 1998; Herrera et al.,
2000; Iravani et al., 2002; Li et al., 2004
Arimoto and Bing, 2003

• Conditioned medium from LPS-stimulated
microglial cultures is toxic to neurons

Taylor et al., 2003

• COX-2 knockout mice show decreased
responsiveness to MPTP

Feng et al., 2002

• Anti-Inflammatory drugs (VIP, Silymarin,
Dextromethorphan, Minocycline and PPAR-v)
are neuroprotective in several animal models
of PD

Delgado and Ganea, 2003; Wang et al., 2002
Liu et al., 2003; Wu et al., 2002; Breider et al.,
2002

• INOS is upregulated in experimental PD models Iravani et al., 2002; Liberatore et al., 1999; Wu
et al., 2002

• INOS inhibitors confer neuroprotection in PD
models

Hemmer et al., 2001; Le et al., 2001; Iravani et al.,
2002

• TNF-�, IL-1, IL-6 and NO are toxic to neurons Sriram et al., 2002; Ma et al., 2002; Gayle et al.,
2002; Liu et al., 2002; Allan and Rothwell, 2001
Fisher et al., 2001; Ladenheim et al., 2000
Campbell et al., 1993
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of microglia and degeneration of the dopaminergic system (Castano et al., 1998;
Herrera et al., 2000) These results are supported by in vitro experiments showing that
mixed neuron-glia cultures treated with LPS rapidly display microglial activation
and subsequently neuronal death (Gao et al., 2002). Experiments using microglial
conditioned medium also demonstrate that the toxic effect of LPS on neurons is
at least partly mediated by stable substances secreted from activated microglia and
not by LPS acting directly on these cells (this is shown by the lack of neurotoxicity
of LPS given to pure neuronal cultures) (Taylor et al., 2003).

2.4. The Role of Cytokines in PD

In support of a role of inflammation in PD, the concentration of several inflammatory
cytokines including TNF-�, IL-1� and IL-6, are found to be elevated in the CSF
and basal ganglia of PD patients (Blum-Degen et al., 1995; Mogi et al., 1994a
and 1994b; Muller et al., 1998). For instance, TNF-� levels in patients with PD
were increased by 366% in the striatum and by 432% in the CSF (Mogi et al.,
1994b). Furthermore, post-mortem histopathological studies have reported increased
immunoreactivity for TNF-� and IL-1� in activated glial cells in the SN of PD
patients (Boka et al., 1994; Hunot et al., 1999).

In humans, TNF-� receptor (TNF-R)-1, but not TNF-R2, is expressed in dopamin-
ergic neurons of the SN (Hirsch et al., 2003). While the exact role of TNF-� and its
two receptors is not completely understood, the observation that mice lacking both
TNF-�. receptors are resistant to MPTP may underline the importance of TNF-�
in PD. However, the effect of MPTP in mice lacking TNF-R1 or TNF-R2 or both
TNF receptors is disputed (Rousselet et al., 2002). Aditionnally, both in vivo and in
vitro studies using TNF-R1 and TNF-R2 knockout mice suggest that activation of
TNF-R1 is toxic to neurons while activation of TNF-R2 is neuroprotective (Fontaine
et al., 2002; Kassiotis and Kollias, 2001). This could explain the conflicting reports
describing neurotoxic or neuroprotective properties of TNF-� depending on exper-
imental set-up and cell types examined (Barger et al., 1995; Hemmer et al., 2001;
Zassler et al., 2003). Exposing mesencephalic cultures to TNF-� triggers dopamin-
ergic cell death by apoptosis, while non-dopaminergic cells remain unaffected
(Clarke and Branton, 2002). Gayle et al. (2002) reported that the toxic effect of
LPS on rat primary dopaminergic neurons co-cultured with microglia is reduced to
approximately 50% by the addition of neutralizing antibodies to TNF-�, while Le
et al (2001) observed no effect of such neutralizing antibodies in a similar system
using a rat dopaminergic cell line (MES 23.5) cultured with primary microglia,
which could be explained by differences in receptor expression or signaling between
the dopaminergic cell line and primary dopaminergic cells. Nevertheless, the toxic
effects of TNF-� on dopaminergic neurons is still under question.

The signal transduction pathway downstream of the IL-1 receptor interconnects
with that of TNF-R1 in terms of activation/translocation of the transcription factors
nuclear factor kappa beta (NF-
B) and c-Jun. However, work is still needed to
elucidate the various effects of IL-1 receptor activation on the regulation of cell
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survival and death (Martin and Wesche, 2002). Results from in vivo experiments
suggest that IL-1� is toxic to neurons, while in vitro experiments using low- to
moderate concentrations of IL-1� often report a neuroprotective effect (Allan and
Rothwell, 2001). IL-1�-neutralizing antibodies have been shown to significantly
abrogate neuronal toxicity induced by microglia in cortical neuron-microglial co-
cultures treated with LPS and INF-� (Ma et al., 2002). A similar result has been
reported for primary dopaminergic neuron-microglial co-cultures activated with
LPS (Gayle et al., 2002). This suggests that IL-1� can work in concert with
other mediators to induce toxicity in neurons but is not toxic when administered
alone. In contrast to these findings, another group did not find a protective effect
of IL-1�-neutralizing antibodies on LPS-activated microglia-mediated toxicity on
a murine dopaminergic cell line (MES 23.5) (Le et al., 2001). The discrepancy
between these results could again reflect different endpoints for measuring toxicity
or lower susceptibility to IL-1� in the dopaminergic cell line compared to primary
neurons.

Binding of IL-6 to its receptor leads to the activation of signal transducers and
activators of transcription (STAT) and members of the mitogen activated protein
kinase (MAPK) pathway that have been shown to protect human tumor cells from
apoptosis induced by staurosporine (Leu et al., 2003). Nevertheless, IL-6 knockout
mice show reduced neurodegeneration in response to experimental autoimmune
encephalitis, a model of multiple sclerosis, and glutamate toxicity (Fisher et al.,
2001), suggesting that IL-6 has neurotoxic properties. These findings are supported
by the decreased dopaminergic toxicity found in IL-6 knockout mice exposed to
methamphetamine, which induces nigrostriatal degeneration, (Ladenheim et al.,
2000) as well as from examinations of mice overexpressing IL-6, which exhibit
spontaneous neuronal degeneration (Campbell et al., 1993). In contrast to this, IL-6,
which is upregulated at the mRNA level in the striatum of mice injected with MPTP
(Ciesielska et al., 2003), has been shown to rescue cultured dopaminergic neurons
exposed to the active, neurotoxic metabolite of MPTP, 1-methyl-4-phenylpyridium
ion �MPP+�, in a dose-dependent manner (Akaneya et al., 1995). Thus, IL-6 may
have both neuroprotective and neurotoxic effects on dopaminergic neurons.

2.5. The Role of NO in PD

Reports on rodent models of PD have implicated NO in cell death. For example,
nigral injection of LPS in rats resulted in upregulation of iNOS and NO production
and led to the loss of dopaminergic neurons, which could be effectively blocked
by iNOS inhibitors (Iravani et al., 2002; Arimoto and Bing, 2003). In vitro, direct
inhibition of iNOS reduced the toxicity of LPS or LPS and INF-� activated
microglia on dopaminergic neurons by 75% (Hemmer et al., 2001; Le et al., 2001).
Mice treated with the parkinsonian pro-toxin, MPTP, also showed increased levels
of iNOS in the SN (Liberatore et al., 1999). Consistent with a contributory role of
this enzyme in MPTP toxicity, iNOS deficient mice were more resistant to MPTP-
induced dopaminergic cell loss than their wild-type littermates (Liberatore et al.,
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1999). However, studies with NO donors have shown that NO is sufficient to kill
various neuronal subtypes, but that the concentration of NO has to be higher (high
�M to low mM) than what is produced by microglial cultures exposed to LPS
(Liu et al., 2002). Moreover, human microglial cells, unlike rodent, are found to
produce very little NO (McGeer and McGeer, 2004). Therefore, it is still uncertain
whether NO plays an important role in PD.

2.6. The Role of Complement in Neurodegeneration in PD

The complement system is a key component of the innate immune system (for
review see Frank and Fries, 1991). Functions of the complement system include
(i) defence against invading pathogens by triggering the generation of the membra-
nolytic C5b-9 complex, known as the membrane attack complex (MAC), and
complement fragments (named opsonins, i.e., C1q, C3b and iC3b) mediating
phagocytosis. Soluble complement anaphylatoxins (C4a, C3a and C5a) control
the local pro-inflammatory response through the chemotaxis and activation of
leukocytes; (ii) safe disposal of immune complexes and the products of the
inflammatory injury (e.g., toxic cell debris and apoptotic corpses) to ensure the
protection and healing of the host. The regulatory mechanisms of complement are
finely balanced so that, on the one hand, invading micro-organisms are recog-
nized and killed and, on the other hand, deposition of complement on normal
“self” cells is limited by several key complement regulators. However, if inade-
quately controlled, the complement cascade may cause bystander lysis and stimulate
inflammation.

Complement activation has been demonstrated in numerous inflammatory and
degenerative diseases of the brain including multiple sclerosis, AD, ischemic stroke
and trauma (see reviews by Barnum, 2002; van Beek et al., 2003). Immunostaining
for complement activation products of the classical pathway and the MAC is seen in
the SN in PD (Yamada et al., 1992). C1q and C9 mRNA levels are increased in the
SN and caudate nucleus (McGeer and McGeer, 2004) suggesting that complement
proteins found in PD brains may originate from local synthesis. Indeed, in the CNS,
astrocytes, microglia, and nerve cells are, together, capable of providing a functional
intraparenchymal complement system (Morgan and Gasque, 1996). Recently, post-
mortem analysis of idiopathic and genetic PD cases showed pigmented dopamine
neurons coated with IgG and associated with activated microglia (Orr et al., 2005).
Moreover, there was a strong association between neuronal IgG labelling in PD and
progression of neurodegeneration (Orr et al., 2005).

Opsonisation of dopamine neurones may contribute to the pathogenesis of
dopamine neuronal cell death by triggering activation of the classical complement
cascade (Frank and Fries, 1991). The presence of antibodies recognizing specific
epitopes of dopaminergic neurons in serum from PD patients as well as their
capability to induce neuronal damage has been previously suggested (Defazio et al.,
1994). Indeed, exposure of mesencephalic neuronal cultures to serum from PD
patients induced cell death only in the presence of complement (Defazio et al.,



Inflammation in parkinson’s disease 263

1994). Although the mediator responsible for complement activation in serum was
not identified, work by (Orr et al., 2005) suggests it could be IgG. Alternatively,
C1q can bind specifically to the membrane of neurons, leading to spontaneous
activation of the classical pathway in an antibody-independent manner and to cell
death (Singhrao et al., 2000; van Beek et al., 2005). Studies are warranted to
clarify the role of complement activation in the neurodegeneration process observed
in PD.

2.7. Linking Pathogenic Mechanisms in Nigral Dopaminergic Neurons
to Activation of Surrounding Microglia

Though it is clear that degeneration of dopaminergic neurons leads to the activation
of microglia, the exact mechanism whereby this occurs remains unknown. Direct
interaction between neurons and microglia was found to be important for microglial
activation in neuron-microglial co-cultures (Sudo et al., 1998). Immunohisto-
chemical examination of SN from PD patients, showed major histocompatibility
complex II (HLA) and IgG receptor expression on microglial cells and IgG bound
to dopaminergic neurons (Orr et al., 2005). A subset of PD patients were found
to produce antibodies against proteins that were modified by dopamine oxidation
products (Rowe et al., 1998), and microglia exposed to a combination of antibodies
from PD patients and to dopamine-quinone or H2O2-modified dopaminergic cell
membranes showed signs of activation such as ROS and cytokine production
(Le et al., 2001).

HNE is capable of inducing COX-2 in macrophages, the peripheral counterpart to
microglia (Kumagai et al., 2004), suggesting yet another mechanism of microglial
activation in PD. Furthermore, neuromelanin, which is released by dying dopamin-
ergic neurons, was shown to activate microglia in vitro (Wilms et al., 2003) and
complement proteins have been found to be associated with filamentous inclusions
known as Lewy bodies (Yamada et al., 1992), which may result from accumulating
mutant, abnormal or oxidized proteins (Betarbet et al., 2005). These findings suggest
a possible link between oxidative stress from dopamine metabolism to the inflam-
matory reactions reported in PD. Furthermore, in pathophysiological conditions not
related to PD, such as systemic lupus erythematosus and rheumatoid arthritis, ROS-
modified DNA has been suggested to play an important role in the development
of autoimmunity (Ahsan et al., 2003), and in atherogenesis, oxidized low-density
lipoproteins may potentiate the inflammatory reaction through scavenger receptors,
leading to increased cytokine production from macrophages (Osterud and Bjorklid,
2003). This suggests that ROS may lead to or potentiate an inflammatory reaction
through modifications of biomolecules.

Stressed dopaminergic neurons may be more susceptible to toxic mediators
secreted by activated microglia (Figure 4). For instance, MPP+ or rotenone enhance
LPS-induced, microglia-mediated superoxide release in mixed neuron-glia mesen-
cephalic cultures resulting in greater toxicity of primary dopaminergic neurons
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Figure 4. Neuron-microglia interactions in PD. Neurons whose viability has been compromised by
an intracellular insult such as dopamine-derived metabolites may release factors that activate resting
microglia. In experimental conditions, microglia activated directly by pro-inflammatory agents such as
LPS or indirectly by dying neurons in human disease may induce or exacerbate neuronal toxicity. This
could result in a self-amplifying cycle of inflammatory-mediated neurodegeneration

(Gao et al., 2003a and 2003b). If activated microglia indeed exacerbate neurode-
generative processes in PD and in animal models of the disease, blocking their
activation with anti-inflammatory drugs should lead to increased neuronal survival.
Indeed, vasoactive intestinal peptide (VIP), a neuropeptide with anti-inflammatory
effects, blocked microglial activation in mesencephalic cultures induced by MPP+.
This was shown by a decrease in microglial TNF-� production and accompanying
increase in dopaminergic cell survival. A similar effect of VIP was found in mice
treated with MPTP (Delgado and Ganea, 2003).

In vitro, silymarin and dextromethorphan both prevented microglial activation
by LPS and the ensuing dopaminergic degeneration in mesencephalic neuron-glia
cultures (Wang et al., 2002; Liu et al., 2003). Furthermore, dextromethorphan
did not have a rescuing effect on pure dopaminergic cultures treated with MPP+,
suggesting that its effect was mediated by a blockade of microglial activation
and not through general neuroprotection (Liu et al., 2003). Lastly, the tetracycline
derivative, minocycline, currently in clinical trials for PD, has been shown to block
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microglial activation and protect against nigrostriatal dopaminergic neurodegen-
eration in animals treated with parkinsonian neurotoxins such as 6-OHDA and
MPTP (see review by Thomas and Le, 2004). However, recent reports claim that
although minocycline is able to decrease microglial activation it fails to afford
neuroprotection in response to MPTP (Sriram et al., 2006) and has even been shown
to worsen motor dysfunction in monkeys treated with this toxin (Diguet et al.,
2004). Nevertheless, the neuroprotective efficacy of a majority of anti-inflammatory
compounds in various animal models of PD suggests not only that inflammation
contributes to dopaminergic cell loss but that anti-inflammatory therapies might be
useful for treating PD.

2.8. Cyclooxygenases Revisited

NSAIDs induce their pharmacological effect through inhibition of the cyclooxy-
genase enzymes (Vane, 1971), which are key enzymes in the metabolism of
arachidonic acid into prostanoids (Smith et al., 1996). After arachidonic acid is
released from the plasma membrane by phospholipase A2, the COX enzymes
catalyze, at first, the rate limiting cyclooxygenase reaction in which arachidonic
acid is converted to PGG2 and next a peroxidation of PGG2 to PGH2, which
is further metabolized to different prostanoids (PGD2� PGE2� PGF2�, TxA2,
PGI2) (Figure 5). (Patrignani et al., 2005; Smith et al., 1996). In humans, two
different COX enzymes exist, denoted COX-1 and COX-2. COX-1 is constitutively
expressed in various tissues and its products serve a variety of functions, such as
controlling platelet aggregation, renal blood flow regulation and cytoprotection of
the stomach. However, the inducible COX-2 is mainly expressed in the cells of
the immune system and its degree of expression seems to depend on regulation
of mRNA stability and rate of transcription, which is, in turn, regulated through a
complicated network of signalling cascades involving NF-
B, p38 MAPK, C-jun
N terminal kinase (JNK), and extracellular signal regulated kinases (ERK1/2)
(Chun and Surh, 2004).

Among the intercellular signalling molecules capable of inducing transcription of
the COX-2 genes and a concomitant release of prostaglandins are the classical proin-
flammatory compounds TNF-� (Yamamoto et al., 1995), IL-1� (Guan et al., 1998)
and IFN-� (Falsig et al., 2004), which may also produce synergistic effects (Falsig
et al., 2004). Furthermore, the inflammatory initiator LPS triggers extensive upreg-
ulation of COX-2 and prostaglandin synthesis in immune cells such as macrophages
and microglia (Lee et al., 1992; Ikeda-Matsuo et al., 2005).

The mechanism whereby NSAIDs inhibit the COX enzymes depends on the
specific type of drug and ranges from reversible inhibition by ibuprofen to
irreversible acetylation in the active site by aspirin (Walker et al., 2001; Roth
et al., 1975). The human COX-1 and COX-2 share approximately 60% amino
acid homology (Hla and Neilson, 1992) but a single amino acid difference in the
active site between the two isoenzymes has made the synthesis of selective COX-2
inhibitors (coxibs) possible in recent years (Gierse et al., 1996; Warner and Mitchell,
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Figure 5. Metabolism of arachidonic acid into prostanoids

2004). The main pharmaceutical argument for developing coxibs is to produce
drugs with the beneficial effects of regular NSAIDs on pain and inflammation but
without the adverse effects of COX-1 inhibition, especially the ones related to the
gastrointestinal tract (Graham and Chan, 2004). Clinical trials have now shown that
coxibs induce fewer gastrointestinal complications compared to non-selective COX
inhibitors (Silverstein et al., 2000; Schnitzer et al., 2004; Mamdani et al., 2002;
Norgard et al., 2004), while disturbing data has emerged suggesting an increased
rate of cardiovascular complications following coxib treatment.

2.9. The Effect of COX Inhibition on Neurotoxicity

Surmounting evidence suggests a neuroprotective role of COX inhibition in
various models of neuropathology. For instance, ibuprofen has proven beneficial
in a mouse model of AD (Lim et al., 2000) and rofecoxib (a selective COX-2
inhibitor) has been shown to block both astrocytic and microglial activation in
response to quisqualic acid injection into the nucleus basalis in rats and ensuing
neuronal death (Scali et al., 2003). SC58125 (a selective COX-2 inhibitor) protects
against ischemia-induced neurotoxicity (Nakayama et al., 1998). In the same
way, microglial activation and ensuing neurotoxic effect of LPS infusion into the
CNS are both blocked by administration of CI987 (a selective COX-2 inhibitor)
(Willard et al., 2000).

In relation to PD, MPTP administration in mice has been shown to induce an
upregulation of COX-2 mRNA and protein followed by prostaglandin synthesis
while COX-1 expression remains unaltered (Przybylkowski et al., 2004; Hunot
et al., 2004). Blocking the activity of the COX enzymes by ibuprofen (a non-
selective COX inhibitor) leads to neuroprotection in pure mesencephalic neurons
against both MPP+- and 6-OHDA-induced toxicity (Carrasco et al., 2005) and
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selective COX-2 inhibitors are found to reduce dopaminergic cell death in response
to MPP+ in mixed dopaminergic neuron-glia cultures (Wang et al., 2005) as well
in co-cultures containing microglia actived by a combination of IFN-� and CD40
agonists (Okuno et al., 2005).

In support of a beneficial effect of COX inhibition in PD, both acetylsali-
cylic acid and meloxicam (a selective COX-2 inhibitor) were found to protect
mice from MPTP intoxication (Teismann and Ferger, 2001; Mohanakumar et al.,
2000) and celecoxib (a selective COX-2 inhibitor) was found to protect mice from
6-OHDA-induced toxicity (Sanchez-Pernaute et al., 2004). In contrast, rofecoxib
did not rescue dopaminergic neurons in mice treated with MPTP (Przybylkowski
et al., 2004), though the different outcome of these two experiments could result
from different experimental techniques and treatment protocols. In agreement with
findings suggesting a fundamental role of COX-2 in PD pathology, COX-2 knockout
mice have marked resistance against MPTP-induced toxicity (Feng et al., 2002;
Feng et al., 2003; Hunot et al., 2004).

2.10. The Effect of Anti-inflammatory Drugs in Parkinson’s Disease

Whether inflammatory reactions play a beneficial or detrimental role in the patho-
genesis of PD, by blocking microglial activation or the effect of specific inflam-
matory mediators on dopaminergic neurons, remains to be determined. Therefore,
it is difficult to predict whether an anti-inflammatory drug would alter disease
progression. One caveat to using anti-inflammatory therapy for neurodegenerative
disorders is that the type of anti-inflammatory drugs shown to arrest progression of
dopaminergic cell loss in animal models of PD are likely not suitable for long-term
use in humans, as in the case of steroids. Thus, assuming that their use is beneficial
in halting ongoing cell loss, addressing what types of anti-inflammatory drugs are
adequate for the treatment of PD is of utmost importance.

In deceased PD patients and normal subjects, dopaminergic neurons express
COX-2, while COX-2 expression in microglia and astrocytes is found only in
PD (Knott et al., 2000). Comparing the intake of NSAIDs by a large cohort of
Americans �n = 50� 000� showed that the risk for developing PD in persons regularly
taking NSAIDs was decreased by 45% (Chen et al., 2003). This finding was later
confirmed by analysing epidemiological data from another large American cohort
where ibuprofen but not aspirin was found to decrease the risk of developing PD
(Chen et al., 2005). Thus, the use of NSAIDs may result in neuroprotection in
PD, though mechanisms other than the modulation of inflammatory state cannot be
ruled out.

For instance, the ability of NSAIDs to scavenge OH• and NO could result in
protection of dopaminergic neurons exposed to oxidative stress (Chen et al., 2003).
Deletion of COX-2 in mice resulted in protection against MPTP-induced dopamin-
ergic cell loss (Feng et al., 2002), suggesting that NSAIDs do in fact exert their
neuroprotective effects via inhibition of COX-2. However, a recent report claimed
that the neuroprotective effect of COX-2 inhibition against MPTP in vivo was not
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due to decreased microglial activation but was more likely related to the blockade of
COX-2-mediated dopamine oxidation by COX-2 inhibitors (Teismann et al., 2003).
Indeed, COX-2 has been shown to catalyse the oxidation of dopamine to dopamine-
quinone in the presence of H2O2 in vitro (Hastings, 1995). Thus, blocking COX-2
may lead to a decrease in neurotoxic cysteinyl-dopamine-mediated protein modifi-
cations in vivo. In conclusion, the exact mechanism that lies behind COX inhibition
mediated-neuroprotection in PD models is still largely unknown; it may depend
on blockade of an inflammatory response, decreased oxidation of dopamine by the
COX-enzymes or a combination of the two.

Agonists of the peroxisome proliferator-activated receptor-� (PPAR-�), which
has anti-inflammatory qualities, have been found to attenuate glial activation
and rescue nigral dopaminergic cells in MPTP-treated mice. Again, PPAR-�
agonists may induce direct dopaminergic protection against MPP+ toxicity by
increasing neuronal glucose uptake, which would, turn, decrease glial activation
(Breidert et al., 2002). A derivative of a naturally occurring rocaglamid, referred
to as compound A, exhibits anti-inflammatory characteristics such as decreasing
cytokine and NO production in glial cells. Compound A rescues dopaminergic
neurons from MPP+-induced toxicity in vitro and MPTP in vivo (Fahrig et al.,
2005). Lastly, as mentioned earlier, minocycline, a putative blocker of microglial
activation which has shown mixed benefits in animal models of PD, is currently in
clinical trials for this condition.

2.11. A Vicious Cycle

The agent responsible for triggering dopaminergic toxicity in the SN of PD
patients is yet unknown. However, the neurotransmitter dopamine itself may induce
dopaminergic toxicity through mitochondrial inhibition, and dopamine breakdown
products such as ROS and dopamine-quinones may trigger toxicity through delete-
rious modifications important cellular macromolecules. Such modified biomolecules
as well as neuromelanin released from dying dopaminergic neurons could activate
microglia, which in turn may lead to increased dopaminergic toxicity through the
production of cytokines, ROS, and/or RNS. This may lead to the generation of
a vicious cycle that further increases dopaminergic toxicity in the SN (Figure 4).
A better understanding of how inflammatory reactions are initiated in PD and
what the specific effects of various inflammatory mediators are on dopaminergic
neurons of the SN may lead to a new generation of disease-modifying treatments
for PD.
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ABBREVIATIONS

ATP adenosine triphosphate
cAMP cclic adenosine monophosphate

BBB blood brain barrier
BDNF brain derived neurotrophic factor

CNS central nervous system
CSF cerebral spinal fluid

COX-1 cyclooxygenase-1
COX-2 cyclooxygenase-2

DOPAC dihydroxyphenylacetic acid
DOPALD dihydroxyphenylacetaldehyde

eNOS endothelial nitric oxide synthase
ERK1/2 extracellular signal-regulated kinases 1/2

GFAP glial fibrillary acidic protein
GSH reduced glutathione

GSSG oxidized glutathione
H2O water

H2O2 hydrogen peroxide
HLA major histocompatibility complex II
HNE 4-hydroxy-2,3-nonenal

6-OHDA 6-hydroxydopamine
IFN-� interferon-gamma

IL interleukin
iNOS inducible NOS
JNK c-Jun N-terminal kinase
LPS lipopolysaccharide

MAC membrane attack complex
MAO monoamine oxidase

MAPK mitogen-activated protein kinase
MPP+ 1-methyl-4-phenylpyridium ion
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

NGF nerve growth factor
nNOS neuronal NOS

NO nitric oxide
NOS nitric oxide synthase

NSAIDs non-steroidal anti-inflammatory drugs
NF-
B nuclear factor-kappaB

O2
•− superoxide anion

OH• hydroxyl radical
PD Parkinson’s disease

PET positron emission tomography
PHOX phagocyte oxidase
POLG DNA polymerase g
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RNS reactive nitrogen species
ROS reactive oxygen species

S100B neurite extension factor
SN substantia nigra

STAT signal transducer and activator of transcription
TH tyrosine hydroxylase

TNF tumor necrosis factor
TNF-R tumor necrosis factor receptor

TxA2 collagen-induced thromboxane-A2
UCHL1 ubiquitin carboxyl-terminal hydrolase 1

UPS ubiquitin-proteasome system
VIP vasoactive intestinal peptide
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Abstract: Atherosclerosis is the primary cause of coronary and cardiovascular diseases (CVD).
Epidemiological studies have revealed several important environmental (especially nutri-
tional) factors associated with atherosclerosis. However, progress in defining the cellular
and molecular interactions involved has been hindered by the etiological complexity of
the disease. Nevertheless, our understanding of CVD has improved significantly over
the past decade owing to the availability of new randomized trial data. In particular, the
failure of antioxidant and anti-inflammatory treatments to consistently reduce the rate
of CVD complications suggests that theories of atherosclerosis may have considerably
exaggerated the importance of oxidized lipoprotein and vascular inflammation. In that
context, one new and basic question is whether the biology of essential dietary lipids may
help us understand the role of the inflammatory process in CVD. Essential dietary lipids
of the omega-6 and omega-3 families are the precursors of major mediators of inflam-
mation such as eicosanoids that regulate the production of inflammatory cytokines and
the expression of some major inflammation genes. On the other hand, non-essential lipids
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(omega-9 and saturated fatty acids) interfere with biological activities of essential lipids.
Finally, essential omega-3 and omega-6 fatty acids have different, often antagonistic,
effects on inflammation, and their effects can vary according to the type of cells and
target organs involved, as well as their respective amounts in the diet. Because of the
extreme complexity in the etiology of CVD, the best strategy may be to monitor the
main features of dietary patterns, such as the Mediterranean diet, that are known to be
associated with a low prevalence of both CVD and chronic inflammatory diseases

1. INTRODUCTION

Coronary and cardiovascular diseases (CVD) remain the leading causes of morbidity
and mortality in most developing and developed countries. Besides traditional
risk factors such as hypercholesterolemia and hypertension, increased oxidant
stress (or oxidized lipoproteins) and vascular inflammation have recently been
considered as playing important roles in CVD [1–4]. However, in some studies,
antioxidant and anti-inflammatory treatments had no protective effect against CVD
[5–8]. Both nonsteroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids
were ineffective. Furthermore, arthritis patients on glucocorticoids had more CVD
complications (after adjustment for disease severity and other confounders) than
those not exposed to glucocorticoids [9]. This is not surprising, since glucocorticoids
predispose to insulin resistance and metabolic syndromes, which are major risk
factors for CVD [10]. In patients with established CVD, high-dose dexamethasone-
eluting stents did not reduce neointimal proliferation instead causing restenosis
within the stent and creating an experimental human model of accelerated coronary
atherosclerosis [11]. Finally, NSAIDs have not only failed to prevent CVD compli-
cations in some controlled trials, but rather were associated with an increased risk
[7, 8]. Thus, scientific and medical knowledge about the pathogenesis of atheroscle-
rosis and CVD complications, with primary roles attributed to high cholesterol,
oxidized lipoproteins and vascular inflammation, appears to be extremely confusing
at present. Even the concept of inflammation in plaque instability (the triggering
event of acute CVD complications) needs to be more clearly reformulated [12]. In
this context, it is certainly important to examine the role of essential polyunsaturated
fatty acids (PUFAs) as mediators of inflammation in the development of CVD.

2. INFLAMMATION, ATHEROSCLEROSIS AND ESSENTIAL
PUFAs

It is generally well accepted (although highly debatable) that inflammation plays a
central role in atherosclerosis [1, 13]. All stages of the atherogenic process seem
to be characterized by a dynamic interaction of inflammatory cells, cytokines and
inflammatory eicosanoids in the arterial wall [1, 13, 14]. According to the most
popular theory to date, the conventional risk factors for CVD, including oxidized
low density lipoproteins (oxLDL), smoking, high blood glucose and high blood
pressure, are harmful factors that initiate and promote the atherogenic process by
triggering the inflammatory reaction within the arteries. The earliest detectable



Essential fatty acids, inflammation and coronary heart disease 285

cellular event in atherosclerosis is assumed to be the attachment of monocytes to
endothelial cells. This inflammatory response is facilitated by leukocyte adhesion
molecules expressed on the surface of endothelial cells under the control of proin-
flammatory cytokines. OxLDLs are thought to promote the formation of chemoat-
tractant cytokines by the endothelium which stimulates the migration of monocytes
into the subendothelial space where they accumulate oxLDLs as macrophages and
become foam cells [13]. Foam cells are a hallmark of fatty streaks, the first (but still
reversible) stage of atherosclerosis. A later stage of inflammation is characterized by
fibrosis, which is also a major feature of atherosclerosis [13]. Fibrosis results from
the proliferation of smooth muscle cells after their migration from the muscular
layer of the artery under the control of various mitogenic and growth factors, such
as the platelet derived growth factor (PGDF) [13]. Fibrosis is a reparation process
that contributes to irreversible sclerosis of the lesion and arterial stenosis; never-
theless, fibrosis per se is a stabilizing process and does not result in acute CVD
complications. In fact, it is the disruption of the atherosclerotic plaque, with the
subsequent potentially total obstruction of the lumen by thrombi that leads to acute
CVD complications. According to current theory, macrophages are also the primary
source of plaque vulnerability because they produce matrix metalloproteinases that
break up collagen (the main component of fibrosis), weaken the fibrous cap of the
plaque and favor contact between blood coagulation factors and the prothrombotic
components of atherosclerotic plaque. Although it is generally well accepted, the
inflammatory theory of atherosclerosis [1, 13, 14] appears to be quite speculative,
as illustrated by the failure of most anti-inflammatory treatments to prevent CVD
complications [7, 8]. Therefore, the theory needs additional supporting evidence to
become more credible.

There is increasing interest in the effects of dietary fatty acids on immune
parameters and on the inflammatory process. Initially, long chain omega-6 PUFAs,
linoleic acid (LA) and particularly arachidonic acid (AA), were found to inhibit
lymphocyte function [15, 16]. Later studies showed that omega-3 PUFAs also
inhibited lymphocyte activity [17, 18]. Other non-essential dietary fatty acids
(e.g., those in the omega-9 family) also influence inflammation. Recently, PUFAs
of the omega-6 and omega-3 families have been found to have antagonistic effects
on inflammation and CVD; omega-6 PUFAs are now seen as pro-inflammatory
and omega-3 PUFAs as anti-inflammatory [19]. Arachidonic acid (AA), the major
omega-6 PUFA in inflammatory cells, is the dominant substrate for eicosanoid
synthesis giving rise to major pro-inflammatory mediators potentially involved in
CVD complications [13, 14]. Blocking the first step of AA metabolism in platelets,
at the level of the cyclo-oxygenase (COX) enzyme system (by aspirin for instance),
results in inhibition of eicosanoid synthesis and platelet aggregation. However, only
very low doses of aspirin (and not large anti-inflammatory doses) were shown to
effectively reduce CVD complications [20]. In fact, there is ongoing controversy
about the ability of low-dose aspirin to reduce CVD complications [21, 22]. What
is the optimal dose? Which patients would maximally benefit from it? Is the effect
seen in secondary prevention reproducible in primary prevention? In any case,
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since only very low doses were shown to be protective in certain (not all) studies
[23], it is clear that the relative protection provided by low dose aspirin does not
result from an anti-inflammatory effect but only from a specific anti-platelet effect.
This raises some major questions about the inflammatory theory of atherosclerosis.
First, as it has become clear that besides their role in hemostasis and throm-
bosis, platelets regulate a variety of inflammatory responses, especially through
their interaction with the vascular endothelium [24], it is difficult to understand
why large (anti-inflammatory) doses of aspirin were not effective in preventing
CVD. Platelets represent an important link between inflammation, thrombosis and
atherosclerosis, highlighting the concept of atherothrombosis in which thrombosis,
in addition to being the consequence of plaque rupture, is also the starting point for
stenosis progression through organization of residual thrombi [24]. However, apart
from specific conditions such as accelerated coronary atherosclerosis after heart
transplantation [25, 26], the availability of conclusive human data to support the
“atherothrombotic theory” appears to be very limited. A second question relates to
the role of inflammatory eicosanoids (from any source) in vascular inflammation
and CVD. Why do substances blocking AA metabolism and the production of
inflammatory eicosanoids and exhibiting potent anti-inflammatory effects (such
as NSAIDs) have negative effects [7, 8] on CVD risk? A third crucial question
relates to the significance of metabolic competition between the different families of
PUFAs (omega-6, omega-9, and omega-3) and the vascular and anti-inflammatory
effect of NSAIDs. Would COX inhibition have the same clinical effect in patients
with different dietary intakes of omega-9, omega-6 and omega-3 fatty acids? In view
of the complexity of these different questions, the present text aims at discussing
certain aspects of the role of essential PUFAs in CVD through their pro- or anti-
inflammatory properties.

3. WHAT ARE ESSENTIAL PUFAs?

Essential PUFAs are fatty acids that contain two or more double bonds. They
are named by identifying the number of double bonds and the position of the
first double bond counted from the methyl terminus of the acyl chain. Thus, an
18-carbon fatty acid with two double bonds in the acyl chain and with the first
double bond on carbon number 6 from the methyl terminus is termed 18:2 omega-6
(or 18:2n-6). The common name of this fatty acid is linoleic acid (LA) and it is the
simplest member of the omega-6 family of PUFAs. LA can be further desaturated
by insertion of a double bond between carbons 3 and 4 to yield alpha-linolenic acid
(ALA or 18:3 omega-3 or 18:3n-3), the simplest member of the omega-3 family
of fatty acids [27]. Plants, but not mammals, have the desaturase enzymes required
to synthesize LA and ALA. For this reason, LA and ALA are termed “essential
fatty acids”, which means that they have to be supplied through our daily diet to
cover our needs (Figure 1). Plant seed oils (and margarine) from corn, sunflower
and soybean are rich in LA and are the main sources of LA in the Western diet.
Nuts, canola oil and green leafy vegetables are the main sources of ALA in the
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Figure 1. Schematic representation of the metabolization of 18-carbon fatty acids into longer chain fatty
acids and subsequent eicosanoid metabolization under the effect of the COX system. Most AA in our
body comes from LA (through endogenous biosynthesis), whereas most EPA comes from dietary intakes
provided by fish. EPA can be further metabolized to produce DHA (see text). An alternative pathway
for AA and EPA is the LOX system (see text). AA is arachidonic acid; EPA is eicosapentanoic acid;
DHA is docosahexanoic acid; LA is linoleic acid; COX is cyclo-oxygenase and LOX is lipoxygenase

Western and Mediterranean diets [27]. LA is by far the main essential PUFA in the
Western diet (average intake is between 12 and 20 grams per day), with an LA to
ALA ratio of 20 or 25 according to recent studies. It has been clearly shown that
the preferred LA to ALA ratio for the prevention of CVD should be 4 or lower,
with a minimum ALA intake of about 2 grams per day [27]. In many countries,
however, the ALA intake is lower than 1 gram per day. LA and ALA are the main
PUFAs in the Western and Mediterranean diets and longer chain PUFAs (with 20
carbons or more) are consumed in small amounts: from 50 mg (often) to 500 mg
(rarely) per day for AA (20:4n-6) and for the long chain omega-3 PUFAs mostly
found in fish, eicosapentanoic acid (EPA, 20:5n-3) and docosahexanoic acid (DHA,
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22:6n-3). Mammals are in theory able to synthesize EPA and DHA from ALA
[19, 27]. In patients at high risk for CVD complications, high ALA intake resulted
in a significant increase in blood and tissue EPA levels, whereas the increase in
DHA was low and non-significant [27, 28]. Thus, DHA is often considered an
“essential fatty acid” like LA and ALA, and it is prudent to provide for minimum
amounts of it in our daily diet (at least 200 to 500 mg DHA per day depending on
the associated amounts of ALA and EPA).

Unlike ALA (the precursor of EPA), oleic acid (18:1n-9) is consumed in
substantial amounts in the typical Western diet and is not an essential fatty acid.
Oleic acid is the precursor of eicosatreinoic acid (ETA, 20:3n-9), the main omega-9

Free AA

Lipoxin A2 LKTC4 LKTB4

15-LOX 12-LOXCOX

TXA2
Platelet

and
leucocyte 

AA
In cell membrane

Phospholipase A2

PGH2 15-HETE LKTA4

LKTD4

LKTE4

PGI2
Endothelial cell

PGE2
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5-LOX
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Figure 2. Metabolism of AA (arachidonic acid) in various cells. EPA can substitute for AA as a substrate
for COX and LOX systems. This may result in the release of compounds that are generally less active
(TXA3 and LKTB5 instead of TXA2 and LKTB4) than those produced from AA. There is one exception
with PGI3, which is as active as PGI2 as an anti-platelet and vasodilating substance. TX is thromboxane,
PGI2 is prostacyclin and LKT is leukotriene
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PUFA potentially involved in inflammation by competing with AA (and EPA) as
substrates in the COX and LOX (lipoxygenase) enzyme systems. However, there
is little ETA in cell membranes, probably because of the overwhelming compe-
tition from dietary LA and ALA for the relevant desaturase and elongase enzymes
[29]. ETA is nevertheless assumed to decrease synthesis of leukotriene (LKT) B4,
a major inflammatory mediator, partly through a direct effect on LKTA4 hydrolase
(Figure 2). ETA is also a substrate for 5-LOX and may compete with AA for the
formation of LKTA4, especially in case of severe LA restriction leading to elevated
ETA concentrations [29]. It is noteworthy that the Mediterranean diet is poor in LA
and rich in oleic acid, which is another circumstance where ETA concentrations are
relatively high compared with the LA-rich Western diet. Thus, whatever the nutri-
tional context (severe LA restriction or Mediterranean diet), and in partial analogy
to the situation with EPA, elevated ETA concentrations can alter the balance of
eicosanoids produced by leukocytes toward a potentially less inflammatory mixture
[29]. The effect of ETA on COX is less clear than on 5-LOX although inhibition
of endothelial PGI2 production has been ascribed to ETA [30]. This could, at least
theoretically, increase the risk of thrombosis. Thus, a traditional Mediterranean diet
with high intake of oleic acid and omega-3 PUFAs from both vegetable and marine
sources and low intake of saturated fatty acids and LA may be the best compromise
to reduce the risk of both inflammation and thrombosis. This has been confirmed in
clinical trials [28, 31–33]. In any case, as emphasized by several major investigators
in the field, the background omega-6 PUFA content of the diet is a key issue when
fortifying diets with either omega-9 and/or omega-3 fatty acids for therapeutic or
health-enhancing purpose [19, 27, 29].

4. INFLAMMATORY EICOSANOID SYNTHESIS
FROM ESSENTIAL PUFAs

A key link between PUFAs and inflammation is that the family of inflammatory
mediators termed eicosanoids is generated from 20-carbon PUFAs released by cell-
membrane phospholipids (Figure 2). Inflammatory cells typically contain a high
proportion of omega-6 AA and low proportions of omega-3 EPA. In fact, the
AA to EPA ratio is extremely dependent on the dietary habits of the populations
examined [28, 29, 34]. In persons following a typical Western diet (with a high AA
to EPA ratio), AA is the dominant substrate for eicosanoid synthesis. In contrast,
in persons following a Mediterranean diet poor in omega-6 PUFAs (but rich in
omega-9 oleic acid and omega-3 PUFAs), the relevance of AA and AA-derived
eicosanoids is reduced. Eicosanoids include prostaglandins (PGs), thromboxanes
(TXs), leukotrienes (LKTs), and many other less studied substances (Figure 2). AA
is mobilized from cell membranes by phospholipases and subsequently acts as a
substrate for the enzymes that synthesize eicosanoids. The metabolism of AA by
COX gives rise to the 2-series PGs and TXs. However, when EPA is the substrate
for COX instead of AA, the eicosanoids that are produced belong to 3-series PGs,
the properties of which are very different (less inflammatory, less vasoconstrictive,
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less prothrombotic) from those of 2-series PGs [19]. Substances derived from ETA
are less well-characterized and their physiological roles are not clearly determined.

There are two isoforms of COX: COX-1 is a constitutive enzyme and COX-2
is induced in inflammatory cells as a result of stimulation (for instance by
cytokines produced by activated leukocytes) and accounts for the marked increase
in eicosanoid production that occurs in activated cells. It is very important
to understand that PGs are formed in a cell-specific manner (Figure 2). For
instance, monocytes (and macrophages) produce large amounts of PGE2 and PGF2,
neutrophils produce moderate amounts of PGE2 and mast cells produce PGD2. AA
metabolism through the 5-lipoxygenase (5-LOX) pathway gives rise to hydroxyl
and hydroperoxyl derivatives and to the 4-series LKTs. EPA metabolism by the
5-LOX pathway gives rise to 5-series LKTs, which have a considerably lower
inflammatory effect than 4-series LKTs.

One of the major inflammatory AA-derived 2-series PGs is PGE2. Its pro-
inflammatory effects include fever, increased vascular permeability and vasodi-
latation, as well as increased pain and edema. PGE2 induces COX-2, up-regulates its
own production by leukocytes, and induces the production of inflammatory cytokines
(TNF, interleukins), which are other major mediators of inflammation that are able to
recruit new leukocytes and again induce COX-2. However, PGE2 also inhibits 5-LOX,
decreasing the production of the 4-series LKTs, and induces 15-LOX, promoting the
formation of lipoxins [35]. The latter mediators have potent anti-inflammatory effects
[36, 37] indicating that the same compound, namely PGE2, possesses both pro- and
anti-inflammatory actions, whereas PGE3 derived from EPA apparently is less active
than PGE2 [17–19]. This may explain some puzzling data showing benefits from PGE2

in some inflammatory compartments, especially those where 4-series LKTs exert
damaging effects [38]. In fact, LKTB4, one of the major inflammatory AA-derived
eicosanoids of the 4-series LKTs which increases vascular permeability is a potent
chemotactic agent for leukocytes and increases the generation of reactive oxygen
species and production of inflammatory cytokines. LKTB4 was recently shown to play
an important role in the atherosclerotic process (using the intima-media thickness as a
surrogate marker of atherosclerosis) in certain patients with a specific polymorphism
(variant 5-LOX genotypes) [39]. Interestingly, a protective effect of omega-3 PUFAs
(and a deleterious effect of omega-6 PUFAs) was shown in that study, suggesting
that long-chain omega-3 PUFAs may also be able to slow down the progression of
the atherosclerotic process contrary to the results of large randomized trials where the
protective effect of EPA+DHA appeared to be confined to myocardial anti-arrhythmic
effects [40–42]. In addition, a recent study demonstrated that incorporation of EPA
and DHA in the plaque might have a stabilizing (anti-inflammatory) effect thereby
preventing acute ischemic events [43]. This suggests that EPA+DHA may inhibit the
generation of metalloproteinases [44, 45], compounds that are potentially involved in
plaque vulnerability and ulceration and subsequent thrombotic complications. Further
studies are obviously needed to support this assertion.

The molecular biology of PGE2 and 4-series LKTs illustrates the complexity of
the health effects of eicosanoids and the necessity to be careful when using potent
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pharmacological agents to manage them. As shown with the anti-COX-2 (coxib)
agents, the ultimate outcome may be less appealing than previously expected, e.g., an
increased risk of CVD complications [7, 8].

The EPA-derived 3-series PGs and 5-series LKTs are considerably less inflam-
matory than those derived from AA [17–19]. Increased consumption of omega-3
PUFAsresults in increasedproportionsofomega-3PUFAs(especiallyEPA) in inflam-
matory cell phospholipids, at the expense of AA. This was shown to result in decreased
production of PGE2� TXB2 and LKTB4 by inflammatory cells and, at the same time,
increased production of PGE3� TXB3 and LKTB5. The functional significance is that
the mediators derived from EPA are less potent than those derived from AA. It may be
exaggerated, however, to say that EPA-derived eicosanoids are anti-inflammatory. Let
it simply be said that they are less pro-inflammatory than the AA-derived eicosanoids.

Finally, recent studies have identified novel groups of mediators, termed E-series
resolvins (for “resolution phase interaction products”) when derived from EPA by
COX-2, and D-series resolvins (or docosatrienes and neuroprotectins) when derived
from DHA by COX-2, which appear to have anti-inflammatory properties, especially
during the resolution phase of the inflammatory process [46]. The relevance of
this specific anti-inflammatory activity for vascular inflammation associated with
atherosclerosis remains to be elucidated.

Thus, the key “anti-inflammatory effect” of omega-3 PUFAs appears to be antag-
onism of AA, the major inflammatory PUFA (Table 1). But another major question
is whether omega-3 PUFAs have anti-inflammatory effects that occur downstream of
altered eicosanoid production.

5. OTHER ANTI-INFLAMMATORY EFFECTS OF OMEGA-3
PUFAs

Proposed mechanisms by which omega-3 PUFAs may have anti-inflammatory effects
are shown in Table 1. In addition to competing with omega-6 PUFAs at various levels
of PUFA metabolism, EPA and DHA have been shown to inhibit the production
of cytokines by leukocytes and other inflammatory cells in vitro and ex vivo [47].
In clinical studies, EPA+DHA-rich fish oil supplementation resulted in decreased
production of TNF and interleukins by leukocytes [48]. Also, diets enriched in ALA
have been associated with reduced vascular inflammation and endothelial activation
[49]. Which bioactive components (ALA itself or its metabolite, EPA,or both) inhibit
endothelial activation is not clear. In fact, De Caterina et al. [50] showed that DHA
and EPA significantly decrease cytokine-induced expression of adhesion molecules by
endothelial cells. This has the functional effect of decreasing the binding of leukocytes,
a crucial step of vascular inflammation and atherosclerosis [1, 13]. Interestingly, oleic
acid (the precursor of the omega-9 PUFA ETA) was also shown to inhibit endothelial
activation [51] and olive oil itself (the oil typically used around the Mediterranean Sea)
had similar effects in middle-aged men [52].

Some of the anti-inflammatory effects of omega-3 PUFAs may also be exerted at
the level of gene expression. Although the extent of these effects in humans in vivo is
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Table 1. A summary of the main potential anti-inflammatory effects of omega-3 PUFAs

1. The 18-carbon omega-3 ALA (18:3n-3) decreases the synthesis of
pro-inflammatory AA from the omega-6 LA (18:2n-6) through
competition at the level of their common elongation and desaturation
pathways (Figure 1).

2. The 20-carbon omega-3 PUFA EPA (20:5n-3) decreases the levels of AA
in inflammatory cells. EPA replaces AA in membrane phospholipids
(Figure 2).

3. EPA decreases the production of AA-derived inflammatory eicosanoids
by decreasing the release of AA from cell membranes and competing at
the levels of the COX and LOX enzyme systems.

4. EPA gives rise to a family of eicosanoid mediators that are analogs of
those produced from AA (Figure 2) but are often less potent (less
inflammatory).

5. Omega-3 PUFAs reduce the production of inflammatory cytokines
(including TNF and interleukins) by leukocytes and other cells involved in
the inflammation process through decreased production of TXA2 and
LKTB4 (see text).

6. Omega-3 PUFAs induce production of the anti-inflammatory E-resolvins
from EPA and D-resolvins from DHA (see text).

7. The omega-3 PUFAs EPA and DHA alter the expression of inflammatory
genes via inhibition of the non-specific transcription factor NF-?B
(see text).

not yet clear, animal studies indicate potentially significant effects on the expression
of a range of inflammatory genes. For instance, omega-3 PUFAs were shown to
decrease the cytokine-mediated induction of expression of COX-2, TNF� and various
interleukins in cultured chondrocytes and human cartilage explants [19]. Similar data
were reported with DHA and vascular endothelial cells [50]. This effect on gene
expression was independent of the effect on eicosanoid production; thus, omega-
3 PUFAs may directly modulate the intracellular signaling pathway that leads to
activation of one or more transcription factors such as nuclear factor �B (NF-�B)
[19]. For instance, omega-3 PUFAs were shown to prevent NF-�B activation by
TNF� and to decrease endotoxin-induced activation of NF-�B by leukocytes [51].
Thus, in addition to directly decreasing the production of inflammatory eicosanoids
and leukocyte cytokines, omega-3 PUFAs act by altering the expression of inflam-
matory genes.

6. ESSENTIAL PUFAs, COX, ASPIRIN AND COXIBS

Once mobilized from cell membrane phospholipids, 20-carbon PUFAs (either AA or
EPA) are oxygenated into eicosanoids along various pathways including COX, LOX,
P450 epoxygenase and (nonenzymatic) isoprostane synthesis. In addition, free PUFAs
are available to exert direct effects on membrane receptors and ion channels, e.g. to
deploy anti-arrhythmic effects in the ischemic myocardium [54].
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As indicated above, the fate and distribution of AA or EPA metabolites depend on
the cell type where they are formed. For example, leukocytes, endothelial cells, smooth
muscle cells in the arterial wall, as well as platelets express PGE synthase and are thus
all capable of producing proinflammatory PGE. Platelets also express TXA synthase
and elaborate the prothrombotic and vasoconstrictive TXA2. Endothelial cells express
prostacyclin synthase and synthesize the antithrombotic and vasodilating PGI2. In
addition to cell-specific synthesis, the biological effects of eicosanoids are governed by
cell-specific receptor-dependent signaling pathways that define biological responses.
Pharmacological inhibition of eicosanoid synthesis has been the focus of intensive
drug development, from aspirin to NSAIDs and specific coxibs. NSAIDs provide
antipyretic, analgesic and anti-inflammatory properties but the relative degree of
these effects varies markedly from one compound to another. NSAIDs also share the
common side-effects of gastro-intestinal ulceration and renal function impairment.

With the recognition that aspirin inhibits platelet function via inhibition of throm-
boxane formation, the anti-thrombotic effects of NSAIDs gained unique therapeutic
emphasis. Because endothelial PGI2 also has an anti-platelet action, nonselective
inhibition of COX attenuates the anti-platelet effect of aspirin. Thus, in view of
the irreversible inhibition of thromboxane formation in platelets by aspirin and the
differences in half-lives of platelet and endothelial COX, very low dose aspirin was
found to provide optimal antithrombotic activity for prevention of thrombotic CVD
complications [22, 23]. Finally, the recognition that there are two different COXs led
to the straightforward view that COX-2 is specifically responsible for the adverse
proinflammatory effects of eicosanoids and that selective COX-2 inhibitors (coxibs)
would provide adequate analgesia and anti-inflammatory effects without the gastroin-
testinal side effects due to COX-1 inhibition and without platelet and endothelial cell
effects [23]. Unfortunately, this clean mechanistic distinction between the COXs is
an oversimplification [7]. In fact, inhibition of COX-2 appears to be associated with
suppression of prostacyclin (PGI3 from EPA and PGI2 from AA) synthesis [55]. The
complexity of the interactions between the different factors in arterial physiology is
illustrated by the fact that suppression of COX-2 results in an increasing flux of AA
towards the different LO pathways, with potential additional inflammatory effects.
This may be especially important in the setting of inflammation in atherosclerotic
plaque, as suggested by the study of Dwyer et al. [39] on the role of LKTs in plaque
progression.

The consequences of COX-2 inhibition by coxibs recorded in some of the obser-
vational studies and randomized trials were therefore—perhaps not surprisingly—an
increased risk of CVD complications [7, 8, 56, 57]. It is important to note that increased
risks have been observed in populations at low risk for CVD complications [56, 57] and
have also been found in some studies with nonselective NSAIDs [58]. This suggests
that the increased risk of CVD complications associated with coxibs and other anti-
inflammatory drugs may not be an effect of a specific class of drugs (such as the coxibs)
but rather may be related to the indiscriminant inhibition of the inflammatory process
itself.

Beyond the practical problems regarding the treatment of painful inflammatory
chronic diseases such as arthritis, the controversy surrounding effects of coxibs on
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CVD raises several major questions regarding the inflammatory theory of atheroscle-
rosis. The main one is that it is difficult to accept that vascular inflammation is a
prominent feature of CVD development if anti-inflammatory treatments (whatever the
class of drugs) tested in randomized trials are not able to reduce the risk of CVD compli-
cations. In fact, a major question is whether we should not reconsider our conception of
atherosclerosis and CVD complications. For instance, if arterial lesion fibrosis is a key
factor in lesion stabilization, altering the process by any anti-inflammatory treatment
may increase the risk of plaque ulceration and CVD complications.

The potential role of omega-3 PUFAs in vascular inflammation and CVD may
help open new areas of investigation. From a biological point of view omega-3
PUFAs appear to have anti-inflammatory properties that make them good candidates
to reduce vascular inflammation and prevent atherosclerosis (see Table 1). However,
evidence from randomized trials supports the complex nature of PUFAs in modulating
vascular inflammation and atherosclerosis. In clinical trials of CVD outcomes, omega-
3-PUFAs administered at low dosages (less than 1 gram per day) reduced the risk
of sudden cardiac death and ventricular arrhythmias [40, 41], and a combination of
increased intake of omega-9 and omega-3 fatty acids and decreased intake of omega-6
PUFAs in a Mediterranean diet produced significant reductions in fatal and non-
fatal CVD complications including ventricular arrhythmias [28, 31]. In mechanistic
studies, the traditional Mediterranean diet produced significant anti-inflammatory
effects associated with less endothelial dysfunction and lower vascular endothelial
growth factor [32, 33]. The exact mechanisms of these effects remain to be elucidated,
and the anti-inflammatory effects of low dosages of omega-3-PUFAs are not clear.
Whether anti-inflammatory effects can be adequately balanced to prevent vascular
inflammationwithoutaltering thereparation-fibrosisprocess thatstabilizesatheroscle-
rotic plaques is unknown, but these observed benefits should be used to establish a
working hypothesis.

Taken together, the human data indicate that vascular inflammation is a complex
multi-step process and atherosclerosis is a multifactorial disease. Considering only
dietary lipids, it is clear that essential PUFAs of the omega-6 and omega-3 families,
saturated fatty acids, as well as omega-9 fatty acids are collectively involved. Thus,
to be effective and safe, any anti-inflammatory approach to prevent atherosclerosis
and CVD should be prudent, preferably non-pharmacological, multifactorial, and
primarily dietary. This is compatible with the well-accepted concept that CVD is a
lifestyle disease that will require lifestyle (especially dietary) changes for prevention.
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Abstract: It is estimated that by the year 2050 the elderly (aged 65 or older) population will double
the population of children (aged 0–14) for the first time in history. The expansion of the
elderly population has already taken a toll on health care systems. In order to alleviate the
health care costs and increase the quality of living in the aging population, it is crucial
to explore methods that may retard or reverse the deleterious effects of aging. Inflam-
mation and oxidative stress play important roles in brain aging. Inflammatory markers,
as well as cellular and molecular oxidative damage, increase during normal brain aging.
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This increase is accompanied by the concomitant decline in cognitive and motor perfor-
mance in the elderly population, even in the absence of neurodegenerative diseases.
Epidemiological studies have shown that consumption of diets rich in antioxidant and
anti-inflammatory agents, such as those found in fruits and vegetables, may lower the
risk of developing age-related neurodegenerative diseases such as Parkinson’s disease and
Alzheimer’s disease. Research from our laboratory suggests that dietary supplementation
with fruit or vegetable extracts can decrease the age-enhanced vulnerability to oxidative
stress and inflammation. Additional research suggests that the polyphenolic compounds
found in fruits such as blueberries may exert their beneficial effects through signal trans-
duction and neuronal communication. Thus, nutritional intervention may exert therapeutic
protection against age-related deficits and neurodegenerative diseases

1. INTRODUCTION

Aging is a slow process that is accompanied by the decline of motor and cognitive
performance [1]. The aging process also favors the occurrence of debilitating
neurodegenerative diseases. Alzheimer’s disease (AD) and Parkinson’s disease (PD)
are the most common neurodegenerative diseases found in the aged population [2].
Numerous studies have indicated that the incidence and prevalence of AD increase
after the age of 60 [3] and a 47% prevalence has been observed for patients over
the age of 85 [4]. As life expectancy increases so will the prevalence of these
neurodegenerative diseases. Although much research effort has been made, the
etiology of these diseases is not yet discovered, and treatments to retard or prevent
the progression of these diseases are years away.

In order to increase the quality of life among the aging population and decrease
the socioeconomic burden imposed by the aging population, it is necessary to
identify means to forestall or reverse age-related neuronal deficits. A large body of
evidence suggests that the aging brain may provide a fertile microenvironment for
the development of age-related neuronal deficits and neurodegenerative diseases [1].
Research from our laboratory has shown that diets supplemented with antioxidant-
rich fruits and vegetables are beneficial in forestalling and reversing the deleterious
effects of aging on neuronal functioning and behavior [5–12]. This protective effect
is postulated to be the result of the antioxidant and anti-inflammatory activities of
polyphenolic compounds found in these fruits and vegetables [13].

2. INFLAMMATION

Inflammation in the central nervous system (CNS) plays an important role in
the observed behavioral and neuronal deficits in aging [14]. There is substantial
evidence indicating that neuroinflammation is elevated during normal brain
aging [15–18]. Glial cells mediate the endogenous immune system within the
microenvironment in the CNS [19]. Glial activation is the hallmark of inflam-
mation in the brain [20]. Activated microglia produce inflammatory molecules such
as cytokines, growth factors, and complement proteins [21, 22, 23]. These proin-
flammatory mediators in turn activate other cells to produce additional signaling
molecules that further activate microglia in a positive feedback loop to perpetuate
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and amplify the inflammatory signaling cascade [24]. It has been shown that
activated glial cells increase in the normal aging brain which exhibits greater
immunoreactivity in markers for both microglia and astrocytes [18, 25–27].

Although the events leading to the inflammatory response are not fully understood,
microglia-mediated inflammation has been linked to the pathogenesis of several age-
related neurodegenerative diseases such as AD and PD [28–31]. Activated microglia
produce proinflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6)
and tumor necrosis factor-�. (TNF-�) [32, 33]. These cytokines have been found in
the surrounding areas of amyloid plaques [34–37]. It has been suggested that these
cytokines play important roles in the formation of senile plaques in AD brains because
interleukins have been found to enhance the expression of amyloid precursor protein
(APP) [38–40]. In a vicious cycle, �-amyloid peptides �A�� in turn stimulate the
production of IL-1�, IL-6, and TNF-� [39,41–43]. An increase in reactive microglia
hasalsobeenfound in thestriatumandsubstantianigraofPDbrains [44].An increase in
the production of proinflammatory cytokines interferon-� (IFN-�), IL-1�, and TNF-
� in the substantia nigra of PD patients has been reported [45, 46]. Also, TNF-�
immunoreactive glial cells have been detected in the substantia nigra of PD brains [47].

Activated microglia also produce high levels of free radicals such as superoxide
and nitric oxide (through the activation of inducible nitric oxide synthase) [21,
29]. Therefore, inflammation in the CNS produces oxidative stress through the
respiratory burst system of activated microglia [48–53].

3. OXIDATIVE STRESS

Oxidative stress results from the shift towards production of reactive oxygen species
(ROS) in the equilibrium between ROS generation and the antioxidant defense
system [54]. ROS are produced during normal aerobic metabolism [55, 56]. Approx-
imately 2 to 5% of the oxygen consumed by a cell is subsequently reduced to free
radicals [49, 57]. ROS production is normally kept in check by cellular defense
systems [54, 58]. However, the antioxidant defenses are not entirely efficient. In
fact, about 1% of the ROS escape elimination daily, leading to oxidative cellular
damage [59]. The accumulation of oxidative damage results in an increase in
oxidative stress in the aged population [55, 60].

The major source of ROS in mammalian cells comes from mitochondria [61–63].
An estimated 90% of the total O2 consumed by the human body is used by
mitochondria [57, 64]. Mounting evidence suggests that oxidants produced in the
mitochondria cause oxidative damage in mitochondrial DNA, lipids, and proteins
and that these damages accumulate with time and induce mitochondrial dysfunctions
during the aging process [62, 65–69].

The degree of oxidative cellular damage can be experimentally determined by
the quantification of end-products from nucleic acid damage, lipid peroxidation,
and protein oxidation [69]. Oxidative damage to nuclear and mitochondrial DNA,
protein, and lipids has been found to increase with normal aging in human brain
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tissues [49,70–72]. Animal studies have further shown that aging induces a signif-
icant increase in cellular hydrogen peroxide, the source of hydroxyl radicals [73].
Oxidative stress may also alter calcium homeostasis, cellular signaling cascades,
and gene expression [74–79]. Therefore, the accumulation of oxidative damage
throughout the life span contributes to the increased vulnerability to oxidative
stress seen in the aging population [80, 81]. The observed oxidative damage during
normal aging is elevated in neurodegenerative diseases such as AD [71, 72, 82]
and PD [83, 84]. Oxidative stress may contribute to these age-related diseases by
inducing the expression of proinflammatory cytokines through activation of the
oxidative stress-sensitive nuclear factor kappa B (NF-�B) [48, 85]. NF-�B up-
regulates the inflammatory response leading to a further increase in ROS [51],
which results in a continuous increase in oxidative stress and inflammation, and
thus, in the progression of these diseases.

4. BRAIN AGING

The brain is especially vulnerable to oxidative damage because it consumes a
large quantity of oxygen for its metabolism and consequently generates an elevated
amount of ROS [49, 54]. The structural components of the brain, namely the polyun-
saturated fatty acids, are readily peroxidizable by ROS. Furthermore, the presence
of high levels of iron and ascorbate in the brain facilitates the catalysis of the
lipid peroxidation reaction [49,86–88]. As mentioned above, the vulnerability of the
brain to oxidative stress and inflammation is enhanced in aging [89, 90]. Oxidative
stress and inflammation may interact in concert to induce the age-related neuronal
and behavioral changes [1].

Normal brain aging produces behavioral deficits including both cognitive and
motor behaviors [91–93]. Although the molecular basis for the observed decline in
both cognitive and motor performance during aging remain to be determined, it is
clear that both oxidative stress and inflammation are involved [94–96].

Cognitive deficits are measured by performance on tasks involving spatial
learning and memory [91, 97–100]. Brain regions responsible for the various
types of memory functions are the hippocampus, prefrontal cortex, and the dorso-
medial striatum [101–105]. Age-related deficits in motor performance, which
include decreases in balance, muscle strength, and coordination [92], are thought
to be the result of alterations in the striatal dopamine system [106], or in the
cerebellum [107, 108].

Rodent studies have suggested that young animals exposed to oxidative
stress show similar neuronal and behavioral changes to those seen in aged
animals [105,109–111]. Similar changes in behavior have been elicited with exoge-
nously introduced inflammatory mediators known to activate glial cells in the
brain [95]. Intrahippocampal administration of lipopolysaccharide (LPS) has been
shown to induce the up-regulation of inflammatory mediators resulting in the degen-
eration of hippocampal pyramidal neurons, accompanied by the impairments in
working memory [112–114]. Chronic infusion of LPS into the ventricle of young
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rats has also replicated many of the behavioral, inflammatory, neurochemical, and
neuropathological dysfunctions seen in the AD brains [95, 96, 112–114]. These
studies indicate important roles for oxidative stress and inflammation in motor and
cognitive deficits during normal and neurodegenerative aging.

Given these considerations, it is extremely important to increase endogenous
antioxidant/anti-inflammatory protection to prevent the loss of neuronal and
behavioral function in senescence. It appears that perhaps one way to accom-
plish this would be through nutrition. Substantial evidence suggests that nutri-
tional antioxidants (nutraceuticals) may exert pharmacological benefits on certain
neurodegenerative diseases by balancing the negative effects of ROS and inflam-
mation [115–117]. There has been an increasing interest in the beneficial effects of
nutritional antioxidants on combating the deleterious effects of oxidative stress and
inflammation in aging and age-related neurodegenerative diseases [1, 9, 118–120].
Epidemiological studies have shown that nutritional antioxidants may forestall the
onset of dementia [121–123]. The question arises, however, as to which of the
nutritional antioxidants may be the most effective. It appears that some of the most
beneficial can be derived from the large class of polyphenols known as flavonoids.
These are particularly abundant in berryfruit.

5. BENEFICIAL EFFECTS OF FLAVONOIDS IN BERRYFRUITS

5.1. Flavonoids

Plants, including fruits and vegetables, synthesize polyphenolic compounds known
as flavonoids. Flavonoids are chemically diverse. There have been more than 4000
derivatives of flavonoids identified in nature [124]. The term flavonoids, derived
from the Latin word flavus which means yellow, was initially used to describe
yellow-colored compounds with a flavone moiety and later used to designate plant
polyphenols [125]. Flavonoids are comprised of a 15-carbon phenylpropanoid core
that is highly modified by glycosylation, oxidation and alkylation [126]. Based on
their structures, flavonoids are categorized into several subclasses [124]. Members
of one of these classes, the anthocyanins, have received much attention recently
due to their antioxidant, anti-inflammatory and anti-mutagenic benefits [127].

5.1.1. Anthocyanins

The term anthocyanin is derived from the Greek words anthos and kyaneos which
translate to flower and blue respectively [128]. Anthocyanins are complex, glyco-
sylated forms of their precursors, anthocyanidins. There are 17 known, naturally
occurring anthocyanidins, but only six of them are commonly found in higher plants,
and these are pelargonidin, peonidin, cyanidin, melvidin, petunidin, and delphinidin.
There have been about 400 anthocyanins found in nature [128]. Blueberries (BBs)
provide one of the highest sources of anthocyanins [129, 130]. In a study comparing
22 different fruits and vegetables, blueberries have been found to contain the highest
antioxidant capacity as measured by the oxygen radical absorption capacity (ORAC)
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assay [131–133]. In fact, a comprehensive survey of common foods in the United
States has found that wild blueberries rank second in total antioxidant capacity
per serving among the 100 foods analyzed [134]. The positive correlation between
anthocyanin content and ORAC antioxidant capacity which is found in blueberries
makes them especially attractive for the study of their neutraceutical effects.

5.1.2. Bioavailability of anthocyanins in rat brains

Importantly, for this review it appears that the anthocyanins may have direct effects
in the CNS. The beneficial effects afforded by anthocyanins depend largely on their
permeability through the blood-brain barrier (BBB) [135]. Liquid chromatography-
mass spectrometry studies of the distribution of anthocyanins in the brains of
aged Fischer 344 (F344) rats showed that 10-week BB-supplementation resulted in
the localization of glycosylated forms of cyanidin, malvidin and malvidin-3-O-�-
arabinose in various brain regions, particularly in the hippocampus and cortex [136].
These findings suggest that the BBB may be permeable to anthocyanins which can
localize in brain regions that are important in leaning and memory [136].

5.2. Blueberry Supplementation: Animal Studies

5.2.1. Motor and cognitive behavioral improvements

We have shown that short-term dietary supplementation (for 8 weeks) with spinach,
strawberry or blueberry (BB) extracts in an AIN-93 diet was effective in reversing
age-related deficits in neuronal and cognitive function in aged F344 rats, fed from 19
to 21 months of age [6]. However, only the BB-supplemented group demonstrated
improved motor performance on tests such as rod walking and accelerating rotarod
which measure balance and coordination. In contrast, none of the other supple-
mented groups showed improvement on these tasks as compared to the control
group [6]. Short-term BB supplementation provided in a modified NIH-31 diet,
which is more like a natural diet, has also been found to benefit age-related declines
in behavioral parameters such as balance, coordination, and working and reference
memory, as seen in F344 rats [137].

5.2.2. Cell signaling

The improvement by the BB supplementation observed in these rats may not have
resulted directly from the antioxidant activity provided by BB. Assessment of the
striatal level of the endogenous antioxidant enzyme glutathione (GSH) in BB-
supplemented rats revealed no beneficial effect provided by the supplementation [6].
Also, the level of ROS in the striatal tissues from the BB-supplemented rats was
only moderately reduced by the supplementation [6]. This small level of antioxidant
activity provided by the supplemented diet may not be sufficient to account for the
diet-induced significant improvement on motor and cognitive behaviors. Therefore,
there may be other benefits, in addition to the antioxidant/anti-inflammatory effects,
that contributed to the observed enhancement of motor and cognitive behaviors
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provided by BB supplementation. It is reasonable to postulate that the bioactive
compounds in BB may act as signaling molecules [138].

5.2.2.1. GTPase activity, calcium homeostasis, and dopamine release Indeed,
striatal slices from rats on a BB-supplemented diet showed increases in carbachol-
stimulated GTPase activity and 45Ca2+-recovery [6]. It has been shown that
aging affects calcium homeostasis [139]. Thus, blueberry supplementation may
mitigate the deleterious effect of aging on calcium homeostasis. Also, oxotremorine-
induced dopamine (DA) release from striatal slices obtained from rats on a BB-
supplemented diet was significantly increased [6, 137]. The loss in sensitivity of
the DA neurotransmitter, as well as the adrenergic, the muscarinic, and the opioid
system, has been linked to oxidative stress [140–143]. The oxidative stress-induced
decline in neuronal functions has been demonstrated to cause deficits in motor
functions [92, 93] and cognitive behaviors [97, 99]. The enhancement in DA release
through BB supplementation may provide a direct link to the improved motor and
cognitive behaviors seen in rats on the BB-supplemented diet [6, 137].

5.2.2.2. MAPKs and PKC A study using the APP/PS1 (amyloid precursor
protein/presenilin-1) transgenic mice has revealed that BB may enhance neuronal
signaling [144]. The APP/PS1 transgenic mouse was used as a murine model for
AD because the mutations promote beta amyloid �A�� production and Alzheimer-
like plaque deposit in several brain regions that are accompanied in middle age by
cognitive deficits. In a long-term feeding experiment, four month-old transgenic and
non-transgenic mice were given a BB-supplemented or control diet for eight months
until they were 12 months old. After the eight-month feeding period, the mice were
assessed for their memory performance in a Y-maze. The BB-supplemented trans-
genic mice performed comparably to the non-transgenic mice but significantly better
than the non-supplemented transgenic mice [144]. Although BB supplementation
improved cognitive performance, it did not reduce the plaque burden in the BB-
supplemented transgenic mice as there was no difference in the number of plaques
between the BB-supplemented and non-supplemented transgenic mice [144]. This
discrepancy may be due to enhanced neuronal signaling in BB-supplemented
transgenic mice; the enhancement in neuronal communication may prevent or
circumvent any putative deleterious effects of the amyloid plaques imposed upon
behavior. Indeed, data from this study showed that the BB-supplemented transgenic
mice exhibited higher levels of extracellular signal regulated kinases (ERK1/2)
in the hippocampus than that of the non-supplemented transgenic mice. Also,
a greater level of protein kinase C (PKC) was observed in the striatum and
hippocampus of the BB-supplemented transgenic mice [144]. The ERK and PKC
kinases have been shown to play an important role in mediating cognitive function,
especially in conversion of short-term to long-term memory [145]. Therefore, the
bioactive compounds in BB may serve as signaling mediators in addition to the
antioxidant/anti-inflammatory effectors.
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5.2.2.3. NF-�B The effects of BB supplementation on the level of oxidative
stress-sensitive NF-�B expression have been examined [11]. In this study, young
and aged male F344 rats were fed a BB-supplemented or a control diet for four
months, after which time the rats were tested for their object recognition memory
(ORM). After the behavioral tests, the rats were killed and the level of NF-�B
protein expression was assayed in five different regions of the rat brains. An age-
related decline in ORM was observed among the young and aged rats fed the control
diet. Aged rats on the BB-supplemented diet showed an improvement in ORM as
compared to that of the age-matched control rats. This enhancement in ORM seen
in the BB-supplemented rats was accompanied by the reduction of age-induced
increase in NF-�B expression to the young control level in the frontal cortex,
hippocampus and the striatum. BB supplementation also reduced cerebellar NF-�B
expression in BB-supplemented aged rats as compared to the age-matched control
animals, but it did not restore the expression level to that of young controls. BB
supplementation had no effect on the expression of NF-�B in the basal forebrain.
The results indicated that BB supplementation attenuated the age-related elevation
of NF-�B in a brain region-specific manner [11].

5.2.2.4. Cerebellar noradrenergic function Age-related changes in �-
adrenergic function have been observed in the cerebellar noradrenergic system
(NAS). These alterations may underlie certain deficits in motor learning observed
in aged rats [108]. Investigation of �-adrenergic receptor function revealed that as
high as 80% of the recorded cerebellar Purkinje cells from young rats responded to
treatment with an �-adrenergic agonist producing enhancement of �-amino butyric
(GABA)-induced inhibition, in contrast to the 40% from old rats. However, this
age-related decrease in �-adrenergic receptor function was restored by BB supple-
mentation to the level seen in the young animals [146].

5.2.2.5. Neurogenesis The hippocampal neurons are capable of self renewal
or neurogenesis. However, there is an age-related decline in neurogenesis which
is accompanied by cognitive deficits [10, 147–149]. A short-term feeding exper-
iment was conducted to determine whether BB supplementation could restore the
age-related cognitive decline through enhanced neurogenesis [10]. In this study,
19-month-old male Fischer 344 rats were fed either a control or BB-supplemented
diet for eight weeks. After being tested for their cognitive performance, the rats
were injected with bromodeoxyuridine (BrdU), for 4 consecutive days, before they
were processed for immunohistochemistry [10]. BrdU is a modified analog of
thymidine that can be incorporated into nascent DNA during cell replication. Neuro-
genesis in the rat brains was quantified by counting the BrdU-positive cells obtained
by immunostaining with anti-BrdU antibody [10]. BB supplementation signifi-
cantly increased neurogenesis in the dentate gyrus of aged rat brains and improved
cognitive performance of these animals by reducing reference and working memory
errors [10]. There was negative correlation between the number of BrdU-positive
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neurons and the number of total memory errors [10]. Furthermore, BB supplemen-
tation enhanced the level of neurotrophic factor insulin-like growth factor 1 (IGF-1)
and its receptor (IGF-1R). The level of mitogen-activated ERK was also increased
by BB-supplementation. These increases in the signaling molecules were inversely
correlated to the number of total memory errors. The results from this study clearly
indicated that BB supplementation increased hippocampal plasticity and cognitive
performance via concerted mechanisms involving neurogenesis, neurotrophic factor
IGF-1 and its receptor, and MAP kinase signal transduction cascades [10].

5.2.3. Surgically-induced neurodegeneration

5.2.3.1. Kainic acid-induced neuroinflammation Kainic acid (KA), an excito-
toxin which produces neuronal lesions and induces an inflammatory response in
the brain, was used to investigate the beneficial effects of BB supplementation on
inflammation [150, 151]. This study used four-month old male F344 rats that were
fed a control, 2% BB, or 0.015% piroxicam (PX, a non-steroidal anti-inflammatory
drug, NSAID) diet for 8 weeks before they were subjected to intrahippocampal
injection with Ringer’s saline (R) or KA (300 ng in 0.5� lR) via stereotaxic surgery.
Ten days after the injection, rats were tested in the Morris water maze (MWM) for
4 days. After behavioral tests, rats were divided into two groups. One group was
processed for immunohistochemical analysis of OX-6, a glial inflammatory marker.
The other group was used to profile the expression of IL-1�, TNF-�, NF-�B and
IGF-1 mRNA in the hippocampus.

Kainic acid produced an inflammatory response in the hippocampus as shown
by increased hippocampal OX-6 activation. The BB supplementation reduced this
inflammatory response; however it did not restore OX-6 activation to control
levels [150].

The beneficial effects of the BB supplementation on behavioral performance
were seen primarily on days 2 and 3, while the rats on the PX diet showed improved
performance on day 4 which was the reversal day. The data indicated that BB and
PX have differential effects on cognitive behavior. If both compounds had been fed
to the rats in the same diet, they might have exerted a synergistic effect to improve
memory better than either compound alone [150].

Also, BB- and PX-supplemented diets were found to improve performance in
the rats injected with vehicle alone. These rats were not subjected to KA-induced
oxidative stress and inflammation. This enhanced effect of the BB supplementation
was consistent with previous studies. It is hypothesized that the bioactive compounds
in blueberries may possess effects beyond antioxidant activity or anti-inflammation.
They may serve as signaling molecules to facilitate neuronal communication and
enhance neurogenesis.

Gene expression analysis showed that BB supplementation was able to restore
the expression of NF-�B to the control level and reduce the expression of IL-1�
and TNF-� (though not to the control level) in the hippocampus. On the other
hand, BB supplementation elevated the expression of neuroprotective trophic factor
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IGF-1 in KA-injected animals, suggesting that BB exerts its effect on inflammation
and neurotrophic events through different cascades [151].

5.2.3.2. Ischemia-induced stroke The effect of BB supplementation on stroke
by ischemia-induced brain damage was conducted in 45 day-old male Long-Evans
rats [152]. Rats were fed a BB-supplemented or control AIN93G diet for six
weeks prior to stroke-induction followed by hypoxia [152]. One week after the
simulated stroke, the total neuronal damage in the ischemic hippocampus was
assessed histologically. BB supplementation afforded a 57% neuroprotection as
determined by the number of damaged neurons in the hippocampus [152]. However,
the protection appeared to be selective for the C1 (66% neuroprotection) and
C2 (68% neuroprotection) regions of the hippocampus. There was only a 9%
neuroprotection in the C3 region of the hippocampus [152].

5.2.3.3. 6-OHDA-induced nigrostriatal dopaminergic neuronal damage
Degeneration of dopaminergic neurons in the substantia nigra has been linked to
age-related neurodegenerative Parkinson’s disease [31]. A study was conducted to
examine the beneficial effects of BB supplementation on the inflammatory response
following striatal injection of 6-hydroxydopamine (6-OHDA) into rats fed a BB-
supplemented or a control diet [153]. One week after striatal injection of 6-OHDA, a
rapid but transient increase in OX-6 positive microglial cells from BB-supplemented
rats was observed. However, one month post-injection, the number of OX-6 positive
cells from the BB-supplemented rats was restored to the level of sham-injected rats
while a significant increase in the number of OX-6 positive cells was observed in
the control-fed 6-OHDA-injected rats [153]. An increase in the number of tyrosine
hydroxylase (TH)-positive neurons was also found in BB-fed rats compared to
control rats four weeks post-injection. These findings indicate that BB supplemen-
tation decreases neuroinflammation and facilitates the innervation of dopaminergic
striatal neurons that have been surgically injured [153].

5.3. Blueberry Treatment: Cell and Worm Studies

5.3.1. Muscarinic receptors in COS-7 cells

Accumulating evidence suggests that there is age-related loss of sensitivity in
muscarinic receptors of the brain (MAChRs). Loss of MAChRs has also been
observed in neurodegenerative AD [154, 155] and we have shown that it is
exacerbated by oxidative stress [156]. There is also strong evidence linking
MAChRs to various aspects of amyloid precursor protein processing and vascular
functioning [157, 158]. Moreover, the various MAChR subtypes may show differ-
ential susceptibility to oxidative stress. Indeed, we have shown that COS-7 cells
transfected with MAChR subtypes M1, M2 or M4 showed greater oxidative stress
susceptibility than those transfected with M3 or M5 when they were exposed to
dopamine or A� [159]. However, chimeric M1 (M1M3i3) receptors, in which the
variable i3 loop of the M3 receptor (M3i3) was replaced with the i3 loop of the M1



Nutritional intervention in brain aging 309

receptor, exhibited a reduction in dopamine sensitivity. This decrease in dopamine
sensitivity was not seen in chimeric M3 (M3M1i3) receptors indicating that the
variable i3 loop of the M3 receptor may be responsible for the observed decrease in
oxidative stress sensitivity [159]. Results from BB-treated MAChR M1-transfected
COS-7 cells revealed that BB-treatment protected these cells against dopamine- or
A�-induced oxidative stress [12]. The findings indicate that BB may be used to
mitigate the toxic effects of A� and dopamine seen in AD patients.

5.3.2. Anticancer activity in cancer cell lines

The beneficial effects of blueberries on antiproliferation and induction of apoptosis
were examined with two human colon cancer cell lines [160]. The anticancer
activities of phenolic compounds found in rabbiteye blueberries were systemati-
cally assessed. It was found that the phenolic acid fraction exhibited low levels
of bioactivity while the anthocyanin fractions showed the highest antiprolifer-
ative effect [160]. The same fractions also demonstrated 3- to 7-fold increases in
DNA fragmentation, suggesting that anthocyanins induced apoptosis in these cancer
cells [160].

Extracellular matrix (ECM) proteolysis plays an important role in the process
of cancer metastasis. Matrix metalloproteinases (MMPs) are the major mediators
in the degradation of ECM. Therefore, regulation of MMP activity is crucial in
the control of tumor metastasis [161]. The effects of three flavonoid-rich fractions
(crude, anthocyanin, and proanthocyanin-enriched fraction) on MMP regulation in
DU145 human prostate cancer cells were investigated [162]. Each fraction elicited
a decrease in the activity of MMP-2 and MMP-9. However, cancer cells treated
with the proanthocyanin-enriched fraction exhibited the greatest inhibition in MMP
activity [162]. Therefore, blueberry flavonoids appear to inhibit cancer metastasis
by blocking MMP activity.

5.3.3. Antioxidant/Anti-inflammatory effects on murine microglia

LPS-activated microglia provide an in vitro model for the study of mecha-
nisms underlying inflammation-mediated neuronal damage. The antioxidant/anti-
inflammatory effects of blueberry polyphenols were exemplified in mouse BV2
microglial cells. We found that incubation with BB significantly and dose-
dependently inhibited the production of nitrite (a stable metabolite of nitric oxide)
in LPS-conditioned media. This reduction was accompanied by a decline in the
mRNA and protein expression of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) [163]. Furthermore, the proinflammatory cytokines IL-�
and TNF-� from LPS-conditioned media were found to be reduced in a dose-
responsive manner. Intracellular ROS levels were found to be attenuated by BB
treatment [163]. These findings provided further evidence that the antioxidant
and anti-inflammatory properties of blueberries may involve alterations in stress
signaling.
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5.3.4. Longevity and thermotolerance in caenorhabditis elegans

It has been reported that a complex mixture of blueberry polyphenols was able
to extend the lifespan and retard the age-related cellular damage in the nematode,
C. elegans [164]. Results from this report indicated that the benefits of the blueberry
polyphenols encompassed more than just antioxidant activity, since treatment with
BB polyphenols also attenuated the deleterious effects of acute heat stress on
the survival of nematodes. When BB polyphenols were separated into the three
primary fractions (anthocyanin-, proanthocyanidin-, and hydroxycinnamic ester-
enriched fraction), only the proanthocyanidin-enriched fraction produced signif-
icant increases in lifespan and thermotolerance similar to that of the starting BB
polyphenol mixture [164]. The authors postulated that the beneficial effects of
the blueberry polyphenols required activation of the calcium/calmodulin dependent
protein kinase II (CaMKII) pathway that is important in osmotic stress resistance
and independent of their antioxidant effects. Thus, in this particular model, the
primary beneficial effect may be the regulation of osmotic stress resistance through
activity of the osr-1 genetic pathway rather than oxidative stress per se. [164].

6. CONCLUSIONS

Findings reviewed above suggest that oxidative stress and inflammation may be
the major sources contributing to neuronal and behavioral deficits observed in
the aging process and age-related neurodegenerative diseases [14,16, 68, 165–168].
A growing interest in dietary antioxidants has been heightened by the revelation
that the plethora of natural antioxidants found in plant food matrices, such as
fruits and vegetables, possess neuroprotective, cardioprotective, and chemopro-
tective properties [138,169–171].

In this regard, berryfruit may be especially potent in free radical quenching
activity as assessed via the water-soluble ORAC index [132, 172, 173]. More
importantly, it appears that berryfruit such as blueberries may also exert their
antioxidant/anti-inflammatory effects by directly altering the oxidative and heat
stress signaling pathways. Additionally, blueberries have been shown to increase
the expression of MAP kinases [144], as well as neuronal signaling associated
with learning and memory, that result in increases in neurogenesis, accom-
panied by increases in the levels of ERK and IGF-1 expression [10]. These
alterations, coupled with increases in downstream mediators such as cAMP
response element binding protein (CREB), might be mechanistically involved in the
enhanced cognitive and motor behavioral performance in berryfruit-supplemented
animals in senescence. Importantly, results from C. elegans indicate that [6], in
addition to their antioxidant activities, blueberries may increase mean life span by
increasing thermotolerance by regulation of osmotic stress. Thus, nutritional inter-
ventions with high antioxidant fruits such as berryfruits may prove to be a valuable
asset in strengthening the brain against the ravages of time and retard or prevent
the development of age-related neurodegenerative diseases.
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