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ABSTRACT
COX-2 INHIBITION IMPAIRED RESOLUTION OF CHRONIC
INFLAMMATION IN A MURINE MODEL OF AUTOIMMUNE ARTHRITIS
Andrea Rossi Moore
Doctor of Philosophy
Temple University, 2010
Advisor: Dr. Marion Man-Ying Chan
Rheumatoid arthritis (RA) is a chronic disease characterized by cycles of
inflammation and resolution. Previously, it was believed that the resolution of
inflammation is simply dissipation of pro-inflammatory signals, although current research
indicates that resolution is an active process. Acute inflammation follows defined phases
of induction, inflammation and resolution, and resolution occurs by an active process that
requires COX-2 activity. This study aims to address whether this paradigm extends to a
recognized model of chronic inflammation. We demonstrated in murine collageninduced arthritis that chronic inflammation follows the same sequential course. While
there is the normal production of pro-inflammatory cytokines during inflammation and
anti-inflammatory mediators such as 15-deoxyΔ12,14PGJ2 (15d-PGJ2) during resolution,
interestingly there is sustained production of both COX-2 and the presumably proinflammatory PGE2 during both phases. Blocking COX-2 activity and therefore
production of PGE2 during the resolution phase perpetuated instead of attenuated
inflammation. Repletion with PGE2 analogs restored homeostasis, and this function is
mediated by the pro-resolving lipoxygenase metabolite, lipoxin A4 (LXA4), which is a
potent stop signal. Thus, the study provided in vivo evidence for a natural, endogenous
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link between the cyclooxygenase-lipoxygenase pathways and showed that PGE2 serves as
a feedback inhibitor essential for limiting chronic inflammation in autoimmune arthritis.
These findings may explain the enigma regarding why COX-2 inhibitors are palliative
rather than curative in humans because blocking resolution may mitigate the benefit of
preventing induction.
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CHAPTER 1
INTRODUCTION

Rheumatoid Arthritis
Asthenic Gout
In Paris, France in the year 1800, a physician named Augustin Jacob Landré-Beauvais
documented a new disease for his medical doctorate. Landré-Beauvais observed that this
disease, which he called “asthenic gout,” is different from typical gout in the
predominance in women, involvement of many joints, and a chronic course of disease
(Landré-Beauvais, 2001). Landré-Beauvais’ documentation of this new form of gout is
considered to be the first description of the disease that is now known as rheumatoid
arthritis.
Symptoms and Diagnosis
Rheumatoid arthritis (RA) is a systemic inflammatory disorder that can affect many
tissues and organs. Primarily, RA affects the smaller joints of the hands and feet causing
swelling, redness, and warmth of the affected joint (Firestein, 2003). Rheumatoid
arthritis progresses in three stages. The first stage includes swelling of the synovial
lining, causing the joints to become red, swollen, and stiff. In the second stage, the
pannus rapidly grows, causing a thickening of the synovial lining. The third stage
involves the release of enzymes that digest bone and cartilage (Firestein, 2003; The
Arthritis Foundation, 2010). Ultimately, patients with rheumatoid arthritis experience
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severe joint destruction, pain, and immobility. The chronic nature of the disease ensures
lifelong disability and a decrease in quality of life.
Diagnosis of rheumatoid arthritis requires various clinical aspects of disease. The
typical presentation of disease involves pain, stiffness, and swelling of multiple joints in a
bilateral, asymmetrical pattern. Symptoms usually occur over a period of weeks to
months, and are usually accompanied by anorexia, weakness, or fatigue. Patients also
experience morning stiffness that lasts for more than an hour (Majithia et al., 2007).
Generally, x-ray and other imaging techniques are utilized in order to examine the
integrity of the joints and surrounding tissues.
Diagnosing RA also involves immunological studies evaluating the production of
rheumatoid factor. Rheumatoid factor is an autoantibody against the Fc portion of IgG,
which was characterized by Franklin and Kunkel in 1957. Changes in serum RF levels
may be used as indicators of disease as well as in monitoring responses to therapies
(Smolen et al., 1996). About 80% of patients are “seropositive” for rheumatoid factor.
Production of the antibody is often associated with an aggressive and more destructive
course of disease (Firestein, 2003). Serum rheumatoid factor can also be found in other
autoimmune syndromes such as Sjögrens Syndrome (SS) and systemic lupus
erythematosus (SLE) (Westwood et al., 2006).
Other more sensitive serological tests have been developed recently. Tests for anticitrullinated protein antibodies (ACPAs) have been developed and have a specificity of
around 95% (Nishimura et al., 2007). Ultimately, the American College of
Rheumatology has defined criteria for the diagnosis of rheumatoid arthritis. Of the
following, four criteria must be met for a positive diagnosis; morning stiffness for at least
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an hour, arthritis and soft tissue swelling of at least 3 out of 14 joints, arthritis of the hand
joints, symmetric arthritis, subcutaneous nodules, and rheumatoid factor at a level above
the 95th percentile (Arnett et al., 1988).
Incidence and Prevalence of RA
RA occurs in 1% of the adult population worldwide and is a highly debilitating
disorder (Firestein, 2003). RA presents in patients between the ages of 30 and 50 years
of age (Harris et al., 2005). It affects about 25 men and 54 women per 100,000 people
and is responsible for 250,000 hospitalizations and 9 million physicians visits each year
(Harris et al., 2005; Firestein, 2005; The American College of Rheumatology, 2002).
The causative agent of disease remains to be verified but many recent studies have shed
some light on many factors that may trigger the manifestation of disease in so many
people.
Effect on Other Organs
While the primary symptoms of rheumatoid arthritis involve inflammation and
destruction of the joints, involvement of other organs also occurs. Within the skin,
rheumatoid nodules can form. These nodules are basically lumps of necrotic tissue.
Nodules are usually formed over bony prominences and are associated with a positive
test for rheumatoid factor (Arthritis Foundation, 2010). In the kidneys, renal amyloidosis
can occur (deGroot, 2007). Patients with rheumatoid arthritis also have a higher chance
of atherosclerosis and heart attack (Wolfe et al., 1994).
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Causes of Rheumatoid Arthritis
Genetic Factors
Genetic factors play a major role in determining the risk involved in developing
rheumatoid arthritis. The risk of developing RA due to genetic factors is about 60%
(MacGregor et al., 2000). The likelihood of developing rheumatoid arthritis if a sibling is
also affected is 2-6 times greater than in normal families suggesting a strong genetic
influence (Deighton et al., 1989; Silman, 1997). While genetic predisposition seems
quite certain, various genetic candidates have been proposed to be responsible for the
development of disease.
For over 25 years the HLA-DRB1 gene has been the main genetic determinant of RA
accounting for about 30% of the risk in developing the disease (Stastny, 1976;
Wordsworth and Bell, 1992). Some patients may also express HLA-DR4 and HLADR10 but the strongest association is those with the HLA-DR1 gene. The HLA-DRB1
alleles contain a shared epitope, which is believed to contribute to the development of
rheumatoid arthritis (Cornelis, 2001; Gregerson et al., 1987). The alleles carrying this
nucleotide sequence are DRB1*0401, *0404, *0405, *0408, *0101, *0102, *1402, *09,
and *1001. They each have a different level of association with RA with the highest risk
being association with *0401 and *0404 (Hall et al., 1996). Although the mechanism by
which this shared epitope increases susceptibility is unknown, there are various
hypotheses. Some of these hypotheses include the presentation of arthritogenic selfpeptides, molecular mimicry with foreign antigens, and T cell repertoire selection
(Cornelis et al., 2001).
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Genes for TNF or TNF receptors have also been attractive candidates for researchers.
Studies using microsatellite markers across the entire HLA complex identified a stretch
of genes associated with RA that spans the TNF cluster (Porter et al., 2006). Other loci,
including PTPN22 (protein tyrosine phosphatase, non-receptor type 22), PADI4 (peptidyl
arginine deiminase, type IV), CTLA4 (cytotoxic T-lymphocyte antigen 4), and various
cytokine and cytokine-receptor loci, such as those encoding IL-1, IL-10 and IL-18, have
been implicated in disease being associated to various degrees in distinct populations
(McInnes et al., 2007; Begovich et al., 2004; Suzuki et al., 2003; Plenge et al., 2005;
Maksymowych et al., 2009).
Environmental Factors
While genetics play a major role in the development of RA, environmental factors
have also been revealed as players in disease pathogenesis. Examinations of medieval
skeletons in the United Kingdom failed to show any evidence of RA while now the
disease is present in a noticeable percentage of the population (Rogers and Dieppe,
1990). Studies have identified various environmental factors important in RA.
Researchers found that long-term smoking increased the risk of developing rheumatoid
arthritis. Smoking along with the genetic risk factor, DRB1 shared epitope, increases the
risk of developing RA (Stolt et al., 2003; Padyukov et al., 2004). Researchers have also
found that having above average weight at one year of age is associated with the
development of rheumatoid factor later in life (Walker-Bone et al., 2004). Various
pathogens such as Epstein-Barr virus, Mycobacterium tuberculosis, Escherichia coli,
Proteus mirabilis, retroviruses and parvovirus B19 are candidates implicated in RA by
the association with increased antibody titers in patients with RA (Maini et al., 2004).
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While environmental factors appear to play a role independently or in association with
genetic factors in development of RA there has not been much success in identification of
these factors. Environmental effects on disease may occur many years before the actual
manifestation of disease making it difficult to identify these factors (Edwards and
Cooper, 2004).

Pathogenesis of Rheumatoid Arthritis
Cytokines in the Pathogenesis of RA
Cytokines are major mediators in all stages of disease in RA. Cytokines released
primarily by monocytes regulate the phenotype of effector and regulatory T cells in the
synovium. In an established disease, cytokines such as TNFα, IL-1β, IL-6, IL-7, IL-12,
IL-15, IL-18, IL-23p19, and TGFβ can support the expansion of TH1 or TH17 cells.
Cytokines are important in every phase of disease by the constant maintenance of an
inflammatory state through its destruction of surrounding tissues. Therefore, they are
responsible for both the physical destruction and the chronic nature of disease seen in
rheumatoid arthritis (McInnes et al., 2007).
The cytokine, TNFα, has been shown to be of the utmost importance in the
pathogenesis of rheumatoid arthritis. TNFα is present in most synovial biopsies, and its
inhibition suppresses various arthritis models, whereas over-expression of a TNF
transgene induces spontaneous erosive inflammatory arthritis (Keffer et al., 1991). TNF
induces leukocyte and endothelial-cell activation, synovial-fibroblast activation and
survival, pain-receptor sensitization and angiogenesis, which together represent key
pathological features of rheumatoid arthritis (McInnes et al., 2007). TNFα is an
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inflammatory mediator and it alone is not destructive but enhances the destructive effects
of another important cytokine, IL-1 (VandeLoo and VandenBerg, 1990; Henderson and
Pettipher, 1989).
In 1993, Rouvier et al. discovered a new class of cytokines, IL-17, which were
quickly associated with autoimmune disorders. Lubberts et al. (2008) demonstrated a key
role for IL-17 in collagen-induced arthritis. In humans, high levels of IL-17 and its
receptor are found in the synovial fluid of patients with RA. It was also found that IL-17
promotes joint degradation in ex vivo models of inflammation (Kotake et al., 1999; Cai et
al., 2001). IL-17 induces the production of pro-inflammatory cytokines and promotes
cartilage catabolism (McInnes et al., 2007; Kunz and Ibrahim, 2009). This cytokine
enhances cartilage damage and leads to erosions and chondrocyte death (Lubberts et al.,
2002). Both TNFα and IL-17 are two of the major cytokines implicated in the
progression and maintenance of chronic inflammation.
T cells in the Pathogenesis of RA
T cells are major players in the pathogenesis of RA. Synovial fluid of patients with
RA were found to have high numbers of T cells and animal models have shown a
requirement of T cells in order to induce disease (Panayi, 2006). Cytokines are essential
for regulating the phenotype of effector and regulatory T cells in RA patients (McInnes et
al., 2003).

RA was considered to be a T helper 1 driven disease characterized by T cells

producing inflammatory cytokines such as IFNγ and TNFα (Toh et al., 2007; SchulzeKoops et al., 2001). However, recently characterized populations of T cells, known as
TH17 cells, were found to be crucial regulators of autoimmune disease (Lubberts et al.,
2005).

	
  

7	
  

It was demonstrated that IL-17 producing and not IFNγ producing effector T cells
were pathogenic in collagen-induced arthritis (Toh et al., 2007). The importance of IL-17
producing TH17 cells has been more recently investigated. The mechanism by which IL17 degrades joints is through RANKL expression on T cells and other mesenchymal cells
resulting in an increase in osteoclastogensis (Page and Miossec, 2005). These cells are
also involved in the recruitment and activation of neutrophils by inducing the production
of chemokines in surrounding cells (Ouyang et al., 2008). TH17 cells are also thought to
contribute to the activation of mononuclear cells (Annunziato et al., 2009).
While TH17 cells have been implicated in the pathogenesis of multiple autoimmune
disorders, the idea that TH1 cells do not also contribute to pathogenesis has not been
clarified. Several forms of EAE require a TH1 phenotype in order to elucidate disease
while several others require TH17 (Kroenke et al., 2009). Roles for both TH1 and TH17 in
the pathogenesis and maintenance of chronic inflammatory bowel disease have also been
investigated further contributing to the idea that both contribute to inflammatory
conditions (Duerr et al., 2006 and Fuss et al., 2006).
B cells in the Pathogenesis of RA
While T cells are required for the progression and maintenance of chronic disease,
antibodies and immune complexes are often triggers of inflammatory responses. The
classic autoantibodies in RA, rheumatoid factors, efficiently fix and activate complement
triggering cellular death and destruction (Vaughan et al., 1975). Immune complex
formation is maximal at sites of inflammation with a greater level of complement
activation in synovial fluid from patients with RA (Kaplan et al., 1980 and Ruddy et al.,
1970). B cells act as antigen-presenting cells, which then activate autoreactive T cells

	
  

8	
  

triggering disease. Studies in SCID mice support a role of B cells in the pathogenesis of
RA by demonstrating that T cell activation is B cell dependent. B cell derived cytokines
regulate the activation of follicular dendritic cells, which contributes to regulatory
feedback loops for T cell/macrophage and T cell/B cell interactions (Takemura et al.,
2001).
Autoantibodies are of major pathogenic significance in the development of RA. In
addition to antibodies to IgG, patients with RA have antibodies to other autoantigens
including type II collagen, heat shock proteins, proteoglycans, cartilage link protein, and
heavy chain binding proteins (Rowley et al., 1986). Some more prominent antibodies are
the antibodies to citrulline-modified peptide and proteins which are about 90% specific
for RA and can be found at early stages of the disease (van Boekel et al. 2002 and
Silverman et al. 2003). Altogether, B cells are essential to the development of various
autoimmune disorders.
Transcription Factors and the Inflammatory Response
Cellular activation and the production of pro-inflammatory cytokines begin a cascade
that ultimately involves the activation of transcription factors. One of the important
inflammatory regulating transcription factors is Nuclear Factor kappa B (NFκB). NFκB
consists of a group of homo- and hetero-dimers the subunits of which are members of a
family of structurally related proteins (Rel/NF-κB proteins). Under unstimulated
conditions, NFκB dimers are sequestered in the cytoplasm by inhibitor proteins called
inhibitor of κB (IκBs) (Baldwin et al., 1996). Upon stimulation, these IκBs are
phosphorylated resulting in their subsequent ubiquitination and degradation (Li et al.,
2006). This releases NFκB from IκB mediated inhibition and results in the translocation
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of the p65/p50 heterodimer of NFκB into the nucleus. The dimer binds to promoters of
different genes in the nucleus and regulates the activation of genes encoding for cell
surface molecules involved in immune function and induces further production of proinflammatory cytokines (Pahl et al., 1999). NFκB also binds to promoters of genes
encoding for inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) both
of which are essential in modulating the immune response (Gomez et al., 2005; Li et al.,
2006). While NFκB dependent DNA binding activity has been shown to be present in
RA synovium, its activation is not unique to rheumatoid arthritis (Asahara et al., 1995
and Müller-Ladner et al. 2002). Various inflammatory mechanisms rely on NFκB for
regulation of transcription and thus immunity.
While NFκB commands the pro-inflammatory arm of disease, a nuclear receptor
transcription factor family has been dubbed as the anti-inflammatory component.
Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription
factors that consist of three isoforms; PPARα, PPARβ/δ, and PPARγ and each differs in
tissue distribution and function (Michalik et al., 2006 and Zieleniak et al., 2008).
Activation of PPAR is primarily ligand-dependent and heterodimerization with the
retinoid X receptor (RXR) is necessary. Ligands bind to the PPAR-RXR complex
causing conformational changes that dissociate the co-repressor, freeing the molecule to
interact with PPAR response elements on DNA (Feige et al., 2006). PPARs can also
interact with other transcription factors by transrepression thus inhibiting dissociation of
co-repressors or sequestering co-activators necessary for activation of these factors (Tan
et al., 2005).
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PPARs exist in various immune cell types such as T cells, B cells, NK cells, dendritic
cells, eosinophils, and mast cells (Greene et al., 1994, Jiang et al., 1998, Ricote et al.,
1999 and Szeles et al., 2007). PPARs exert their anti-inflammatory actions by
antagonizing other signaling pathways in part through the interaction with other
transcription factors. PPARγ inhibits cell-mediated immunity by suppressing the
production of pro-inflammatory cytokines, suppressing effector mechanisms of
classically activated macrophages, and inhibiting recruitment of macrophages to sites of
inflammation (Ricote et al., 1999 and Szanto and Nagy, 2008).

Cyclooxygenase
Structure and Function
Cyclooxygenase (COX) is an enzyme that is responsible for the synthesis of
prostenoids including prostaglandins, prostacyclin, and thromboxane. There are three
isoforms of cyclooxygenase, COX-1, COX-2, and COX-3. In general, COX-1 is
constitutively expressed in most cells and regarded as a housekeeping molecule. COX-2
on the other hand is inducible and cannot be detected in most resting cells (Tsatsanis et
al., 2006). However, COX-2 is constitutively expressed in the brain and kidney of
rodents (Dubois et al., 1998). The regions regulating the gene expression of COX-1 and
COX-2 are not very similar. The promoter and enhancer regions regulating COX-2
contain a variety of response elements that control its inducibility by hormones, growth
factors, cAMP, inflammatory factors, and cytokines. There is much less known
regarding the regulation of COX-1 gene expression (Hoff et al., 1993; Murakami et al.,
1994; Ueda et al., 1997). COX-1 and COX-2 catalyze the rate-limiting step in the
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formation of prostaglandins and they share 60% homology to each other (Ramsay et al.,
2003 and Tsatsanis et al., 2006). COX-3 is a splice variant of COX-1, which retains
intron one and has a frameshift mutation (Chandrasekharan et al., 2002). Regulation of
this isoform of COX remains to be investigated.
Cyclooxygenase-1
COX-1 is located in nearly all tissues in the body (Crofford et al., 1997). COX-1 is
considered to be responsible for general homeostasis considering its constitutive
expression in most tissues. One of the major roles for this enzyme is to provide
precursors for thromboxane synthesis in blood platelets (Schafer, 1995). One pitfall in
the current usage of non-steroidal anti-inflammatory drugs such as aspirin is the effect on
COX-1 and the production of thromboxane. COX-1 is also important in maintaining
renal plasma flow and the glomerular filtration rate during conditions of systemic
vasoconstriction via production of vasodilating prostaglandins (Zambraski, 1995).
Cyclooxygenase-2
Cyclooxygenase 2 is the inducible enzyme responsible for synthesis of various
eicosanoids, which are of extreme importance in the function of various tissues and
organs. COX-2 null mice show severe disruption of kidney development leading
scientists to believe that its products may also be important in regulating function in the
organ (Dinchuk et al., 1995; Morham et al., 1995). Observations made in rats revealed
that COX-2 induced fever similarly to fever induced by LPS (Cao et al., 1997;
Matsumura et al., 1997). COX-2 also becomes active in the final stages of development
and brain modeling (Kaufmann et al., 1997). COX-2 is expressed in the gut in response
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to infection or invasion and it is also expressed during inflammation and wound healing
(Eckmann et al., 1997; Kapoor et al., 2007).
In addition to their many other functions, products of the COX-2 pathway regulate
arthritis. Animal models of arthritis show an increase in COX-2, which is responsible for
the increase in prostaglandin production in inflamed tissues (Anderson et al., 1996).
COX-2 induction is apparent in both patients with osteoarthritis joints as well as those
affected with rheumatoid arthritis (Amin et al., 1997; Kang et al., 1996). Proinflammatory molecules such as IL-1 and TNF as well as various growth factors can
induce COX-2 expression in inflammatory models (Dubois et al., 2006).
COX-2 and Resolution of Inflammation
While COX-2 is induced by pro-inflammatory stimuli and was initially discovered as
the isoform responsible for the progression of inflammatory conditions, a second aspect
of COX-2 has more recently come into light. COX-2 inhibitors have been utilized to
treat various inflammatory conditions including rheumatoid arthritis (Taylor, 2006).
These inhibitors are used on the premise that blocking COX-2 essentially blocks the
production of pro-inflammatory eicosanoids thus inhibiting inflammation.
Recently, several acute models of inflammation show that COX-2 is not only
essential for the onset of inflammation but is also responsible for the resolution of
inflammation. Gilroy et al. (1999) observed that blocking COX activity, whether with
the selective COX-2 inhibitor NS-398 or the dual COX-1/COX-2 inhibitor indomethacin,
inhibited carrageenin-induced acute pleurisy in the inflammation phase but then it
significantly perpetuated inflammation by interfering with resolution.

Similarly,

Fukunaga et al. (2005) have shown that pharmacologic inhibition or gene disruption of
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COX-2 blocked resolution of acid-induced lung injury. COX-2 has also been shown to
mediate resolution of acute inflammation in the liver, small bowel, and colon (Yin et al.,
2007; Reuter et al., 1996). Blaho et al. (2008) also showed that COX-2 inhibition led to a
failure of resolution in an animal model of Lyme disease. However, acute inflammation
is self-limiting and without relapse therefore some of its models have been criticized as
lacking the complexity of autoimmune diseases and therefore not similar to chronic
inflammation which is cyclical (Seibert et al., 1999). Whether chronic inflammatory
models function similarly to the acute models still remains to be identified.
Prostaglandins
Prostaglandin biosynthesis begins with the cleavage of arachidonic acid from cell
membrane phospholipids. Arachidonic acid is liberated from the cell membrane by
phospholipase A2. It is oxygenated by COX to form prostenoid precursor, PGG2 and then
again to form PGH2 (Smith et al., 2000; Ueno et al., 2001; Kojima et al, 2005).
Prostaglandins not only are synthesized from arachidonic acid but also can be made from
other ω-6 and ω-3 fatty acids by the action of cyclooxygenase producing the 1, 2, and 3
series of prostenoids (Smith, 2005). These prostenoids are transformed into either
prostaglandins via prostaglandin isomerases, prostacyclins via prostacyclin synthase, or
thromboxanes via thromboxane synthases (Mindrescu et al., 2005). PGH2 serves as a
precursor for further synthesis into the E, I, D, and F series of prostaglandins. They are
found in various human tissues as well as in other species of animals (Mead et al., 1986).
They are regulators of a large array of functions in the body such as wound healing,
kidney function, vasodilation of blood vessels, ovulation, and inflammatory responses
(Dubois et al., 1998).
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responsible for signal transduction after they are bound with the prostaglandin: the Gprotein coupled cytoplasmic receptors and the nuclear PPAR receptors (Forman et al.,
1996).

15-deoxy-Δ 12,14-PGJ2 (15d-PGJ2)
Synthesis
Production of the prostaglandin 15d-PGJ2 begins with the generation of PGH2 from
arachidonic acid.

PGH2 is enzymatically converted into PGD2 by prostaglandin D

synthase (PGDS). There are two different PGD synthases: hematopoietic PGDS (HPGDS) and lipocaline-type PGDS (L-PGDS). The cytosolic protein, H-PGDS, is found
in mast cells corresponding to the release of PGD2 from mast cells in response to stimuli
such as IgE (Kanaoka et al., 2000; Arimura et al., 2001). Pro-inflammatory cytokines
have been shown to up-regulate H-PGDS (Shan et al., 2004). This form of the enzyme is
responsible for the synthesis of PGD2 in uterine epithelium and endometrial glands
(Michimata et al., 2002). L-PGDS is a secreted protein, which is found in brain tissue
specifically in the leptomeninges and the choroid plexus (Urade and Hayaishi, 2000;
Kunz et al., 2002). It has also been shown that L-PGDS is constitutively expressed in
human articular chondrocytes and is also found in amniotic fluid (Attur et al., 2003;
Keelan et al., 2003). Once the prostaglandin, PGD2, is formed, it undergoes a series of
dehydration reactions.

PGD2 is first converted into PGJ2 and 15d-PGD2 through

dehydration. PGJ2 undergoes another dehydration reaction forming 15d-PGJ2 (Powell,
2003).
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Targets of 15d-PGJ2
A majority of prostaglandins have specific receptors that activate specific signal
transduction pathways. PGD2 acts upon the DP receptors that mediate a variety of
pathways. While 15d-PGJ2 generally has no specific set of receptors it can act upon the
DP receptor. 15d-PGJ2 weakly binds to the DP1 receptor in human neutrophils and
natural killer cells (Wright et al., 2002). This prostaglandin has also been shown to
activate DP2 on eosinophils, which results in increasing calcium fluxes (Monneret et al.,
2002). Even though 15d-PGJ2 can act upon the DP receptors a specific membrane
receptor has not been identified and thus this prostaglandin exerts its effects through
other means. The prostaglandin can interact with intracellular targets including nuclear
receptors and non-receptor proteins (Scher et al., 2005).
One such target of 15d-PGJ2 is the transcription factor, peroxisome proliferatoractivated receptors (PPAR). PPARs regulate gene expression of enzymes involved in
lipid production, cell proliferation, inflammation, and malignancy (Tontonoz et al., 1994;
Ricote et al., 1998; Mueller et al., 1998). As previously discussed, there are three
isoforms of PPARs: PPARα, PPARβ/δ, and PPARγ. PPARs contain a DNA-binding
domain that recognized sequences called PPAR-response elements (PPRE) on target
genes in the nucleus (Rosen and Spiegelman, 2001). PPARs combine with retinoid X
receptors and bind to the PPRE regulating transcription (Mangelsdorg and Evans, 1995).
15d-PGJ2 is a ligand for PPARs dissociating PPAR from co-repressors and allowing
activation with co-activators and translocation into the nucleus (Zhu et al., 1997). 15dPGJ2 is capable of inhibiting the transcription of pro-inflammatory cytokines induced by
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NFκB through the activation of PPARγ (Straus and Glass, 2001). Kawahito et al. (2000)
reported that both 15d-PGJ2 and the PPARγ ligand troglitazone reduced the degree of
inflammation in a model of adjuvant-induced arthritis in rats.
While 15d-PGJ2 is a natural ligand for PPAR, some of the effects seen with the
prostaglandin are not related to the transcription factor. It has been suggested that 15dPGJ2 interacts with NFκB and the extracellular signal-regulated kinase (Erk) signaling
pathway. 15d-PGJ2 is capable of binding the kinase responsible for phosphorylation of
IκB resulting in a failure of dissociation of the inhibitor from the NFκB subunits (Rossi
et al., 2000). In addition to directly inhibiting activation of NFκB, 15d-PGJ2 may also
inhibit binding of the transcription factor to DNA by alkylation of a conserved cysteine
residue located in the NFκB DNA-binding domain (Straus et al., 2000). In addition to
disrupting signaling pathways through the inactivation of NFκB, 15d-PGJ2 can induce
cell proliferation via Ras activation (Olivia et al., 2003). The prostaglandin modifies Ras,
which stimulates Erk and PI-3 kinase resulting in mediation of inflammation and
proliferation (Wilmer et al., 2001).
15d-PGJ2 and the Inflammatory Response
The prostaglandin, 15d-PGJ2, is an anti-inflammatory lipid mediator. Gilroy et al.
(1999) demonstrated for the first time a molecule responsible for resolution of
inflammation in a carrageenin-induced pleurisy model in rats. This group showed that
15d-PGJ2 has anti-inflammatory properties in this model. 15d-PGJ2 can reduce proinflammatory cytokine expression, PMN infiltration, and tissue injury (Cuzzocrea, 2002).
Kawahito et al. (2000) showed that injecting 15d-PGJ2 into animals where arthritis has
been induced improves the overall arthritic condition by suppressing pannus formation
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and infiltrating cells into the joints. 15d-PGJ2 can inhibit synthesis of NOS and MMP
induced by IL-1β (Bordjii et al., 2000). It has also been shown that 15d-PGJ2 inhibits the
activation of macrophages in vitro (Colville-Nash et al., 1998 and Lawrence et al., 2002).
Bianchi et al. (2005) also showed that administration of 15d-PGJ2 inhibited expression of
mPGES-1 in addition the inhibiting the NFκB pathway.

Prostaglandin E2 (PGE2)
Synthesis
Prostaglandin E2 (PGE2) is a downstream product of COX-2 conversion of
arachidonic acid into PGH2. PGH2 is converted into PGE2 by one of three terminal
synthases: mPGES-1, mPGES-2 and cPGES (Park et al., 2006).

Microsomal

prostaglandin E synthase-1 (mPGES-1) is a membrane-associated synthase responsible
for synthesis of PGE from PGH. mPGES-1 is the inducible form of the enzyme and
expression is regulated by pro-inflammatory signals such as IL-1β (Masuko-Hongo et al.,
2004). Other prostaglandins, such as 15-deoxy-Δ12,14-PGJ2 also can regulate mPGES-1
expression via various mechanisms of action (Scher and Pillinger, 2005; Li et al., 2005;
Cheng et al., 2004; Bianchi et al., 2005). Tanioka et al. (2000) first identified a cytosolic
form of PGE synthase in 2000 revealing that this form of the enzyme is localized in the
cytosol and is mainly constitutively expressed. However, there have been instances in
tumor cells and rat brains exposed to LPS where expression of cPGES is induced (Mattila
et al., 2009; Tanioka et al., 2000). In an antigen-induced arthritis animal model, cPGES
and mPGES-1 were both increased although production of cPGES was more prominent
later in the disease (Claveau et al., 2003).
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Watanabe et al. (1999) discovered a

glutathione independent form of mPGES in 1999 in heart, spleen, and uterus. While
mPGES-1 and cPGES require glutathione for their activity, mPGES-2 does not even
though the enzyme can be stimulated by glutathione (Tanikawa et al., 2002; Yamada et
al., 2005).

mPGES-2 is synthesized in the Golgi, truncated, and released into the

cytoplasm (Park et al., 2006). Similarly to cPGES, mPGES-2 is mainly constitutive
although there are conditions when the enzyme is induced (Mattila et al., 2009).
PGE2 Receptors
There are four receptors specific for PGE2, EP 1-4. The EP receptors are G proteincoupled protein receptors. These receptors are seven-transmembrane domain receptors
that activate signal transduction pathways inside the cell upon ligand binding (King et al.,
2003). The EP1 receptor was originally categorized to function as a smooth muscle
constrictor (Breyer et al., 2001). Activation of the EP1 receptors results in signaling by
increasing the intracellular concentration of calcium (Funk et al., 1993).

The EP2

receptor activation increases levels of cyclic AMP (cAMP) (Regan et al., 1994). This
receptor is closely related to the EP4 receptor but is expressed at a much lower level in
most tissues (Katsuyama et al., 1995). The EP3 receptor has various splice variants
which all are capable of binding to PGE2 and its agonist sulprostone (Breyer et al., 1994).
Studies have shown that the EP3 receptor signals through the small G-protein Rho and
also activates protein kinase C (Aoki et al., 1999). Activation of the EP4 receptor results
in increased cAMP similarly to the EP2 receptor (Regan et al., 1994; McCoy et al.,
2002). These receptors have also been shown to have vasodilator effects in response to
activation (Coleman et al., 1994). EP4 receptors are highly expressed and are present in
many tissues (Breyer et al., 2001).
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PGE2 and the Inflammatory Response
PGE2 is known to mediate vasodilation, vascular leakiness, and pain (Chace et al.,
1995).

In a model of inflammatory bowel disease, PGE2 sustains inflammation by

activating resident dendritic cells to express IL-23 thus shifting the T cell response
toward TH17 (Sheibanie et al., 2007).

PGE2 has often been associated with the

progression of the inflammatory response, pain, and fever (Blais et al., 2005). More
recently however, another aspect of PGE2 and its ability to regulate inflammation has
been investigated. Yin et al. (2007) found that the PGE analog, misoprostol, conferred
protection in a model of liver injury. PGE2 has been shown to inhibit secretion of MMP1 as well as inhibiting T cell proliferation and production of IL-2 and IFNγ (Pillinger et
al., 2003; Tilley et al., 2001). Studies by Pillinger et al. (2005) revealed that PGE2
inhibits activation of ERK suggesting that NFκB may be regulated by PGE2. The same
group showed that PGE2 prevented nuclear translocation of the p65 subunit of NFκB and
promoted the translocation of the p50 subunit in synovial fibroblasts from patients with
rheumatoid arthritis (Gomez et al., 2005). Generally, the increase of p50 in the nucleus
may lead to increased p50 homodimers in the nucleus which can bind to transcription
sites but do not induce gene expression thus making these homodimers anti-inflammatory
(Udalova et al., 2000). PGE2 functions as a mediator in the regulation of inflammation of
both pro- and anti-inflammatory mechanisms making this lipid a complex molecule that
is not yet fully understood.

	
  

20	
  

Lipoxins
Synthesis
Lipoxins are anti-inflammatory lipid mediators derived from arachidonic acid that are
structurally unique compared to prostaglandins and leukotrienes (Serhan, 1994).
Lipoxins are formed by first inserting oxygen into sites in arachidonic acid via the
enzyme lipoxygenase and this process is different depending upon cell type (Serhan,
2005). Lipoxin production can be initiated in several different ways. The first pathway
occurs when the enzyme 5-lipoxygenase (5-LOX) converts arachidonic acid into
leukotriene A4 (LTA4). LTA4 is subsequently taken up by platelets and converted into
Lipoxin A4 (LXA4) by either the enzyme 12-lipoxygenase (12-LOX) or 15-lipoxygenase
(15-LOX) (Serhan and Sheppard, 1990).

A second way in which lipoxin is produced

involves the enzyme 15-LOX. Arachidonic acid is converted by 15-LOX into 15(S)hydroperoxyeicosatetraenoic acid.

The reaction produces an unstable intermediate,

which is converted into lipoxins by hydrolases (Levy et al., 1993). Another pathway that
is responsible for lipoxin production involves aspirin acetylation. Aspirin acetylates the
active site of COX-2, which inhibits the production of prostaglandins but still allows for
the production of 15R-hydroxyeicosatetranoic acid (15R-HETE) from arachidonic acid.
15R-HETE then serves as a substrate for 5-LOX to produce a class of lipoxins called epilipoxins (Claria and Serhan, 1995).
Lipoxin Receptors
Lipoxins can interact with specific receptors or a subclass of receptors. Lipoxins can
interact with cysteinyl leukotriene receptor type 1 (CysLT1) which is a subclass of LTD4
receptors as well as other intracellular recognition sites (Gronert et al., 1998). The
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receptor for lipoxin A4 is a G-protein-coupled receptor called ALX, which binds LXA4
with a high affinity (Chiang et al., 2000). ALX can be found in PMNs, monocytes,
activated T cells and synovial fibroblasts (Sodin-Semrl et al., 2000). Cytokines such as
IL-13, IFNγ, and IL-4 up-regulate transcription of the lipoxin receptor, ALX (Gronert et
al., 1998). ALX signaling occurs through inhibition of a downstream regulator of p38mitogen-activated protein kinase cascade, leukocyte-specific protein-1 (Ohira et al.,
2004). Upon interaction with LXA4, ALX can also signal to inhibit superoxide anion
generation through a polyisoprenyl phosphate-signaling pathway (Levy et al., 1999).
Through this signaling pathway, LXA4 is capable of reducing peroxynitrite formation,
which opposes this signaling in leukocytes (Jozsef et al., 2002).

ALX has been

implicated as a major regulator of signaling pathways in the inflammatory responses
being responsible for mediating cellular responses within specific phases of the
inflammatory response (Chiang et al., 2005).
LXA4 and the Resolution of Inflammation
Serhan et al. (1984) first described a new class of lipid mediators called lipoxins in
1984 and since then there has been much research describing the anti-inflammatory
properties of this compound. LXA4 blocks pro-inflammatory signaling by inhibiting the
production of pro-inflammatory mediators and decreasing the expression of leukocyte
adhesion molecules (Guyre et al., 1988; Pype et al., 1999). It also initiates mechanisms
involved in resolution such as the apoptosis and phagocytosis of neutrophils (Serhan et
al., 2008). Lipoxins have been shown to reduce disease severity in inflammatory models
such as inflammatory bowel disease, arthritis, and asthma (Gewirtz et al., 2002; Zhang et
al., 2008; Levy et al., 2007). A reduction in LXA4 production coincides with increased
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expression of pro-inflammatory cytokines as well as an increase in tissue damage in
models of arthritis (Zhang et al., 2008). Deletion of the enzyme 12/15-LOX has been
shown to enhance inflammatory gene expression and decreased levels of LXA4 resulting
in uncontrolled inflammation and tissue damage (Krönke et al., 2009). Qui et al. (2001)
have also shown that LXA4 induces expression of NAB1 in neutrophils, which is a
transcriptional co-repressor.

LXA4 is ultimately responsible for modulating the

expression of chemokines and cytokines as well as stimulating monocyte locomotion and
enhancing macrophage phagocytosis of apoptotic leukocytes (Levy et al., 2001).
Although many studies have shown the role of LXA4 in the regulation of inflammation,
the complexities of the various pathways and interactions is still being investigated.
Lipoxins and PGE2
More recently, it has been discovered that lipoxin production is regulated in part by
the prostaglandin PGE2. In air pouch inflammation, a model of acute inflammation, it
was found that COX-2 derived PGE2 induces expression of 15-LOX and LXA4 in
leukocytes (Levy et al., 2001). The lipids PGE2 and LXA4 were both produced together
in a model of allergic edema (Bandeira-Melo et al., 2000). An animal model of acute
lung injury also shows that PGE2 not only increases production of LXA4 but can also
increase expression of the receptor ALX (Bonnans et al., 2006). While the interactions
with the cyclooxygenase pathway and the lipoxygenase pathway have been touched upon
in acute inflammation, whether a similar system exists in autoimmune inflammatory
conditions remains to be investigated.
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Treatments for Rheumatoid Arthritis
Overview
Rheumatoid arthritis is a disease regulated by complex mechanisms and compounds.
Identifying treatments that prevent inflammation without adverse affects on other body
systems is always challenging. Many of the treatments for RA include targeting proinflammatory mediators as well as surgery and manipulation of affected joints and bones.
There are three general classes of drugs used for treatment of rheumatoid arthritis: nonsteroidal anti-inflammatory drugs (NSAIDs), disease modifying anti-rheumatic drugs
(DMARDs), and corticosteroids. While many drugs have been designed and used to treat
RA, there is still a need for research investigating potential targets for treatment as well
as ways to enhance many of the pro-resolution molecules. In addition to drug therapy,
physical therapy and lifestyle changes that reduce stress on the joints assist in improving
the outcome of disease.
Corticosteroids
Corticosteroids can be utilized for short-term treatment of rheumatoid arthritis. These
drugs suppress the immune system therefore they are only useful temporarily for chronic
diseases. They can be administered orally, intravenously, or intramuscularly. Extended
use of steroids results in undesired side effects and can be toxic. One undesired effect is
the development of Cushing’s syndrome. This syndrome manifests as weight gain in the
trunk and face, baldness, muscle weakness, impotence, and infertility to name a few
(Bertagna et al., 2009). While these drugs can be used to treat RA, they are not the drugs
of choice for long-term usage.
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Disease Modifying Anti-rheumatic Drugs (DMARDs)
Disease modifying anti-rheumatic drugs (DMARDs) are a class of drugs that alter the
course of disease and improve disease outcome.

“Classical” DMARDs include

sulfasalazine (SSZ), methotrexate (MTX), and leflunomide (LEF) (Haibel and Specker,
2009). These drugs are responsible for the suppression of pro-inflammatory cytokines,
function as an antifolate, and inhibit pyrimidine synthesis respectively (Braun and Sieper,
2009). Some newer classes of disease modifying drugs include TNF inhibitors, T-cell
co-stimulating blocking agents, B cell depleting agents, and IL-1 receptor agonist therapy
(McCluggage and Scholtz, 2010; Goëb et al., 2009; Gibbons and Hyrich et al., 2009;
Bessis and Boissier, 2001). A new line of drugs was developed more recently that inhibit
the function of microsomal prostaglandin E synthase-1. Animal studies using these new
mPGES-1 inhibitors show that they are efficacious in inflammatory diseases (Xu et al.,
2008; Guerrero et al., 2009). DMARDs are often administered in combination therapy
and discontinuation of the drugs may result in a reoccurrence in disease (Capell et al.,
2007).
Non-steroidal Anti-inflammatory Drugs (NSAIDs)
Non-steroidal anti-inflammatory drugs (NSAIDs) are compounds commonly used to
treat inflammatory conditions such as rheumatoid arthritis and inflammatory bowel
disease.

These compounds function by inhibiting the action of the enzyme

cyclooxygenase (COX).

There are two kinds of NSAIDs: non-selective inhibitors

COX1/2 and selective COX-2 inhibitors. NSAIDs can exhibit their effects in one of
three ways: reversible binding, rapid low affinity reversible binding followed by a timedependent slowly reversible binding and rapid reversible binding followed by a
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modification of the enzyme (Rao and Knaus, 2008). Similarly to non-selective inhibitors,
COX-2 inhibitors selectively bind to the active site of the enzyme COX-2 in a timedependent fashion (Bhattacharya et al., 1996). There are several classifications of COX2 selective NSAIDs. The methanesulfonanilide class is derivatives of alkylsulfonanilides
such as nimesulide and NS-398 (Xie et al., 1991; Kujubu and Herschman, 1992).
Another class of COX-2 inhibitors is diarylheterocycles, which are the first inhibitors to
be evaluated for efficacy (Xie et al., 1991).
The advent of selective COX-2 inhibitors was considered to be a victory since these
inhibitors did not inhibit the production of prostaglandins necessary for homeostasis. By
only blocking COX-2, the gastrointestinal effects seen with non-selective inhibitors were
reduced by 50% (Bombardier et al., 2000). COX-2 inhibitors were efficient at treating
pain and inflammation without these side effects. Following the release of the COX-2
inhibitor VIOXX, a research trial revealed that there was a 5-fold increase in
thromboembolic cardiovascular events in patients that received the drug (Bombardier et
al., 2000).

Further studies with the drug celecoxib also showed an increase in

cardiovascular risk (Pfizer Inc., 2006).

These cardiovascular risks are due to the

inhibition of prostacyclin by the COX-2 inhibitors. Prostacyclin is a potent inhibitor of
platelet aggregation (Bunting et al., 1983). Since COX-2 is responsible for production of
this lipid, NSAIDs seriously impair normal cardiovascular functions.
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Rodent Models of Arthritis
Rodent Models
Currently, various rodent models of arthritis are used to study inflammatory
conditions. Many models in rats and mice have been utilized to test drugs and other
compounds used to fight inflammatory diseases such as rheumatoid arthritis. In rats and
mice some common methods include: (1) adjuvant-induced arthritis involving injections
of complete Freund’s adjuvant into footpads, (2) collagen-induced arthritis involving
injection of collagen homogenized in complete Freund’s adjuvant, or (3) streptococcal
cell-wall-induced arthritis involving injection of streptococcal cell-wall materials (Schopf
et al, 2006).
mAB and LPS Models
Some mouse models of arthritis also include monoclonal antibody and LPS induced
arthritis. In the mAB model, a monoclonal antibody cocktail is used for the induction of
arthritis in mice. These mAB are a mixture of 4 clones: Three of the four clones
recognize individual epitopes clustered within the 83 amino acid peptide fragment called
LyC-2 (291-374) and one clone recognizes the 167 amino acid peptide fragment called
LyC-1 (124-290) of the CB11 fragment (124-402) of type II collagen. These epitopes
share common amino acid sequences with many different species of type II collagen
including chicken, mouse, rat, bovine, porcine, monkey, and human. Arthritis can be
induced by a single IV injection in mice (Hutamekalin et al., 2009). In LPS-induced
arthritis, a dose of LPS is injected along with either the monoclonal antibody injection or
the collagen injection in either model. The advantages of using LPS are synchronization
of arthritis with an incidence of nearly 100% and the ability to induce arthritis in a variety
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of mouse strains such as collagen induced arthritis resistant mice, T-cell deficient,
knockout, and transgenic mice (Chondrex Inc, 2007).
K/BxN Animal Model
Mice that express the T cell receptor KRN and the MHC class II allele Ag7 uniformly
develop a severe form of arthritis. These transgenic mice, K/BxN mice, can also be used
to transfer serum into recipient strains in order to induce arthritis. K/BxN mice are
produced through breeding C57Bl/6 or B10.BR mice carrying the KRN transgene
heterozygously and NOD/Lt or other mice carrying the Ag7 allele homozygously
(Monach et al., 2008). This mouse model spontaneously develops arthritis and does not
require any immunization (Kouskoff et al., 1996). The serum from these mice can be
transferred to naïve mice and there is robust development of arthritis in almost 100% of
the animals that received the serum (Korganow et al., 1999). K/BxN mice have a known
target antigen, glucose-6-phosphate isomerase, which led to the discovery that arthritis
may be caused by autoantibodies (Matsumoto et al., 1999)
Collagen-induced Arthritis
A widely used model of human rheumatoid arthritis is the murine collagen-induced
arthritis (CIA) model. Trentham and colleagues first described this model in 1977. In
mice, disease progression is gradual starting about 3-4 weeks following the initial
immunization. Susceptible mouse strains include DBA/1J and B10RIII mice, which have
the H-2q and H-2r haplotypes. In this model, mice are immunized intradermally at the
base of the tail with an emulsion of collagen and complete Freund’s adjuvant with a
booster injection 21 days following the initial injection of collagen and incomplete
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adjuvant. Onset of arthritis starts around day 28 often affecting the digits and spreading
to the remainder of the paw (Joosten et al, 2006).

Hypothesis
Chronic inflammation is a complex process characterized by the production and
regulation of various molecules.

One chronic inflammatory condition, rheumatoid

arthritis (RA), is characterized by inflammation in the joints causing significant pain and
joint damage. Similarly to human RA, our current collagen-induced arthritis (CIA)
mouse model exhibits swelling and cellular inflammation, which increases to a peak and
decreases over time. The disease is associated with various inflammatory molecules such
as IL-17, TNF, and IL-1 along with B cell and T cell activation. Activation of the
immune response results in the regulation of downstream molecules, which further
regulates this process. Expression of the inflammatory mediator, COX-2, is induced by
NFκB and produces lipid mediators called prostaglandins. Prostaglandins such as 15dPGJ2 and PGE2 further modulate the inflammatory response in various ways. PGE2 acts
as a pro-inflammatory molecule but may also regulate the resolution of inflammation.
15d-PGJ2 can act either through the transcription factor PPARγ or independently to
promote the resolution of inflammation as well. Further lipid synthesis includes the
production of the anti-inflammatory molecule, LXA4, which may be regulated by PGE2
promoting resolution.
Acute models of inflammation show that there are distinct phases of disease regulated
by various signals and pathways.

These models also show that there is an active

resolution process that requires COX-2. The goal of our current research is to investigate
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if similar to the acute inflammatory models, our chronic autoimmune model follows
phases of disease regulated by COX-2 activity. Chronic inflammation is characterized by
three phases: induction, inflammation, and resolution. We hypothesize that resolution is
an active process mediated by products of the COX-2 pathway. To answer this question
we followed these specific aims using a collagen induced arthritis animal model:
1. To identify whether there is a pro-resolving process in autoimmune arthritis.
2. To determine if the pro-resolving machinery is vulnerable to COX-2 inhibitors.
3. To determine if PGE2 mediates the resolution process and the mechanism
involved.
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CHAPTER 2
MATERIALS AND METHODS

Animals
DBA1/J male mice (20-25g) were purchased from Jackson Laboratories at 6-8
weeks of age. The animals were housed under clean conditions on a 12-hour light/dark
cycle. Pico-Vac Lab Mouse diet (5062) and water was given ad-libitum. The
Institutional Animal Care and Use Committee approved all protocols under the protocol
numbers 1055 and 3282.

Induction of Disease
Chick type II collagen (Chondrex) was dissolved at 2 mg/ml in 0.05M acetic acid
and shaken gently overnight at 4oC in the dark. Collagen was used immediately or frozen
at -20oC. The collagen was homogenized with complete Freund’s adjuvant (4 mg/mL).
The collagen and adjuvant was added drop wise into a mixture tube and emulsified with a
Virtis 45 homogenizer. The mixture was continually emulsified 2 minutes on and 3
minutes off for a total of 10 minutes on. The tube containing the mixture was surrounded
by ice, which was constantly replaced as the ice melted during emulsification. The
mixture was transferred into 1cc syringes and injected intradermally into the base of the
tail at a volume of 0.05 mL of 50-µg collagen. A booster injection containing 50-µg
collagen in Incomplete Freund’s adjuvant was administered at 21 days following the
initial injection (Terato et al., 1985).
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Assessment of Disease
Arthritis was assessed by measuring each footpad 2-3 times per week with a
constant tension caliper in a double-blinded manner. Footpad thickness was plotted and
the percentage of the basal level was deduced for each measurement. The basal level was
calculated by averaging the first three measurements. For each subsequent measurement,
the percentage of basal was calculated and plotted over time. Footpads were considered
inflamed if the percentage increase reached 20% of the basal level.

Reverse Transcription and Real Time PCR
Mice were euthanized and limbs were harvested, weighed, snap frozen in liquid
nitrogen, and stored at -80oC. The joints were crushed in liquid nitrogen using a mortar
and pestle. The crushed joint was homogenized with a micro ultrasonic cell disrupter in
Trizol reagent (Invitrogen). The samples were spun at 12,000 x g for 10 minutes in order
to remove excess extracellular material and the supernatent was transferred to a clean
tube. The samples were then incubated form 5 minutes at room temperature and
chloroform was added to the tubes. The samples were shaken vigorously by hand for 15
seconds and incubated at room temperature for 2-3 minutes. The tubes were centrifuged
for no more than 12,000 x g for 15 minutes at 2-8oC. The aqueous phase was transferred
to a clean tube and the RNA was precipitated by the addition of isopropyl alcohol. The
samples were incubated overnight at -20oC and subsequently spun at no more than 12,000
x g for 10 minutes at 2-8oC. The RNA pellet was washed once with 75% ethanol and
centrifuged no more than 7,500 x g for 5 minutes at 2-8oC. The pellet was briefly dried
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(about 10 minutes) and dissolved in DEPC water. The concentration of RNA was
determined using the BioRad Smartspec spectrophotometer. RNA from each group was
pooled and used in cDNA synthesis. RNA at a concentration of 0.25 µg was reverse
transcribed using random hexamers and MMLV-RT using a Biorad iCycler thermocycler
at 95oC for 5 minutes and 42oC for 60 minutes (Adapala and Chan, 2008).
Real Time PCR analysis was performed using commercial primers and SYBR
Green I PCR master mix purchased from Superarray. The housekeeping gene 18S
ribosomal RNA was diluted in order to attain an amplification efficiency that was
comparable to that of the experimental gene. The real time PCR machine utilized was the
Corbett Research Rotorgene 3000 using the Rotorgene software to determine cycling
threshold. The cycling threshold values of the housekeeping gene were normalized to
those of the experimental gene by the Ct method. Each group within an experiment was
compared to the normal control and fold change was deduced. A minimum of three
repeats was performed for each experiment and the relative units was deduced and then
subsequently averaged for statistical comparison.

Radiology Assessment
Mice were anesthetized using a mixture of ketamine and xylazine. Each was
diluted 1:10 in sterile water and added together at a mixture of 5:1 of ketamine:xylazine.
The mice were injected with 150 µl intraperitoneally and were subsequently slowed with
the use of isofluorane. The animals were placed on Kodak X-ray film and placed inside a
Faxitron for small animals (model 43855, Faxitron X-ray Corp.) and exposed to 35 volts
for 12 seconds.
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Histological Assessment
Knee joints were fixed in 10% neutral buffered formalin immediately after
sacrifice for 24-48 hours and subsequently washed with PBS and decalcified in 10%
EDTA. The joints were embedded in paraffin and cut into serial sections for analysis.
The sections were stained with hematoxylin and eosin as well as safranin O to examine
the integrity of the cartilage. Sections were also stained with the rabbit anti-murine
COX-2 antibody (H-62, Santa Cruz), then biotinylated anti-rabbit antibody, followed by
strepavidin-horseradish peroxidase and DAB solution (Dako Scientific) to assess COX-2
expression. Cutting and staining of knee sections was contracted to AML Laboratories
Inc., Rosedale, MD.

Lipid Extraction and Prostaglandin ELISA
Lipids were extracted from footpads that were flash frozen following animal
sacrifice. The footpads were pulverized using a mortar and pestle to obtain a fine
powder, which was homogenized and then sonicated in methanol with 0.01M
butylhydroxytoluene (BHT) and 0.85% formic acid while surrounded by ice. The
samples were centrifuged, the supernatents were collected, and 150 µl of acetonitrile (pH
3.5) was added to precipitate the protein. C18 SPE columns were preconditioned with
0.1% formic acid, methanol, and ethyl acetate. The samples were again centrifuged and
the supernatent was added to the column at a slightly positive pressure. The column was
washed with 0.1% formic acid and 10% methanol with 0.1% formic acid. The samples
were then eluted with ethyl acetate containing 0.01M BHT and subsequently with
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methanol containing 0.2% formic acid and 0.01M BHT and stored at -80oC (Blewett et
al., 2008).
The appropriate amount of sample was dried under a steady stream of liquid
nitrogen and diluted in ELISA buffer. The ELISA kits employed for PGE2, 15d-PGJ2,
and LXA4 were Cayman Chemicals, Assay Design, and Neogen respectively. Within
each ELISA kit, experimental samples were compared to a standard curve to determine
concentration. Appropriate positive and negative controls were included in each ELISA
kit. Each sample was assessed in triplicates and at 2-3 dilutions to ascertain that the
reactions occurred within the standard curve and did not reflect interference from crossreactive substances. Three experimental repeats were performed and the values were
normalized to the basal level within each experiment. The fold change was averaged
over the three repeats for statistical comparison.

Feeding and Injection of Compounds
The specific COX-2 inhibitor N-[2-(cyclohexyloxy)-4-nitrophenyl]methanesulfonamide (NS-398) was purchased from Cayman Chemical and dissolved in
100% ethanol at a stock concentration of 1 mg/mL. The NS-398 was diluted 1:10 in
sterile saline and each animal was fed 100 µl by gavage at a final concentration of 10 µg
NS-398 with 10% ethanol per mouse. Vehicle control animals received sterile saline
with 10% ethanol by gavage.
PGE analogs, misoprostol and 16,16-dimethyl PGE2, were purchased from
Cayman Chemical in ethyl acetate. Stock solutions of 1 mg/mL were made by aliquoting
an appropriate amount of sample, evaporating the ethyl acetate, and adding 100%

	
  

35	
  

ethanol. The compounds were stored at -20oC until use. Appropriate amounts of the
PGE analogs were aliquoted, the ethanol evaporated, and reconstituted in sterile PBS.
The analogs were injected subcutaneously along the inner thigh of the animal towards the
ankle at either a concentration of 600 ng or 1200 ng per injection. Vehicle control
animals received sterile PBS injections.

Defining Inflammation and Resolution
Inflammation was defined as footpads that had swollen by more than 20% of the
original thickness of the footpad. The ability to resolve inflammation was determined by
the degree of reduction in footpad thickness. A slope was derived by fitting a trend line
from the peak of inflammation or the beginning of treatment to the point of sacrifice in
the resolution phase (Figure 1). A value of “0” represents no change in thickness.
Negative values correspond to a decrease in swelling and positive values indicate that
swelling increased.

Statistical Analysis
For statistical comparison, the gene expression data and lipid analysis were tested
using one-way ANOVA followed by Bonferroni test. Otherwise, the non-parametric
Kruskal-Wallis test was used for statistical comparison. All tests were performed using
the SPSS data analysis software and the p-value of 0.05 was chosen as the threshold for
significance throughout.
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FIGURE 1

FIGURE 1: Measurement of Resolution. The solid line shows the typical swelling
pattern of an arthritic limb. The slope of this limb during resolution shows a negative
slope and thus a decrease in footpad thickness. The dotted line shows a limb that began
swelling similarly to a typical limb but remained elevated through the resolution phase.
The slope of this limb during resolution is zero and thus signifies no change in footpad
thickness. The dashed line shows a limb that has a delay in onset of swelling and begins
swelling into the resolution phase. The slope of this limb during resolution is positive
and signifies an increase in footpad thickness.
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CHAPTER 3
RESULTS

Kinetic Studies Reveal Three Phases of Inflammation in a Chronic Model.
In order to determine whether a chronic autoimmune model resembles acute
models of inflammation, in that there are discrete phases of disease, the study began by
examining the pathogenesis of CIA in mice. Arthritis was induced in DBA1/J mice and
disease pathogenesis assessed by measuring footpad thickness. Similarly to acute
inflammatory models, swelling followed three phases – induction, inflammation, and
resolution (Figure 2A). Footpad thickness was not apparent up until 30 days following
the initial injection and the animals were asymptomatic. On average, footpad swelling
began around day 30 and continued until around day 45 at the peak of inflammation.
Footpads were considered inflamed if there was a 20% increase in footpad thickness. At
the peak of inflammation, more than 95% of the footpads were swollen. Footpad
thickness progressively subsided with 40% of swollen limbs resolved by day 55 and 90%
by day 70. As shown by a representative footpad, arthritis progressed through three
phases (Figure 2B).
Pro-inflammatory mediators interleukin-17 (IL-17) and tumor necrosis factor-α
(TNF-α) are two of many important cytokines that drive the progression of inflammation
(Furuzawa-Carballeda et al., 2007 and Maini et al., 1993). In order to adequately assess
the progression of disease and thus verify the state of inflammation, groups of mice were
sacrificed at weekly intervals and the joints were collected for real-time PCR analysis of
these two transcriptionally regulated cytokines. Transcription of IL-17 and TNF-α began
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to gradually increase beginning around day 30 and peaked significantly (p<0.05) in
expression around day 40-45, increasing 4-to-6 fold compared to the basal level (Figure
3). Expression of these cytokines began to subside into the resolution phase following
the trend seen in footpad swelling. mRNA production was minimal by day 70 when a
majority of footpads had already resolved. Three independent experiments were
performed and the relative change was deduced for each. The expression of cytokines
was averaged using the peak of inflammation as point zero.
Radiography of arthritic mice was also documented to further assess disease
progression. X-rays showed an increase in soft tissue swelling around day 30 with a
maximum in tissue thickness around day 45 (Figure 4A). Bone destruction and deformity
were also seen when swelling was at a maximum in the joints of the footpad. X-rays
showed that the metatarsopharangeal joints of the footpad regained alignment as well as a
decrease in soft tissue swelling as inflammation resolved by day 70. Knee sections that
were H & E stained also revealed that the synovium of the knee at the peak of
inflammation was filled with infiltrating cells such as neutrophils (Figure 4B). Sections
from resolved joints were cleared of infilrates.
The induction phase occurred from days 0-30 with little to no swelling, bone
destruction, infiltrating cells, or production of pro-inflammatory cytokines. The inflamed
phase occurred from days 30-50 where there was a marked increase in footpad thickness
as well as redness and tenderness in the limbs. There was an increase in bone destruction
and cellular infiltrates in the knee joints. Swelling was also marked by corresponding
increases in pro-inflammatory regulators IL-17 and TNF-α. The final resolution phase
occurred around days 50-70 where footpad swelling and redness progressively declined
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and the joints, while still deformed, began to realign. There was a decrease in proinflammatory cytokines and clearance of infiltrating cells in the synovium.
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FIGURE 2
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FIGURE 2. Three phases of pathogenesis in arthritis. In panel (A), open bars
indicate the percentage of footpads that have swollen by 20%, n = 100-200. Filled bars
indicate the percent of swollen limbs that have decreased by >20% in thickness, n = 50100, as mice were sacrificed for cytokine analyses. Mean and standard deviations are
plotted. The degree of footpad swelling was calculated as 100 x (thickness - thickness on
day 0)/(thickness on day 0). Panel (B) shows the progression of inflammation in a typical
arthritic limb.
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FIGURE 3. The kinetics of pro-inflammatory cytokine production. IL-17 and TNFα
mRNA were normalized against 18S RNA and then the relative level of expression was
deduced. Each data point was averaged from three independent experimental repeats, in
each 4–6 limbs from different mice were pooled, so total n = 12-18. The data were tested
for normality, and unpaired one-way ANOVA followed by a Bonferroni test for statistical
comparison. Their levels at peak of inflammation were significantly different from when
the joints were normal (day 0) or resolved (day 70), p < 0.05, but the levels in normal and
resolved joints were not different, p > 0.05.
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FIGURE 4
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FIGURE 4. X-ray and histological assessment of arthritic limbs. In panel (A), a
sequential X-ray is shown from a representative footpad highlighting the metatarsal
joints. There is a noticeable increase in soft tissue swelling, as well, and joint destruction
and misalignment, which both begin to improve when the footpad moves into the
resolution phase. Panel (B) is H & E staining which shows a highly cellular synovium
shown by the arrows in the inflamed (70% increase at day 40) but not the resolved
(subsided from 91% to 21% by day 70) knee joint.
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COX-2 was Expressed in the Resolution Phase.
The enzyme COX-2 is responsible for the production of lipid mediators important
in the regulation of various pathways in the body, more specifically the inflammatory
pathway. Therefore, it was essential to determine the expression of COX-2 in our
chronic inflammatory model. Whereas the gene expression of pro-inflammatory
mediators IL-17 and TNF-α subsided as resolution occurred, COX-2 mRNA remained
escalated (Figure 5A). Kinetic studies demonstrated that COX-2 was up-regulated
beginning around day 30 reaching a 2-3.5 fold increase between days 35-45. Expression
declined slightly around day 55 but remained elevated throughout the remainder of the
resolution phase. Statistical comparison revealed that the fold change at days 35, 45, and
70 were significantly higher than basal expression (p<0.005) but they did not differ from
each other (p>0.05). This bimodal expression pattern is analogous to COX-2 expression
seen in acute inflammatory models such as acute pleurisy (Gilroy et al., 1999), Lyme
disease (Blaho et al., 2007), and wound healing (Kapoor et al., 2008). Three independent
experiments were evaluated and the relative change was deduced for each and
subsequently averaged.
In order to confirm expression of the enzyme during both the inflammatory and
resolution phases, knee sections were stained by immunohistochemistry with an antibody
specific for COX-2. COX-2 was detected in knee sections from inflamed tissue as well
as in the synovium and the infiltrating cells of the resolving knees (Figure 5B). COX-2
expression was not apparent in sections where arthritis was not induced.
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FIGURE 5
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FIGURE 5. COX-2 is expressed during inflammation and resolution. Panel (A)
shows the mRNA expression derived by real time PCR of COX-2 over the timecourse of
disease. Three independent experiments were performed with 4-6 limbs in each (12-18
total). The data were compared using one-way ANOVA followed by a Bonferroni test.
The levels at the peak of inflammation and during resolution (day 70) were not
significantly different from each other, p>0.08, but they were significantly different from
when the joints were normal (day 0), p<0.006. Panel (B) shows immunohistochemical
staining of knee sections (representative of 8) in the inflamed and resolution phases for
the presence of COX-2 in the pannus and synovium. Positive staining for COX-2
appears as brown. The bottom left panel shows the isotype control and the sections were
counterstained with hematoxylin and appears as blue.
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The Anti-inflammatory Lipid Mediator 15d-PGJ2 is Produced During
Resolution.
Since COX-2 is expressed during both the inflammatory and resolution phases,
this enzyme may be important in both phases. Among the products of COX-2, PGE2 and
15d-PGJ2 have been implicated in the regulation of inflammation. PGE2 is usually
considered as a culprit that causes inflammation, whereas 15d-PGJ2 is a ligand for the
immunosuppressive transcription factor PPARγ and inhibitor of NFκB (Rajakariar et al.,
2007). The prostaglandins were measured by ELISA as pg lipids per mg limb weight and
normalized to the basal level. In the CIA model, significant production of 15d-PGJ2 was
observed during the resolution phase compared to the basal level of expression but not in
the inflammatory phase (Figure 6). This is consistent with the idea that this prostaglandin
is anti-inflammatory. Levels of this prostaglandin were about 2.5 fold higher in the
resolution phase compared to the basal level. Prostaglandin levels from three
independent experiments were examined (Table 1) and the relative change was deduced
from each experiment and subsequently averaged. PGD2 is the precursor of 15d-PGJ2
and is synthesized by the enzyme h-PGDS. Since 15d-PGJ2 is synthesized by a series of
dehydration reactions of PGD2, this enzyme is the last remaining transcriptionally
regulated enzyme in the pathway. Kinetic studies of h-PGDS showed a significant
increase in this enzyme within the inflamed phase around day 35 and expression
remained elevated through resolution, turning down slightly by day 70 (Figure 7A).
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FIGURE 6
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FIGURE 6. 15d-PGJ2 is produced during the resolution phase. The bars represent
the relative levels of 15d-PGJ2 in the footpads of mice sacrificed; normal uninjected
control, inflamed, and resolve. Three independent experimental repeats were performed
and the total number of footpads was 12-18 per group. ELISA was performed in order to
deduce the pg concentration of lipids and was normalized to the limb weight. The groups
were then normalized to the values in the normal control. The levels in the resolved
footpads (p<0.001), but not the inflamed footpads (p=0.07), were significantly different
than the normal uninjected. Statistical analysis performed was a one-way ANOVA
followed by a Bonferroni test.
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TABLE 1
Values of 15d-PGJ2 pg per mg limb weight
Average
Exp 1
Normal
Inflamed
Resolved
Exp 2
Normal
Inflamed
Resolved
Exp 3
Normal
Inflamed
Resolved

standard deviation

3.668
6.836
10.308

0.270
0.736
1.074

3.551
5.158
10.203

1.694
0.819
0.674

2.797
4.063

0.112
0.681

4.888

0.178

Values of PGE2 pg per mg limb weight
Average
Exp 1
Normal
Inflamed
Resolved
Exp 2
Normal
Inflamed
Resolved
Exp 3
Normal
Inflamed
Resolved

standard deviation

36.059
103.258
108.672

9.690
3.372
7.403

9.486
19.887

0.273
0.825

17.965

0.143

25.836
53.965
78.613

5.999
3.584
2.371

TABLE 1. Values of 15d-PGJ2 and PGE2 in the three phases (pg/mg limb weight).
The concentration of lipids is shown as pg of lipid per mg limb weight. The relative
change was deduced by comparison of the values in the induction group to the other
groups within each experiment.
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FIGURE 7. Production of hPGDS in arthritic mice. This figure shows the mRNA
expression derived by real time PCR of Prostaglandin D synthase (h-PGDS) over the
timecourse of disease. Their RNA expression was normalized to 18S RNA, and then, the
values in each experiment were normalized to the respective normal control to deduce the
relative units. The results from three independent repeats, each showing a similar pattern,
were averaged, tested for normality and compared by ANOVA followed by a Bonferroni
test. Expression of h-PGDS increases significantly by day 34 (p<0.001) and remains
elevated in the resolution phase until the end of the experiment.
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PGE2 but not mPGES is Expressed During Both the Inflamed and Resolution
Phases.
ELISA also assessed the lipid mediator PGE2, which is considered as the proinflammatory arm of disease. Interestingly, in murine collagen-induced arthritis, the
level of PGE2 was significantly higher than the basal level in both the inflamed and
resolution phases (Figure 8). The levels of this lipid in the inflamed phase were about 2.4
fold higher than levels at the basal level and about 2.6 fold higher in the resolution phase.
Prostaglandin levels from three independent experiments were examined (Table 1) and
the relative change was deduced from each experiment and subsequently averaged. The
enzyme, prostaglandin E synthase, which has various isoforms, synthesizes PGE2. The
COX-2 associated inducible isoform, mPGES-1, is currently regarded as a potential
therapeutic target to replace COX-2 (Kojima et al., 2008; Trebino et al., 2003). Since
PGE2 has been found within the resolution phase, it is important to determine whether
this lipid is being synthesized by mPGES-1 during resolution. mRNA expression of
mPGES-1 showed that the enzyme was significantly increased in the inflamed phase at
day 35 but not during the resolution phase (Figure 9). While the inducible E synthase
enzyme does not produce the lipid, PGE2 still was significantly produced during
resolution. While the importance of PGE2 in the induction of inflammation is known, the
production and importance of the lipid during resolution remains to be investigated. It
can be concluded that the COX-2 products, PGE2 and 15d-PGJ2, both may play important
roles in the resolution of chronic inflammation.
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FIGURE 8
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FIGURE 8. PGE2 is expressed in both the inflamed and resolution phases. The bars
represent the relative levels of PGE2 in the footpads of mice sacrificed; normal
uninjected, inflamed, and resolved. Three independent experimental repeats were
performed and the total number of footpads was 12-18 per group. ELISA was performed
in order to deduce the pg concentration of lipids and was normalized to the limb weight.
The groups were then normalized to the values in the normal control. The levels in both
the inflamed and resolved footpads were significantly different (p=0.001) than the normal
uninjected control. Statistical analysis performed was a one-way ANOVA followed by a
Bonferroni test with p<0.05 as significant.
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FIGURE 9. mPGES-1 is not expressed during the resolution phase. The line shows
the gene expression of mPGES-1 over the timecourse of disease. The number of
footpads used in the analysis ranged from 12-16 per data point. Their RNA expression
was normalized to 18S RNA, and then, the values in each experiment were normalized to
the respective normal control to deduce the relative units. The results from three
independent repeats, each showing a similar pattern, were averaged, tested for normality
and compared by ANOVA followed by Bonferroni procedure. MPGES-1 in normal
footpads is only different from inflamed footpads (p<0.001) but not when compared to
the resolving footpads (p=1).
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Blocking COX-2 During Different Phases of Disease has Opposing Effects.
COX-2 and its products are expressed at both the inflamed and resolution phases
indicating the importance of these molecules in both phases of disease. Many of the
treatments today for inflammatory conditions include the use of COX-2 inhibitors.
Because this enzyme may be important in multiple disease phases and not just the
inflammatory phase, it is important to determine its function in modulating disease
pathogenesis. The first set of experiments was used to determine the role of COX-2
during the inflammatory phase of disease. Mice were divided into three groups; the
positive control were fed vehicle (10% ethanol in saline), the experimental were fed NS398 (10 µg with 10% ethanol in saline), and the negative control were age-matched
normal non-arthritic mice. Treatment with the COX-2 inhibitor began at day 14 before
symptoms began and were referred to as preventive treatment. Blocking COX-2 prior to
the beginning of symptoms decreased both the incidence and severity of disease
significantly (Figure 10). The footpads in the vehicle group swelled to an average of
40% increase in thickness. More than 80% of the footpads in this group were inflamed.
In the group that was fed NS-398 preventively (from day 14), the footpads experienced
on average a 20% increase in thickness and only 40% of these footpads were inflamed by
day 45. At the height of inflammation fewer than half of the mice that were fed the
COX-2 inhibitor experienced significant swelling. A subset of mice was sacrificed at the
peak of inflammation (day 40-45) and the expression of pro-inflammatory cytokines was
evaluated. Correspondingly, the mRNA levels of TNF-α and IL-17 in these footpads
were also suppressed in the mice fed NS-398 (Figure 11). There was about a 50%
reduction in expression of these cytokines in mice that were fed NS-398. Therefore,
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blocking COX-2 before the onset of symptoms reduces inflammation both demonstrated
by the decrease in footpad thickness as well as the production of pro-inflammatory
cytokines.
The effect of COX-2 inhibition on the induction of inflammation has been studied
in various inflammatory models (Ochi et al., 2003). Previously, our results indicate that
COX-2 is also important in the regulation of resolution in a chronic autoimmune model
of disease. In order to contrast the role of COX-2 during the inflammatory phase, a
second set of experiments were performed to investigate resolution. Four groups of mice
were utilized; the positive control group was fed vehicle (10% ethanol in saline), the
normal control group were age-matched normal non-arthritic mice, and the two
experimental groups. One experimental group consisted of mice that were fed the COX2 inhibitor NS-398 before symptoms began and arthritis was established (around day 14)
and was referred to as the preventive group. The other experimental groups consisted of
mice that were fed the COX-2 inhibitor NS-398 after swelling had begun at the peak of
inflammation (around day 40-45) and was referred to as the therapeutic group. The effect
of NS-398 at the inflamed and resolution phases is opposite (Figure 12A). Blocking
COX-2 prior to the onset of symptoms blocked the induction of inflammation. In
contrast, blocking COX-2 during the resolution phase sustained inflammation. As
previously described in the Materials and Methods section, the slope of the line for each
footpad was deduced and evaluated for swelling. In the vehicle control group, 97% of
the footpads had experienced resolution (negative slope) with an average slope of “-2.12”
and only 3% of the footpads remained unchanged or continued to swell. In the group that
was fed NS-398 therapeutically, at the peak of inflammation, swelling continued or
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progressed in 58% of the footpads with an average slope of “+0.37”. The mice, where
COX-2 was blocked after the onset of symptoms, experienced a failure of resolution and
were significantly different from the vehicle control mice that resolved naturally. The
footpads that had been fed NS-398 prior to the onset of symptoms, and were continuously
fed through the remainder of the experiment with the COX-2 inhibitor, experienced a
delay in onset of inflammation. In this group, 80% of the mice were inflamed or
unchanging in footpad thickness and the group had an average slope of “+0.8%”.
Evaluating the expression of pro-inflammatory cytokines and thus showing the degree of
inflammation occurring within these footpads confirmed the results. PCR analysis
showed that the levels of TNF-α and IL-17 were significantly higher (~2-4 fold) in the
animals that were fed the COX-2 inhibitor compared to the vehicle control (Figure 13).
A representative limb from each group summarizes these findings (Figure 12B). The
vehicle control group swelled to a maximum and then the swelling subsided into the
resolution phase. The NS-398 therapeutic group swelled along with the vehicle control
but resolution was impaired and the swelling continued to persist through resolution. The
NS-398 preventive group experienced a delay in footpad swelling even though induction
was inhibited during the inflamed phase. Ultimately, blocking COX-2 only temporarily
prevents footpad swelling when inhibited early in the progression of disease and prevents
resolution when administered after symptoms occur, which highlights the importance of
this enzyme in the active resolution process.
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FIGURE 10
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FIGURE 10. NS-398 blocks the induction of inflammation. This graph depicts the
percent increase in footpad thickness in arthritis induced by chicken collagen. The
maximum thickness obtained within days 30-45, the inflamed phase, was plotted for each
foot. The data are compiled from three independent experiments. The diamonds (n=112)
represent footpads of mice that were induced for arthritis but fed vehicle as control. The
triangles (n=58) represent footpads of experimental mice that were fed NS-398 (10 µg)
prior to manifestation of symptoms (day 14). The squares (n=20) represent footpads of
normal mice that were not injected. The horizontal bars indicate the average value in each
group, and the groups were compared by Kruskal-Wallis test, and p < 0.05 was
considered significant.
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FIGURE 11. NS-398 inhibits IL-17 and TNFα expression during the inflamed
phase. These graphs show the difference in levels of mRNA in a subgroup of limbs
randomly selected and harvested from mice in the inflamed phase. The data is shown as
copies of IL-17 or TNF per copies of 18S RNA. The levels of mRNA expression were
normalized against 18S RNA and the results shown are the mean ± SEM from 4–6 mice
and are a representative of three experimental repeats. The data were tested for normality
and then statistical analysis by ANOVA. The differences between NS-398-fed groups
and the vehicle control group were significant (p < 0.05).
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FIGURE 12
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FIGURE 12. COX-2 inhibition resulted in a failure of resolution. Panel (A) shows
the incidence and severity of swelling in the resolution phase by plotting the slope of
each footpad in the resolution phase as stated in the materials and methods section. Each
black diamond (vehicle group, n = 38), open triangle (NS-398 preventive group, n = 38)
and grey triangle (NS-398 therapeutic group, n = 48) represents a footpad. The data were
compiled from three independent experiments. The horizontal bars indicate the average
value in each group, which were compared by Kruskal-Wallis test. Panel (B) plots
kinetically a representative limb from the vehicle control group (open triangles), the
groups that were NS-398 fed preventively (filled diamonds) and therapeutically (filled
triangles). Arrows points to when NS-398 treatment starts in preventive and therapeutic
group, respectively.
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FIGURE 13
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FIGURE 13. Increased production of pro-inflammatory cytokines with NS-398
treatment. These graphs show the difference in levels of mRNA in a subgroup of limbs
randomly selected and harvested from mice at the end of the experiment. The data is
shown as copies of IL-17 or TNF per copies of 18S RNA. The levels of mRNA
expression were normalized against 18S RNA and the results shown are the mean ± SEM
from 4–6 mice and are a representative of three experimental repeats. The data were
tested for normality and then statistical analysis by ANOVA. The differences between
NS-398-fed groups and the vehicle control group were significant (p < 0.05).
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COX-2 Inhibition Increases Joint Destruction and Cellular Infiltrates.
Radiography of footpads in arthritis mice revealed an increase in soft tissue
swelling, digital misalignment, and loss of bone density in mice that were fed NS-398
compared to the vehicle control mice (Figure 14). Knee sections were stained for H & E
and Safranin O to further examine the degree of deterioration in the arthritic animals.
The pannus in the knee joints of the NS-398 fed mice were more cellular and the cartilage
and bone were more severely damaged than in the animals that were fed the vehicle
control (Figure 14). These results highlight the increase in destruction caused by
blocking resolution by inhibiting NS-398.
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FIGURE 14.

FIGURE 14. NS-398 increases joint damage and destruction. X-rays of footpads
were taken prior to the end of the experiment.

The swelling (halo around ankle),

misalignment (circled: distinctive, round ending of the phalanges and metatarsal) and
bone density loss (circled: loss of opacity) were more severe in the joints of mice that
were treated with NS-398 compared to the vehicle. Paraffin sections of knee joints were
stained with H & E and safranin O. In the H&E sections, the black arrow points to the
synovium, which is much more proliferative in those mice that received NS-398
compared to the vehicle control. In the safranin O sections, the arrow points to the
cartilage (crimson), which is intact in the vehicle control but chipped in those that
became inflamed upon entering the “resolution” period but almost missing in those that
failed to resolve.
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NS-398 Inhibition Blocks the Production of PGE2 and 15d-PGJ2.
Observing previously that both COX-2 products PGE2 and 15d-PGJ2 are
expressed during resolution and that blocking COX-2 results in a failure of resolution, it
was therefore important to determine if these lipids were also blocked and thus essential
to the active resolution process. Blocking COX-2 in arthritic animals resulted in a
significant decrease in the production of the anti-inflammatory lipid mediator 15d-PGJ2
(Figure 15). Levels of the lipid increased to around 2.4 fold compared to the normal
control but in the animals fed NS-398 15d-PGJ2 only increased to around 1.6 fold and
were not significantly different from the amounts produced in the normal control animals.
Prostaglandin levels from three independent experiments were examined (Table 2) and
the relative change was deduced from each experiment and subsequently averaged.
There was a 50% loss in production of the lipid. It was also observed by mRNA analysis
that expression of its target, the nuclear receptor PPARγ, was also decreased in animals
that were fed NS-398 indicating that these two molecules may play a role in regulating
the resolution of inflammation (Figure 16). There was also about a 50% reduction in the
groups that were fed NS-398 in expression of the nuclear receptor.
While the anti-inflammatory effects of both PPARγ and its ligand, 15d-PGJ2, have
been documented, the effects of PGE2 on resolution have yet to be investigated (Jiang et
al., 1998;). Interested by the synthesis of PGE2 in the resolution phase and the major
importance of COX-2 in resolution, it was important to determine if COX-2 is
synthesizing the prostaglandin during resolution. In fact, blocking COX-2 during
resolution resulted in a significant decrease in the production of PGE2 (Figure 17). The
level of PGE2 in the vehicle control mice increased to about 2.4 fold compared to the
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normal control mice. The animals fed the COX-2 inhibitor were only 1.5 fold higher
than the normal control. Prostaglandin levels from three independent experiments were
examined (Table 2) and the relative change was deduced from each experiment and
subsequently averaged. There was a significant difference between mice that were fed
the vehicle and those fed NS-398 but no difference between the NS-398 fed and the
normal control mice. There was a 60% reduction in the animals where COX-2 was
blocked. Interestingly, we found that blocking COX-2 does in fact mediate PGE2
production in the resolution phase and the lipid may also contribute to resolution of
inflammation. All together, this data show that COX-2 products, 15d-PGJ2 and PGE2
may be important in the resolution of inflammation (Figure 18). The anti-inflammatory
nature of 15d-PGJ2 is not surprising due to the direct effects of the prostaglandin on
NFκB and PPARγ. The more surprising and interesting discovery was the involvement
of PGE2 in the resolution process; therefore we chose to investigate this aspect further.
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FIGURE 15
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FIGURE 15. Inhibition of 15d-PGJ2 with NS-398 treatment. The graph shows the
levels of 15d-PGJ2 in footpads harvested during resolution, from mice that were not
induced for arthritis (n=20), fed vehicle (n=23) and treated with NS-398 (n=42). There
is a significant difference between levels of the lipid in the vehicle control group
compared to the normal control and the NS-398 fed group (p≤0.001). The relative units
were derived by normalization to their respective normal control, averaged together, and
then compared by ANOVA followed by Bonferroni procedure.
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TABLE 2.
Values of 15d-PGJ2 pg per mg limb weight
Average
Exp 1
Normal
Vehicle
NS-398
Exp 2
Normal
Vehicle
NS-398
Exp 3
Normal
Vehicle
NS-398

standard deviation

3.900
8.566
4.983

1.492
0.134
2.648

7.870
18.331
14.511

3.490
1.606
1.170

2.190
5.830
3.432

0.758
1.898
1.109

Values of PGE2 pg per mg limb weight
Average
Exp 1
Normal
Vehicle
NS-398
Exp 2
Normal
Vehicle
NS-398
Exp 3
Normal
Vehicle
NS-398

standard deviation

5.164
12.870
7.518

0.077
0.466
1.932

22.564
53.438
35.859

0.254
2.266
2.603

4.672
9.363

0.286
0.110

7.589

1.014

TABLE 2. The effect of NS-398 inhibition on the production of 15d-PGJ2 and PGE2
(pg/mg limb weight). The concentration of lipids is shown as pg of lipid per mg limb
weight. The relative change was deduced by comparison of the values in the induction
group to the other groups within each experiment.
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FIGURE 16.
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FIGURE 16. Blocking COX-2 inhibits PPARγ mRNA expression. RNA was
harvested from footpads in a subgroup of limbs randomly selected and harvested from
mice at the end of the experiment. mRNA expression was normalized to 18S RNA, and
then, the values in each experiment were normalized to the respective normal control to
deduce the relative units. The results from three independent repeats, each showing a
similar pattern, were averaged, tested for normality and compared by ANOVA followed
by Bonferroni test. There is a significant difference between the vehicle control and NS398 fed groups (p<0.001).
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FIGURE 17.
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FIGURE 17. COX-2 inhibition decreases PGE2 production. The graph shows the
levels of PGE2 in footpads harvested during resolution, from mice that were not induced
for arthritis (n=24), fed vehicle (n=33) and treated with NS-398 (n=46). There is a
significant difference between levels of the lipid in the vehicle control group compared to
the normal control and the NS-398 fed group (p≤0.001). The relative units were derived
by normalization to their respective normal control, averaged together, and then
compared by ANOVA followed by Bonferroni procedure.
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FIGURE 18.
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Figure 18. COX-2 products promote resolution in chronic inflammation. This model
depicts the role of COX-2 products in regulating inflammatory diseases. The antiinflammatory 15d-PGJ2 functions by affecting pro-inflammatory mechanisms of NFκB
as well as the anti-inflammatory functions of PPARγ. The anti-inflammatory functions of
PGE2 are still unclear.
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Reconstitution with PGE2 was Associated with the Return of Resolution.
The fact that PGE2 was inhibited during the resolution phase by NS-398 and
therefore may be important in the active resolution process was a very interesting
observation. In order to determine whether PGE2 plays a functional role in mediating the
resolution process, reconstitution studies were performed. Two functional analogs of
PGE2 were employed in these animal studies, misoprostol and 16,16-dimethyl PGE2.
Misoprostol was originally manufactured as an analog of PGE1 and is used clinically for
preventing anti-inflammatory drug (NSAID)-induced stomach ulcers in humans (Roth,
1990). The other analog, 16,16 dimethyl-PGE2 is a synthetic form of PGE2. Both of
these analogs resist degradation in vivo and activate the PGE receptors (EP 1-4)
(Blikslager et al., 2001). Animals were divided into multiple groups and arthritis was
induced as previously described. The vehicle control group was fed 10% ethanol in
saline. The NS-398 group was fed the COX-2 inhibitor NS-398 (with 10% ethanol) and
injected subcutaneously near the knee with sterile PBS. The Misoprostol group was fed
the COX-2 inhibitor NS-398 and was injected with either 600 ng or 1200 ng Misoprostol
subcutaneously near the knee. The 16,16 dimethyl-PGE2 group was fed the COX-2
inhibitor NS-398 and injected with 600 ng of 16,16 dimethy-PGE2. The mice were fed
three times per week with a 100 µl volume. The subcutaneous injections were given in a
50 µl volume three times per week along with the feedings.
In the vehicle control group, more than 90% of the swollen footpads resolved
naturally with an average slope of about “-2.5” (Figure 19). The group that was fed NS398 and injected with PBS experienced persistent inflammation similarly to what has
been seen in our previous experiments. More than 50% of the footpads remained swollen
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in the group with an average slope of “+0.87”. The animals in the NS-398 fed group
were significantly different than those in the vehicle control group (p<0.001). The
animals that were fed NS-398 and injected with 600 ng misoprostol experienced
resolution but not to the degree of those in the vehicle group, with an average slope of “1.5”. The animals that were fed NS-398 and injected with either 1200 ng Misoprostol or
600 ng 16,16 dimethyl-PGE2 experienced a restoration of resolution as the footpads
naturally resolved similarly to those in the vehicle control group. The average slopes
were “-2.83” and “-2.8” respectively and these groups were not significantly different
from the animals in the vehicle control group.
Histological sections also revealed that the animals within the PGE reconstituted
groups that underwent resolution mediated by PGE2. Knee sections show that similar to
the vehicle control groups, the mice that were injected with the PGE2 analogs were not
infiltrated with neutrophils, which were abundant in the mice that were fed with NS-398
and injected with PBS (Figure 20). While NS-398 blocks COX-2, which inhibits the
production of PGE2 and therefore blocks the active resolution process, reconstitution with
PGE2 restores this process. PGE2 is therefore essential for an active resolution process in
a chronic inflammatory mouse model.
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FIGURE 19.
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FIGURE 19. PGE2 reconstitution restores resolution in COX-2 inhibited animals.
Animals fed with NS-398 were reconstituted with PGE2 analogs and footpads were
compared by the rate of change in thickness in naturally resolving vehicle control (open
diamond, n=45), the NS-398 blocked ones that were reconstituted with 600 ng (open
triangle, n=28) or 1200 ng (grey triangle n=15) of misoprostol, dmPGE2 (black triangle,
n=21) and not reconstituted (PBS control, black diamond, n=42). Each marker represents
a footpad. Mice treated with 1200 ng misoprostol and 600 ng dmPGE2 experienced
resolution similar to that of the vehicle group and were not significantly different. The
groups were compared using the Kruskal-Wallis method.
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FIGURE 20
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FIGURE 20. PGE allows for natural resolution in arthritic mice. This figure shows
H & E staining of knee joints that resolved naturally, inhibited from resolution by NS398 and resolved due to dmPGE2 reconstitution. Neutrophils are identified by their multilooped nuclei (arrows).
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LXA4 is Expressed During Resolution and is Inhibited by COX-2.
Having established that PGE2 has a functional role, we were interested to
investigate the process that the lipid uses to promote resolution. Some researchers have
suggested that PGE2 may signal the end of the inflammatory process by activating the
transcriptional regulation of the 15-LOX pathway. Exposure of PMNs to PGE2 in culture
leads to significant increases in LXA2 as well as expression of 15-LOX (Levy et al.,
2001). Also, clearance of apoptotic neutrophils from inflammatory tissue by professional
phagocytes is a hallmark of LXA4 (Schwab et al., 2007). This information led us to
examine whether LXA4 is involved in this process. Initially, we examined the expression
of LXA2 and its enzyme 12/15-LOX in the three phases. Lipoxin was produced
significantly during the resolution phase (Figure 21). ELISA data shows that LXA4 was
upregulated about 2-fold during the resolution phase. Prostaglandin levels from three
independent experiments were examined (Table 3) and the relative change was deduced
from each experiment and subsequently averaged. Correspondingly, expression of the
enzyme that controls lipoxin production, ALOX12/15, was up-regulated during
resolution (Figure 22). ALOX12/15 increased by 2-2.5 fold after the primary injection,
subsided to the basal level during the inflamed phase (day 40), and then resurged upon
entering the resolution phase, returning to the peak level at day 70.
Knowing that LXA2 is produced significantly during resolution, we also wanted
to examine whether the blocking of COX-2 resulted in a change in lipoxin expression in
addition to the inhibition of PGE2 that was previously observed. Surprisingly, we found
that COX-2 inhibition inhibited production of LXA4, which corresponded to the inhibition
seen with the other prostaglandins (Figure 23). The levels of LXA4 in the vehicle control
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group were about 2-2.5 fold higher than the basal level and the levels in the NS-398 fed
group were about 1-1.5 fold higher (Table 3). The NS-398 fed groups experienced an
80% reduction in the levels of lipoxin. Blocking COX-2 not only resulted in inhibition of
prostaglandins but in inhibition of lipoxins as well.
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FIGURE 21.
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FIGURE 21. LXA4 is produced during the resolution phase. The bars represent the
relative levels of LXA4 in the footpads of mice sacrificed; normal uninjected, inflamed
and resolved. Lipoxin was measured as pg/mg of tissue. The total number of footpads
were normal control = 24, inflamed = 9, resolved = 29. ELISA was performed in order to
deduce the pg concentration of lipids and was normalized to the limb weight. The groups
were then normalized to the values in the normal control. The levels in both the inflamed
and resolved footpads were significantly different (p=0.001) than the uninjected normal
control. Statistical analysis performed was a one-way ANOVA followed by Bonferroni
test with p<0.05 as significant.
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TABLE 3.
Values of LXA4 pg per mg limb weight
Average
Exp 1
Normal
Inflamed
Resolved
Exp 2
Normal
Inflamed
Resolved
Exp 3
Normal
Inflamed
Resolved

standard deviation

19.237
30.330
39.836

2.829
3.329
1.341

18.561
28.685
35.505

1.005
2.953
0.201

33.207
51.060

0.971
0.509

67.572

2.110

Values of LXA4 pg per mg limb weight
Average
Exp 1
Normal
Vehicle
NS-398
Exp 2
Normal
Vehicle
NS-398
Exp 3
Normal
Vehicle
NS-398

standard deviation

3.323
5.568
3.657

0.022
0.140
0.238

6.593
19.194

0.962
1.425

7.640

1.964

8.298
16.753
10.538

3.415
1.368
2.639

TABLE 3. The levels of LXA4 in the three phases of disease and in COX-2 inhibited
animals. The concentration of lipids is shown as pg of lipid per mg limb weight. The
relative change was deduced by comparison of the values in the induction group to the
other groups within each experiment.
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Relative units of 12/15 LOX mRNA

FIGURE 22.
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FIGURE 22. ALOX12/15 is expressed in the resolution phase. The kinetics of
ALOX12/15 mRNA expression was measured by real-time PCR. RNA expression was
normalized to 18S RNA, and then the values in each experiment were normalized to the
respective normal control to deduce the relative units. The total numbers of footpads
used were: day 0 = 11, day 7 = 10, day 14 = 11, day 24 = 13, day 35 = 15, day 45 = 15,
day 55 = 11, and day 70 = 14. COX-2 was included for comparison. The level at day 70
was different from those at day 45 and day 0, p < 0.01, and the level at day 45 was
similar to that at day 0, p > 0.5.
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FIGURE 23.
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FIGURE 23. LXA4 is inhibited in NS-398 fed mice. The bars represent the relative
levels of LXA4 in the footpads of mice sacrificed at the end of the experiment in mice.
Lipoxin was measured as pg/mg of tissue. The total number of footpads were normal
control = 20, vehicle control = 23, and NS-398 fed = 42. ELISA was performed in order
to deduce the pg concentration of lipids and was normalized to the limb weight. The
groups were then normalized to the values in the normal control group. The levels in the
NS-398 fed group were significantly different than those in the vehicle control group.
(p=0.001). Statistical analysis performed was a one-way ANOVA followed by
Bonferroni test with p<0.05 as significant.
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Reconstitution of PGE2 Restores Resolution as well as Lipoxin Production.
As previously shown, LXA4 is produced during the resolution phase and blocking
COX-2 inhibits its production. PGE2 has been linked to the production of lipoxin,
therefore we set out to determine if PGE2 reconstitution restored resolution by its actions
on stimulating the production of LXA4. Lipids were extracted from the footpads of
animals from the previous reconstitution experiments and an ELISA was performed.
Animals that were fed NS-398 experienced about a 50% reduction in the levels of lipoxin
produced from 3.5 pg/mg in the vehicle to 1.5 pg/mg (Figure 24). This group was
significantly different than the vehicle control group (p<0.001). However, administration
of 600 ng and 1200 ng Misoprostol, in a dose dependent manner, the levels of Lipoxin
increased to 2 and 2.7 pg/mg, a reconstitution by 25% and 50% respectively.
Reconstitution with 600 ng 16,16 dimethyl-PGE2 also restored LXA4 production to 2.9
pg/mg tissue. The levels of lipoxin in the 1200 ng Misoprostol and 600 ng dmPGE2
groups were not significantly different than the vehicle control group.
Bonnans et al. (2006) have shown that PGE2 also induces the expression of ALX,
the receptor of LXA4. Real Time PCR results show that reconstitution with dmPGE2
increased expression of ALX (Figure 25). Blocking COX-2 decreased expression of
ALX significantly (p<0.01) and subsequently dmPGE2 was able to restore its expression.
Altogether, this data support the argument that PGE2 regulates the operation of lipoxinmediated resolution mechanisms and therefore regulates the active resolution process.
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FIGURE 24.
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FIGURE 24. Restoration of resolution is associated with LXA4 reconstitution.
Levels of LXA4 were measured in animals that were treated with PGE analogs. The
number of footpads examined were: vehicle = 27, NS-398 treated = 22, Misoprostol at
600 ng = 12, Misoprostol at 1200 ng = 12, dmPGE2 = 13, and normal control = 14.
ELISA was performed in order to deduce the pg concentration of lipids and was
normalized to the limb weight. The groups were then normalized to the values in the
normal control group. The levels in the NS-398 fed group were significantly different
than those in the vehicle control group. (p<0.001) but those treated with 1200 ng
misoprostol and 600 ng dmPGE2 were not different. Statistical analysis performed was a
one-way ANOVA followed by Bonferroni test with p<0.05 as significant.
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FIGURE 25.
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FIGURE 25. PGE2 reconstitutes expression of the lipoxin receptor, ALX. mRNA
expression of ALX was evaluated by real time PCR. RNA expression was normalized to
18S RNA, and then the values in each experiment were normalized to the respective
normal control to deduce the relative units. The number of limbs was 12-16 per group.
ALX expression was significantly different in the NS-398 fed group compared to the
vehicle control but not the group treated with 600 ng dmPGE2. Statistical analysis
performed was a one-way ANOVA followed by Bonferroni test with p<0.05 as
significant.
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CHAPTER 4
DISCUSSION
	
  
Chronic inflammation has plagued many people for decades, manifesting in such
diseases as arthritis, asthma, colitis, and periodontitis, to name a few. Inflammation has
also been associated with some common diseases such as coronary heart disease,
Alzheimer’s, and cancer. With the increase in prevalence of such inflammatory
conditions, effort has been made to develop treatments to ease symptoms and provide
relief. Investigations into the development of proper treatments have led to the discovery
of the complex interactions between all of the players involved. Research in models of
acute inflammation revealed that the inflammatory response involves many regulatory
mechanisms at every phase of disease. Regulatory molecules are essential for the
induction of disease as well as the progression and resolution of inflammation. Acute
models showed that an active process, regulated in part by the products of the
cyclooxygenase and lipoxygenase pathways, must turn off the inflammatory response.
While studies using these models has increased the knowledge of the inflammatory
response, by nature acute inflammation is self-limiting and without relapse. Some of
these models have been criticized because they are thought to be lacking the same
complexities as chronic autoimmune diseases. Chronic autoimmune diseases such as
rheumatoid arthritis are cyclical, resulting in flares in disease activity over time (Seibert
et al., 1999). Therefore, it has been debated whether results seen in the acute models of
inflammation can ultimately apply to the chronic models that have such a major effect on
patients.
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This study aimed to investigate the mechanisms of inflammatory regulation in
chronic autoimmune arthritis; therefore, a murine collagen-induced arthritis model was
utilized. CIA is a widely accepted model of rheumatoid arthritis, as it closely resembles
the clinical disease. The data presented significantly expands on the role of COX-2 in
mediating the many phases of disease in autoimmune arthritis. This study explores the
role of COX-2/PGE-mediated resolution mechanism by revealing that it is an active and
integral process, which can potentially be harnessed for treatment of inflammatory
conditions.
Resolution of inflammation has been regarded as simply a dissipation of proinflammatory signals. Some recent acute inflammatory models have shown that there is a
conserved order of events in the inflammatory response: induction, inflammation and
resolution (Gilroy et al., 2004). The resolution process is active and not simply a
dissipation of pro-inflammatory signals as it was previously regarded. Whether chronic
inflammation also follows distinct phases of disease and if resolution is an active process
remains to be investigated. Chronic inflammatory diseases such as rheumatoid arthritis
require activation of intricate signaling pathways resulting in a recurring cycles of
inflammation and resolution.
In order to begin our investigation of chronic inflammation, we utilized a
collagen-induced arthritis model. This model closely resembles the pathology of human
rheumatoid arthritis and has often been used in the developing treatments for chronic
inflammatory conditions. In our autoimmune inflammatory model, we have shown that
chronic inflammation follows a pattern similar to what has been found in acute
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inflammation. The inflammatory response follows distinct phases that are mediated by a
wide array of molecules.
Chronic inflammation is triggered by the production of pro-inflammatory
molecules resulting in cell activation and tissue destruction. In our arthritis model, the
footpad swelling profile of the hind limbs shows that there is an increase in swelling
beginning around day 30, which peaks around day 45 and begins to decline thereafter.
The inflammatory phase is characterized by increases in pro-inflammatory cytokines as
well as increases in soft tissue swelling and tissue destruction. Similar to disease
progression in humans, our murine autoimmune model shows an increase in transcription
of TNFα, which is essential for induction of the disease as well as the TH17 cytokine IL17. X-rays show an increase in joint destruction in the inflamed phase, which possibly
may be extrapolated to the activation of osteoclasts and their degrading enzymes. This
phase also results in an increase of cellular infiltrates that may include activated T cells
and neutrophils.
Extending the study beyond the induction of inflammation, we have established
that there is an active resolution process of the response, similar to what has been
reported in acute inflammatory models. This process involves a decrease in proinflammatory signals as well as an increase in anti-inflammatory mediators such as the
COX-2 product, 15d-PGJ2, and clearance of cellular infiltrates from the synovial lining of
the knee, most notably the neutrophils, which generally are phagocytosed by
macrophages. Soft tissue swelling declines and the joints begin to repair although
destruction is still apparent. While production of molecules such as 15d-PGJ2 and
clearance of neutrophils are characteristic for dampening the inflammatory response, we
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found that there was unique production of two other inflammatory regulators during this
phase. Surprisingly, we found that two molecules that are often associated with the proinflammatory side of this disease, COX-2 and PGE2, are produced significantly during
resolution indicating a potential dual role of these molecules in mediating inflammation.
The enzyme cyclooxygenase has been implicated in the regulation of various
processes in the body, including the inflammatory response. Pro-inflammatory cytokines
IL-1 and TNFα activate the transcription factor NFκB, which is responsible for the
inducing transcription of COX-2. COX-2 increases when arthritis develops in animal
models and appears in the fluid from joints in arthritis patients (Anderson et al., 1996;
Kang et al., 1996). It has a major role in regulating the production of lipid mediators
such as prostaglandins. Early research indicated that COX-2 was responsible for the
production of pro-inflammatory signals perpetuating the pro-inflammatory arm of
disease. Accordingly, we found that blocking COX-2 during the induction phase, before
the onset of symptoms, resulted in a suppression of the inflammatory response with
decreases pro-inflammatory cytokine production as well as a decrease in swelling. On
the contrary, studies in acute models of inflammation indicate another role for COX-2 in
modulation of disease. Various groups demonstrated that disruption of COX-2 resulted
in a failure of the resolution process (Gilroy et al., 1999; Fukunaga et al., 2005; Yin et al.,
2007; Reuter et al., 1996; Blaho et al., 2008). In our model of chronic inflammation, we
found that the COX-2 inhibitor, NS-398, at a dose of 0.5 mg/kg does interfere with the
resolution process indicating the dual function of COX-2. Administration of NS-398
after the onset of arthritis resulted in progression of an inflammatory state and failure of
the resolution process. Treatment of animals with NS-398 after the onset of symptoms

	
  

85	
  

mimics treatment in normal arthritis sufferers as most patients seek relief after disease
has surfaced. NS-398 also caused a delay in onset of disease in the animals that were fed
the drug before symptoms began. Blocking COX-2 led to an increase in proinflammatory cytokines as well as increased cellular infiltration and bone destruction
indicating a continued inflamed state in these animals. This phenomenon may explain
why NSAIDs and COX inhibitors are palliative rather than curative. These drugs must
be given early to be effective but they do not halt the progression of human disease
(Melnikova, 2005). This data suggested an intriguing problem, since inhibitors of COX-2
are first-line therapies of arthritis and are widely adopted for treatment of many chronic
inflammatory disorders and autoimmune diseases (Taylor et al., 2006).
While our study was conducted in mice, there have been some reported cases
where patients given dual COX-1 and COX-2 inhibitors experience disease relapse, in
addition to known cardiovascular side effects. Reijman et al. (2005) observed that
patients who received long-term treatment with diclofenac had a 2.4-fold and a 3.2-fold
higher risk, respectively, of osteoarthritic damage in their hips and knees than subjects
who received the NSAID for a limited amount of time. Another study by Matuk et al.
(2004) found that 40% of patients on coxib and 70% of those on celecoxib suffered
relapse within 6 weeks. Patients with Crohn’s disease were given conventional NSAIDs
(naproxen, diclofenac, or indomethacin) for four weeks. Out of the 109 subjects, 17-28%
experienced relapse compared with patients taking acetaminophen (Takeuchi et al.,
2006). It has also been reported that indomethacin exacerbates psoriasis and rofecoxib
prolongs the time needed to resolve inflammation caused by tooth extraction (Cohen et
al., 2005; Wang et al., 2006)
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Our results suggest that COX-2 is essential in the resolution of chronic
inflammation, at least partly because the enzyme facilitates the production of lipid
mediators such as 15d-PGJ2 and PGE2. The prostaglandin 15d-PGJ2 is a noted antiinflammatory mediator. This prostaglandin can act both dependently and independently
of the nuclear receptor PPARγ to exert its anti-inflammatory effects. Administration of
15d-PGJ2 inhibits inflammation in models of arthritis, inflammatory bowel disease, and
lupus nephritis (Fahmi et al., 2001; Kawahito et al., 2000; Wada et al., 2001; Reilly et al.,
2000). We found that 15d-PGJ2, was significantly produced during the resolution phase.
Inhibition of COX-2 with the drug NS-398 inhibited production of the prostaglandin 15dPGJ2 as well as its target PPARγ. The loss of production of these molecules corresponds
to the loss of resolution in NS-398 treated animals. 15d-PGJ2 can induce resolution of
inflammation by attenuating NFκB-mediated transcriptional activation of proinflammatory cytokines both dependently and independently of PPARγ (Straus and
Glass, 2001). Expression of the cytokines TNFα and IL-12 is inhibited through the
actions of 15d-PGJ2 (Drew and Chavis, 2001). Expression of cell adhesion molecules
and pro-inflammatory proteins such as iNOS is also inhibited by the prostaglandin
(Pasceri et al., 2000; Ricote et al., 1998). 15d-PGJ2 activation of PPARγ inhibits
inflammatory gene expression by forming nuclear-cytoplasmic shuttling complexes with
the p65 subunit of NFκB, modulating protein kinase activity, and forming direct
complexes with transcription factors AP-1 and NFκB family members (Chawla et al.,
2001; Kelly et al., 2004; Lee et al., 2003). In accordance with other studies, 15d-PGJ2
appears to play a role in resolution of inflammation in our model of chronic
inflammation.
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In several acute models of inflammation, such as heart inflammation and skin
wound healing, production switches from pro- to anti-inflammatory metabolites of COX2, PGE2 to 15d-PGJ2, as the inflammation evolves into resolution (Kapoor et al., 2007;
Schuligoi et al., 2005). The production of PGE2 in our model of chronic autoimmune
arthritis increases at both the inflammatory phase and the resolution phase being
produced as swelling increases and then is sustained throughout both phases.
Furthermore, its inhibition is associated with a loss of resolution. While the antiinflammatory functions of 15d-PGJ2 have been investigated, PGE2 acting as a regulator
of resolution is an intriguing phenomenon. Therefore, we examined if PGE2 acts along
with 15d-PGJ2 to facilitate resolution or if this lipid is simply a bystander in disease
pathogenesis.
Since the mid-1980s there have been reports on the pro- as well as antiinflammatory effects of PGE2; however the view that PGE2 promotes inflammation has
dominated. In more recent studies involving the effects of PGE2 on immune regulation,
the view of the prostaglandin as a protective entity has begun to emerge. Studies have
found that PGE2 protects animal models of liver injury (Jaworek et al., 2001). Clinical
trials using the PGE analog misoprostol have also shown to prevent liver injury in
hepatitis B patients (Flisiak and Prokopowicz, 2000). COX-2 inhibition in synovial
fibroblasts depleted PGE production along with enhancing p65 and inhibited p50 DNAbinding activities. The same group showed that exogenously added PGE2 inhibited p65
nuclear translocation (Gomez et al., 2005). PGE2 has also been found to activate
regulatory T cells as well as the TH2 subset of T cells while suppressing TH1 (Baratelli et
al., 2005; Shibata et al., 2007).
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PGE2 signals cellular events by binding to its receptors, EP1, EP2, EP3, and EP4,
which activate different pathways. The EP1 receptor activates G protein Gq and
increases intracellular calcium levels. The EP3 receptor inhibits adenylate cylcase via Gi
to reduce cAMP levels. Contrarily, the EP2 and EP4 receptors activate G proteins that
stimulate cAMP and adenylate cyclase activation (Sugimoto and Narumiya, 2007). PGE2
actions via the EP3 receptor are shown to suppress skin inflammation in a model of
murine contact hypersensitivity (Honda et al., 2008). Conversely, PGE2 activation of the
EP2 and EP4 receptors triggers immunosuppressive effects (Ogawa et al., 2009). While
details concerning expression profiles of the EP receptors remain unclear, these receptors
may be differentially expressed on specific immune cell types. For examples, studies in
monocyte-derived dendritic cells show specific EP 2, 3, and 4 expression although
signaling only occurs through the EP 2 and 4 receptors (Kubo et al., 2004). Expression
of specific EP receptors on different immune regulatory cells, such as neutrophils and
macrophages, may contribute to the opposing function of PGE2 during different phases of
disease. Triggering different signaling pathways through activation of a variety of EP
receptors, which may be expressed on specific immune regulatory cells correlates with
our findings that PGE2 has dual-acting roles in regulating inflammation. Altogether,
PGE2 regulation of inflammation is a complex process involving signaling through
various receptors the details of which warrants further investigation.
COX is the rate-limiting enzyme for the synthesis of PGE; however, down-stream
PGE2 is synthesized by one of three terminal enzymes - cytosolic prostaglandin E
synthase (cPGES), microsomal PGES-1 (mPGES-1), and microsomal PGES-2 (mPGES2). One isoform of PGE synthase, cPGES, is generally constitutively expressed and
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usually couples with COX-1 (Bianchi et al., 2005). mPGES-1 is induced by proinflammatory cytokines, growth factors, and endotoxins and is downregulated by the
anti-inflammatory effects of corticosteroids (Murakami et al., 2002). This isoform is also
preferentially linked with COX-2 (Tanioka et al., 2000). More recently, another isoform
of prostaglandin E synthase was cloned, mPGES-2. mPGES-2 is highly expressed in the
heart and brain and it is not necessarily coupled to COX-1 or COX-2 (Tanikawa et al.,
2002). Our study shows that expression of the inducible enzyme, mPGES-1, increases
along with footpad swelling in the inflamed phase and then subsides as the disease
progresses into the resolution phase. Therefore, the PGE2 present during the resolution
phase is not a product of the enzymatic reaction of mPGES-1. While it is not certain
which enzyme is responsible for producing PGE2, it could be one of the other two
isoforms of the enzyme. While generally cPGES and mPGES-2 are constitutively
expressed, there are instances when their expression can be induced, although not at
levels similar to that of mPGES-1 (Mattila et al., 2009). Considering that mPGES-1 does
not allow for PGE2 production in the resolution phase, blocking this enzyme would not
affect resolution. Recently, considerable effort has been invested in developing inhibitors
of this enzyme for therapeutic use. Studies examining the effects of mPGES-1 inhibitors
show that these new drugs are efficient at preventing inflammation both in vitro and in
vivo (Mbalaviele et al., 2010; Guererro et al., 2009). While further investigation is
necessary, these inhibitors seem to be a safe and effective alternative to COX inhibitors.
There are various pro-resolution mechanisms that contribute to mediating the
resolution mechanisms. COX-2 products 15d-PGJ2 and PGE2 are two of many possible
molecules responsible for turning on the resolution phase of the inflammatory response.
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Interestingly, our data shows that PGE2 alone is sufficient to induce the resolution
process. One of the possible mechanisms by which it mediates resolution is through
enhancing production of the pro-resolving LXA4. We draw this conclusion based on the
observation that the animals that received NS-398 alone experienced a failure of
resolution and the animals that received either PGE analog experienced a restoration in
the resolution process. They underwent a natural course of footpad swelling and
resolving as well as a clearance of infiltrating cells in the synovium.
In 1995, Clair and Serhan showed that the in vivo anti-inflammatory action of the
NSAID, aspirin, is actually conferred by inducing 15-epi-LXA4 synthesis (Clair and
Serhan, 1995). 15-epi-LXA4 and LXA4 are trihydroxytetraene-containing eicosanoids,
which promote resolution of inflammation by enhancing apoptotic removal of dying
neutrophils. Our data shows that LXA4 is significantly produced during the resolution
phase along with the enzyme precursor 12/15 Lipoxygenase. Fukunaga et al. (2005)
showed that production of LXA4 was simultaneous with the production of PGE2 in an
animal model of lung injury and that blocking COX-2 decreased production of LXA4.
Similarly in our chronic inflammatory model, COX-2 inhibition decreased production of
LXA4. We also show that PGE2 reconstitution of resolution is associated with the
restoration of LXA4 production further linking the two lipid mediators. Here, we showed
that in chronic inflammation, a sustained presence of PGE2 is essential for mediating
production of LXA4. This dependency is different from what happens in an acute
condition or at a single cell level. In vitro, with PMNs extracted from air pouch and
bronchial epithelial cells isolated from acid-injured lung, PGE2 is only transiently
produced to provide a transitional signal for inducing LXA4 and mediating evolution of
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inflammation to resolution (Levy et al., 2001). Whether the need for LXA4 is particular
to autoimmune arthritis remains to be investigated.
While we have demonstrated that PGE2 restores resolution through its effect on
LXA4 the exact mechanism in our chronic autoimmune model is unknown. Further study
is necessary to determine if PGE2 may increase activity and expression of 15-LOX
resulting in the increase in LXA4 production. We have also shown that PGE2 increases
expression of the lipoxin receptor, ALX, which could contribute to a positive feedback
loop increasing lipoxin production. PGE2 may also downregulate the enzyme responsible
for lipid degredation, 15-prostaglandin dehydrogenase, subsequently resulting in an
increase in LXA4.
In conclusion, this study provides a new mechanistic insight regarding the
resolution of inflammation in autoimmune arthritis with specific emphasis on the
function of COX-2, PGE2, and LXA4 (Figure 26). Chronic autoimmune arthritis
progresses in three stages: induction, inflammation, and resolution. The inflammatory
phase is defined by an increase in soft tissue swelling, bone destruction, and cellular
infiltrates. This phase also experiences a marked increase in pro-inflammatory mediators
such as TNFα and IL-17 as well as PGE2 produced from mPGES-1. The resolution
phase is defined by a decrease in soft tissue swelling, clearance of infiltrating cells in the
synovium, and the beginning of tissue repair in the joints in addition to increased
production of 15d-PGJ2. Similar to what has been shown in acute inflammatory models,
there is a sustained production of COX-2. COX-2 mediates production of the antiinflammatory 15d-PGJ2 and the pro- and anti-inflammatory PGE2. In the resolution
phase there is also a noted increase in the anti-inflammatory/pro-resolution molecule
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LXA4, whose production corresponds with an increase in its enzyme 12/15-LOX as well
as PGE2. Blocking COX-2 during the resolution phase results in a failure of resolution
due in part to the loss of production of 15d-PGJ2, PGE2 and LXA4. Further investigation
into the mechanism of COX-2 mediated resolution revealed that PGE2 facilitates this
process. PGE2 was able to restore resolution in COX-2 inhibited mice, which may by
due to the restoration of LXA4 production seen in mice that were reconstituted with
PGE2. This study demonstrates the importance of COX-2/PGE2 mediated resolution
machinery in autoimmune arthritis.
Many of the therapies currently in use to treat chronic inflammatory disorders
function as inhibitors of inflammatory mediators.

One of these therapies targeting

inflammatory mediators utilizes COX-2 inhibitors. This is a salient concern, in addition
to the fact that they increase the risk of stroke, especially in view of the fact that most
patients seek treatment after arthritis has been established. Observing the phenomenon of
PGE2 mediating resolution via its effects on LXA4 production highlights the complexities
in the inflammatory process and the need to thoroughly investigate the effects of blocking
molecules as therapies for chronic inflammatory disorders. Many scientists in the field of
inflammatory research emphasize that targeting pro-resolving mechanisms may be a
better path to travel in order to treat these diseases.

These pro-resolving therapies

function differently in that they serve as activators and turn on the protective aspect of the
inflammatory response. While this study shows the importance of one potential proresolving process and the pitfalls of targeting inflammatory mechanisms, a more in-depth
understanding on the intricacies of the endogenous lipid mediators from the COX/LOX
pathways is urgently warranted.
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FIGURE 26.
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Figure 26. Proposed model for crosstalk between the COX and LOX pathways.
PGE2 produced through COX activates the production of lipoxins from the LOX pathway
to mediate resolution of inflammation in a feedback manner.
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