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ABSTRACT 

 
 
 
Chronic inflammation follows defined phases of induction, inflammation, and resolution. 

The resolution phase requires cycloxygenase-2 (COX-2) activity. This study aims to 

address what other molecules are required for a functional resolution phase. We 

demonstrated that in murine collagen-induced arthritis the transcription factor, 

PPAR� �plays a role in the resolution phase. Inhibition of COX-2 activity results in fewer 

PPAR��  positive cells in the arthritic synovium. Treatment with a PPAR� ��antagonist, 

SR202, alone, also disrupts the process of resolution. PPAR�  antagonist treatment results 

in a decrease in eNOS phosphorylation within the arthritic synovium. These observations 

indicate that PPAR�  may function to regulate eNOS activity. The source of pro-resolving 

nitric oxide is eNOS but not, iNOS. The effect of COX-2 inhibition on the resolution 

phase is ameliorated by injection of a PGE2 analog. Restoration of PGE2   levels results in 

an increase in PPAR�� positive cells in the arthritic synovium which correlates with this 

restoration of resolution. Thus, this study provides in vivo evidence for the pro-resolving 

role of PPAR�  and its relationship with PGE2 and eNOS.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

Inflammation 

Inflammation is the protective immune response to injury. Clinical characteristics of 

acute inflammation include pain, heat, swelling, and redness at the site of the injury. 

Tissue function may also be affected. Acute inflammation is normally a localized 

response following trauma or infection. However, if the agent causing the inflammation 

persists, chronic inflammation is a potential outcome. Chronic inflammation can result 

from an stimulus such as environmental antigens or infection. But can also come form the 

host response in the  form of an  autoimmune reaction, or persistent activation of 

inflammatory mediators. 

The inflammatory process involves a complex biological cascade of molecular and 

cellular signals that alter physiological responses. At the site of the injury, cells release 

signals that cause a number of changes in the affected area; dilation of blood vessels, 

increased blood flow, increased vascular permeability, exudation of fluids containing a 

variety of immune cells. Granulocytes, monocytes, and lymphocytes are involved in the 

inflammatory cascade. 

Acute Inflammation 

Acute inflammation is a normal process that protects and heals the body following 

physical injury or infection. Local dilation of blood vessels as well as increased vessel 
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permeability to improve blood flow to the injured are hallmarks of acute inflammation. 

At the site of an infection or injury, mast cells, platelets, neurons, endothelial cells, and 

other resident cells release signaling molecules and chemoattractants that recruit 

leukocytes to the affected area (Fadok et al, 2001). Neutrophils, a type of granulocyte, are 

the first leukocytes to appear at the injured site. These cells can defend against 

microorganisms through the release of non-specific anti-microbial molecules, such as 

defensins. Neutrophils and macrophages also release pro-inflammatory cytokines and 

chemokines that can recruit additional immune cells to the site. The response is short-

lived and self-limiting, thus damage to healthy tissue is minimized. The response resolves 

in an active process by which the inflammatory cells are removed in an ordered manner, 

which limits the potential for additional inflammation caused by necrotic cells (Serhan et 

al, 2004). 

Chronic Inflammation   

If the inflammatory stimulus persists, inflammation can last days, months, and even 

years. Macrophages engulf and digest microorganisms, foreign invaders, and senescent 

cells. At later stages, other cells, including lymphocytes, invade the affected tissues. One 

of the primary differences between chronic inflammation and acute inflammation is that 

in the case of the former the adaptive arm of immunity drives the process, providing a 

stimulus to keep the inflammatory process active. Macrophages and granulocytes can 

release reactive oxygen species and proteases that destroy the source of inflammation, 

however, damage to the body's own tissues often results. In fact, tissue damage is a 

hallmark of chronic inflammation. Resolution of chronic inflammation is also an active 
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process by which both neutrophils and inflammatory macrophages must be removed from 

the affected tissues (Serhan and Savill, 2005). In some ways, chronic inflammation can 

be viewed as a failure in the process of resolution (Gilroy et al, 2007). Chronic 

inflammation is sometimes characterized by periods of resolution between inflammatory 

flares. This often occurs in rheumatoid arthritis a chronic inflammatory autoimmune 

disease. A complete understanding of the pathways involved in the resolution of 

chronically inflamed tissues, such as those in rheumatoid arthritis (RA), has not yet been 

elucidated.  

 

Rheumatoid Arthritis 

 

Rheumatoid arthritis is a systemic inflammatory disease that may affect many tissues and 

organs. The symptoms of the disease vary in individual cases and can change on a daily 

basis. Although the disease is systemic, the arthritic disease symptoms are focused in the  

small diarthordial joints in the hands and feet. The joints may feel warm to the touch and 

be accompanied by a decrease in the range of motion. Rheumatoid arthritis is 

symmetrical; meaning that if a joint on one side of the body is involved the 

corresponding joint on the other side is often involved as well. Due to the systemic nature 

of the disease an individual will often feel fatigued, become anemic, experience loss of 

appetite, and run a low grade fever (Imbolden et al, 2009).  
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Within an RA affected joint the synovium, or joint lining, becomes inflamed. This 

inflammation is evidenced by thickening and pannus formation. The pannus, or 

inflammatory synovial tissue, forms an aggressive front, which invades and destroys 

local articular structures. Normally the synovium is a relatively acellular structure with a 

delicate intimal lining. In contrast, in RA affected tissue, the synovium undergoes a 

drastic increase in cellularity (Firestein and Sweeny, 2003). Ultimately, patients with 

rheumatoid arthritis experience severe joint destruction, pain, and immobility. The 

chronic nature of the disease can lead to lifelong disability and a decrease in quality of 

life. 

 

Aetiopathogenesis of RA 

 

During the autoimmune process antibodies specific for IgG (termed rheumatoid factors) 

and/or specific for anti-cyclic citrullinated protein antibodies (anti-CCPs) are produced.�

The presence of anti-IgG antibodies or rheumatoid factor has long been associated with 

RA. The newer disease marker is�the�anti-CCPs. The anti-citrullinated-peptide antibodies 

are comprised of antiperinuclear factor and anti-keratin antibodies There is evidence for 

abnormal citrullination of various peptides in a diverse array of human diseases, 

including RA, psoriasis, and multiple sclerosis(Vossenaar et al, 2003). These disease 

markers precede the clinical manifestations of arthritis. The early mechanism by which 

the autoimmune element of the disease is initiated has not been well defined but it is most 

likely the result of a failure during thymic selection or peripheral tolerance, with a 
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contributing genetic factor.Some subsequent event may trigger the onset of inflammatory 

synovitis, resulting in clinical presentation (McInnes and Schett, 2007). 

 

After onset of clinical disease, the normally hypocellular synovial membrane becomes 

hyperplastic, comprised of an intimal layer of synovial fibroblasts and some 

macrophages. The superficial synovium overlies an interstitial zone of cellular infiltrates, 

which includes synovial fibroblasts, macrophages, mast cells, CD4+ T cells, CD8+ T 

cells, natural killer cells, NKT cells, B cells, and plasma cells. The inflamed synovium 

invades the surrounding cartilage and promotes articular destruction. The underlying 

bone marrow also exhibits inflammatory infiltrate most likely resulting in an assault on 

the bone, stemming from both the synovial space and the bone marrow (McInnes et al, 

2007; Jimenez-Boj et al, 2005). CD4+ T cells are implicated in the pathogenesis of 

rheumatoid arthritis based on the genetic association with MHC Class II alleles, the high 

numbers of T cells present in the inflamed synovium, and the demonstrated requirement 

of T cells in various animal models of arthritis (Panayi, 2006). 

 

The pathogenesis of the disease does not occur at a steady rate. The diseased tissues go 

through periods of greater inflammation or flares sandwiched between phases of 

resolution. One of the requirements for resolution is the active apoptosis of the 

inflammatory cells. These inflammatory cells must be removed from the tissues in order 

to prevent any additional damage to the surrounding environment. The resolution phase is 

active, dynamic, and less well understood than the inflamed phase (Lawrence et al, 

2007).  
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Cytokines in the Pathogenesis of Rheumatoid Arthritis 

 

Cytokines are directly involved in the immune processes that are associated with the 

pathogenesis of RA. Numerous cytokines are expressed and functionally active in the 

synovial tissues of affected joints. Additionally, modulation of these cytokines has been 

shown to affect the outcome in different rodent models of arthritis (Thorbeck et al, 1992). 

Cytokines released primarily by macrophages/monocyte regulate the phenotype of 

effector and regulatory T cells in the synovium. Cytokines such as TNF-� , IL-1� , IL-6, 

IL-7, IL-12, IL-15, IL-18, and IL-23p19 can support the expansion of TH1 or TH17 cells. 

The roles of these cytokines within a complex network are related to specific immune 

processes that promote autoimmunity, chronic inflammation, and tissue destruction 

(McInnes et al, 2007; Tak et al, 1997). 

   

The cytokine, tumor necrosis factor-alpha (TNF-� ), plays an important role in the 

pathogenesis of rheumatoid arthritis. TNF-�  is present in most synovial biopsies, and its 

inhibition suppresses various arthritis models (Klareskog and McDevitt, 1999)  whereas 

over-expression of a TNF transgene induces spontaneous erosive inflammatory arthritis 

(Keffer et al., 1991). TNF-�  is responsible for induction of 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; VandeLoo and VandenBerg, 1990). Along with TNF-� , IL-1 plays 

a crucial role in the pathogenesis of rheumatoid arthritis.  
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IL-17 was discovered by Rouvier et al. in 1993. This new cytokine was quickly 

associated with autoimmune disorders (Yamada et al, 2010). Lubberts et al. (2010) 

demonstrated a key role for IL-17 in collagen-induced arthritis (Korn et al 2009). High 

levels of IL-17 and its receptor are found in the synovial fluid of patients with RA. 

Additionally, IL-17 promotes joint degradation in ex vivo models of inflammation 

(Kotake et al., 1999; Cai et al., 2001). It also promotes the production of pro-

inflammatory cytokines and induces cartilage catabolism (McInnes et al., 2007; Kunz and 

Ibrahim, 2009). It also enhances cartilage damage and leads to erosion and chondrocyte 

death (Lubberts et al., 2002). TNF-�  and IL-17 are two of the major cytokines implicated 

in the development and maintenance of chronic inflammation in rheumatoid arthritis. 

 

T cell Function in the Pathogenesis of Rheumatoid Arthritis 

 

 As previously mentioned, T cells are implicated in the pathogenesis of rheumatoid 

arthritis based on the genetic association with MHC Class II alleles, the high numbers of 

T cells present in the inflamed synovium, and the demonstrated requirement of T cells in 

various animal models of arthritis (Panayi, 2006). Based widely on animal studies, RA 

was thought to be a predominately TH1 cell mediated disorder, directed by T cell driven 

production of pro-inflammatory cytokines. The cellular interactions which occur in the 

inflamed synovium combined with inflammatory cytokines and reactive oxygen 

intermediates in a hypoxic setting, are probably responsible for imposing distinct 

characteristics on synovial T cells. Specific characteristics of such cells include an 
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intrinsic resistance to apoptosis in vivo (Salmon, 1997), loss of expression of CD25, 

CD28, CD27, CD40L, and the invariant TCR subunit TCR-
  (Schmidt et al, 1996; 

Maurice et al, 1997, Zhang et al 2007). Additionally these T cells show enhanced 

expression of inflammatory cytokines such as IFN-��  (Dolhian eta al, 1996). However, 

administration of IFN-�� to patients with rheumatoid arthritis did not significantly 

modulate disease (Veyes et al, 1997). Thus the role of  IFN-�� in disease progression is not 

clear. Along with the role of TNF in the pathogenesis of RA, more recent studies 

implicate TH17 cells as crucial effectors.  

 

TH17 cells secrete the aforementioned cytokine, IL-17. IL-17 drives neutrophil 

differentiation, maturation, activation, and cytokine release. In addition it induces 

monocyte activation and cytokine release; synovial fibroblast activation; cytokine and 

chemokine release; prostaglandin production; and matrix metalloproteinase (MMP) 

synthesis (Weaver et al, 2007). A synergistic effect has also been observed with low 

concentrations of IL-17, IL-1 and TNF-� , which together leads to synovial fibroblast 

activation and cytokine production, indicating a pathogenic role for these inflammatory 

cascades. A potent role for IL-17 in joint damage has also been proposed (McInnes et al, 

2007, Ramming et al, 2010).  The Th9 T cell may contribute to the production of IL-17 in 

a less direct manner. In the presence of TGF-��� the cell subset Th9 produces IL-9. IL-9 

affects T cell differentiation resulting in a increase in the Th17 population (Ramming et 

al, 2010). In addition to the Th9 and Th17 T cell subset, more recently the Th22 T cell 

was reported to be found in higher numbers in autoimmune disorders such as rheumatoid 

arthritis (Zhang et al, 2011).  
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T cells also contribute to synovial inflammation via direct interactions with neighboring 

macrophages and synovial fibroblasts that promote their activation. Accordingly, freshly 

isolated synovial T cells induce TNF-�  and IL-1�  release from macrophages in a cell-

contact-dependent manner (McInnes et al, 1997). Moreover, culturing peripheral blood 

CD4+ or CD8+ T cells with combinations of IL-2, IL-6, IL-15 or TNF-�  recapitulates 

their macrophage-activating properties in vitro (Brennan et al, 1989). 

 

Naturally occurring TREG cells (FOXP3+ CD4+ CD25+ regulatory T cell subset) have 

been detected in the inflamed synovium of patients with RA. However, some reports 

suggest that these TREG cells present with impaired regulatory function (Raza et al, 2005). 

Morgan et al. used the CIA murine model to demonstrate that  the depletion of regulatory 

T cells prior to collagen immunization greatly increased both the severity and incidence 

of the disease and was associated with an increase in CII-specific antibodies (Morgan, 

2003).A more recent study on the effect of anti-TNF-�  blocking antibodies has shown 

that TNF-�  may play a role in the regulation of regulatory T cells. Inhibition of TNF-�  in 

RA patients is shown to result in an emergence of a FOXP3+ CD4+ CD25+ regulatory T-

cell population. This population could suppress effector T cells through TGF-�� and IL-10 

dependent pathways (Nadkarni et al, 2007). 

 

It is generally accepted that a balance between Th1 and Th2 cells determines the 

phenotype and progression of numerous diseases, such as inflammatory, allergic, or 

autoimmune diseases (Sher et al, 1992 and Romagnani et al, 1994) Th1 T cells 
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predominately mediate cellular immune responses and produce IFN-��� Whereas Th2 

cells, which produce IL-4, IL-5, and IL-10, are often involved in the pathogenesis of 

allergic diseases (Romangnani et al, 1991).  Rheumatoid arthritis is generally considered 

to be a Th1 driven disease.  

 

The Role of B cells in Rheumatoid Arthritis 
 
 

B lymphocytes play several critical roles in the pathogenesis of rheumatoid arthritis. 

They are the source of the autoantibodies, rheumatoid factors, and anti-cyclic 

citrullinated protein antibodies (anti-CCPs), which contribute to immune complex 

formation and complement activation in the joints (Silverman et al, 2003). The advent of 

B-cell-depleting therapeutics, such as the CD20-specific monoclonal antibody rituximab 

(Rituxan; Genentech, Inc. and Biogen Idec Inc.), in rheumatoid arthritis has refocused 

interest in pathways that regulate B cell activation, maturation and function in the joints. 

Rituximab depletes all B cell subsets, except plasma cells (which lack CD20 expression), 

and induces significant and sometimes long-lived clinical benefit (Edwards et al, 2004). 

In addition to autoantibody production, and thereby immune-complex formation, the B 

cell lineage contributes to pathogenesis by the production of cytokines and chemokines 

(such as IL-6, IL-10). B cell-derived cytokines regulate the activation of follicular DCs 

and lymphoid neogenesis, and contribute regulatory feedback loops for T cell– 

macrophage and T cell–B cell interactions (Engel et al. 2011). 

 

B cells not only can produce potentially pathologic autoantibodies and proinflammatory 

cytokines but also can present antigens to T cells and provide costimulatory signals 
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which are essential for T cell activation, clonal expansion, and effector functions. 

Antigen presentation by B cells is critical for the activation of auto reactive T cells. 

Moreover, the antigen-presenting cell function of B cells requires the direct recognition 

of antigen through the B cell receptor to activate auto reactive T cells. While in contrast, 

conventional antigen-presenting cells, such as macrophages, display no binding 

specificity for antigens (O’Neill et al, 2005). 

 

Role of Fibroblasts in Rheumatoid Arthritis 

 

In healthy joints, synovial fibroblasts provide the synovial fluid in the joint cavity and the 

adjacent cartilage with nutrition and molecules necessary for the lubrication of the 

synovial fluid. They facilitate matrix remodeling by producing matrix components and 

matrix-degrading enzymes and contribute to tissue repair and wound healing (Lefevre et 

al, 2009). 

 

In RA, the expanding pannus, or inflammatory synovial tissue,  overgrows the underlying 

cartilage surface and invades into the cartilage and bone, leading to joint destruction. A 

central cell type involved in cartilage invasion is the synovial fibroblast, which actively 

contributes to matrix degradation. During subsequent joint destruction, synovial 

fibroblasts actively contribute to inflammation, angiogenesis and matrix degradation by 

producing inflammatory cytokines (Neuman et al, 2010).  
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Various inflammatory factors can enhance the destructive properties of synovial 

fibroblasts including TNF-� , IL-6, and IL-1� , which are also therapeutic targets in RA 

(Gibbons, 2009). In turn, activated synovial fibroblasts further enhance the inflammatory 

cycle by producing inflammatory factors themselves (Neumann et al, 2010).  

 

 

Role of Macrophages in the Pathogenesis of Rheumatoid Arthritis 

 

The abundance of infiltrating macrophages in the inflamed synovial membrane and at the 

cartilage–pannus junction is indicative of their role in RA. They show clear signs of 

activation, such as: over-expression of major histocompatibility complex class II 

molecules ,production of  proinflammatory or regulatory cytokines and growth factors 

[e.g. IL-1, IL-6, IL-10, IL-13, IL-15, IL-18, TNF-�  and granulocyte– macrophage 

colony-stimulating factor (GM-CSF)]; chemokines and chemoattractants [e.g. IL-8, 

macrophage inflammatory protein (MIP)-1 and monocyte chemoattractant protein 

(MCP)-1], and metalloproteinases. (Breshnihan et al, 1999; Burmester et al, 1997; Kinne 

et al, 2000; Gracie et al, 1999) 

 

The degree of macrophage infiltration/activation correlates not only with joint pain  

and general inflammatory status of the affected individual, but also with permanent joint 

damage observed with radiology, the disease feature that ultimately determines quality of 

life (Tak et al, 1997). 
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In RA, synovial lining macrophages may represent a source of nitric oxide (NO) (Sakuri 

et al, 1995; Mcinnes et al, 1994). Synovial cells exposed to NO increase their TNF-�  

production, possibly adding to the mechanisms that promote synovitis (Amin et al, 1996). 

Nitric Oxide may also be relevant to arthritis because of its effects on bone remodeling 

(Hansen et al,  1998).  

 

The Role of Macrophages in the Resolution of Inflammation 

 

In the RA synovial membrane, recently immigrated monocytes undergo differentiation 

into mature macrophages. Macrophage subsets differentially colonise the synovial 

sublining and lining layer, respectively, as well as the superficial and deep layers of the 

lining (Mulherin et al, 1996). A possible functional diversity in these areas, which is 

emphasized by the expression of different activation markers and transcription factors, 

may differentially contribute to disease progression. Locally, synovial macrophages also 

differentiate into stimulatory or inhibitory subpopulations (Klareskog et al, 1982, 

Odeegard et al, 2007). In RA, macrophage subpopulations, such as classically activated 

versus alternatively activated macrophages, may be responsible for the separate synthesis 

of proinflammatory or regulatory signals, the balance of which is critical to perpetuation 

of disease (Gyöngyike et al, 2007). Classically activated macrophages require priming in 

the form of IFN-�  (Dalton et al, 1993).  Classical activation results in the production of 

proinflammatory effectors such as TNF-��� IL-6, and nitric oxide. Alternatively activated 

macrophages may be involved in the resolution phase of RA. The transcription factor 

PPAR�� has been shown to control the differentiation of myeloid cells into alternatively 
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activated macrophages (Odegaard et al, 2007). In addition to PPAR��� Arginase-1 also�� 

serves as a marker for alternatively activated macrophages (Stempin et al, 2010). 

Alternatively activated macrophages not only inhibit T cell proliferation, but also 

promote resolution of inflammation and fibrogenesis. They exhibit suppression on 

effector mechanisms of classically activated macrophage-inhibiting induction of 

inducible nitric oxide synthase (iNOS), matrix metalloproteinase-9 (MMP-9), and 

scavenger receptor A (Ricotte et al, 1999). Alternatively-activated macrophages actively 

express a set of genes enabling them to regulate anti-inflammatory processes, induce 

tolerance and promote wound healing. These anti-inflammatory regulatory mechanisms 

can act as a counterbalance to limit disease severity and protect the host from 

immunopathology. The role of alternatively activated macrophages in the resolution of 

chronic inflammation is not yet clear.  

�

 

Transcription Factors in Rheumatoid Arthritis 

 

The pathogenesis of RA is mediated by a number of cytokines, chemokines, cell adhesion 

molecules, and matrix metalloproteinases. Expression of these molecules is controlled at 

the transcription level, and activation of a limited number of transcription factors has 

been shown to be  involved in this process. 
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NF- ������������ in the Pathogenesis of RA 

 

The nuclear factor-kappaB (NF-�� ) proteins are a family of ubiquitously expressed 

transcription factors that play an essential role in most immune and inflammatory 

responses. In mammals, the NF-��  family consists of five members: RelA (p65), RelB, 

c-Rel, NF-�� 1 (p50 and its precursor p105), and NF-�� 2 (p52 and its precursor p100). 

They form a variety of�homodimers and heterodimers, each of which activates�its own 

characteristic set of genes, and share a 300-�amino acid domain (designated the Rel 

homology�domain) that mediates their DNA binding, dimerization, and nuclear 

translocation (Blas et al, 2006).  

 
 

The NF-��� proteins are retained in an inactive form in the cytoplasm through their 

interaction with inhibitor of NF-��� proteins (I� B). Cellular stimulation, by cytokines 

such as TNF-�  and interleukin (IL)-1�� or extra-cellular sources such as LPS, activate the 

inhibitor of NF-��  kinase [I� B kinase (IKK) complex] and then this complex 

phosphorylates I� B, which leads to its ubiquitination and subsequent proteosomal 

degradation. Degradation of I� B enables NF-��� to translocate to the nucleus, leading to 

stimulation of the transcription of genes containing the consensus � B sequence (Blas et 

al, 2006). 

 

The NF-��� family of genes has been reported to be highly expressed and activated in 

RA-affected tissues, and several interventions such as with a dominant-negative inhibitor 
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of kappa –beta kinase (IKK) and antisense to NF-��� oligonucleotides, have effectively 

prevented the expression of cytokines in vitro and the development of arthritis in animal 

models. NF-��� also has a role in the proliferation of synovial cells characteristic of RA 

(Okamoto et al, 2008). NF-� B also binds to promoters of genes coding inducible nitric 

oxide synthase (iNOS) and cyclooxygenase-2 (COX-2,) both of which are essential in 

mediating the pro-inflammatory immune response (Gomez et al., 2005; Li et al., 2006).   

 

 

PPAR��������  

 

While NF� B drives inflammation, another nuclear receptor transcription factor family 

has been associated with anti-inflammatory mechanisms. These transcription factors are 

known as peroxisome proliferator activated receptors (PPARs). PPARs are ligand-

activated transcription factors of the nuclear hormone receptor superfamily that consists 

of over 48 transcription factors. There are three PPAR isoforms-PPAR� , PPAR� /� , and 

PPAR�  also known as NR1C1, NR1C2, and NR1C3, respectively, and they differ in 

tissue distribution and function (Michalik et al, 2006; Zeilaniak et al, 2008). PPAR�  is 

expressed in a variety of tissues involved in fatty acid oxidation, mainly the hepatocytes, 

cardiac myocytes, and proximal tubular epithelial cells of the kidney. PPAR�  was so 

named because it was found to induce proliferation of peroxisomes in rodent livers (but 

not humans) when activated. Whereas PPAR�  has limited tissue expression, PPAR� /�  is 

expressed ubiquitously and plays an important role in energy homeostasis. PPAR�  is a 

master regulator of adipocyte differentiation and is an important determinant of insulin 
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sensitivity. Additionally PPAR�  has been reported to have an anti-inflammatory role with 

respect to chronic inflammation. Two PPAR�  subtypes are known in mice and four in 

humans (Zhu et al, 1995; Sundvold, et al 2001). PPAR�� is most highly expressed in 

adipose tissue, the colonic mucosal epithelium, and cells of the immune system (Chan et 

al, 2010). In vivo knockout studies have not been possible because of  the requirement for 

PPAR�  in placental, cardiac, and adipose development, rendering the mutant late stage 

embryonic lethal (Barak et al, 1999). Conditional PPAR�  knock-out mutations are 

available in select few mouse strains. Macrophages are the first cell type where PPAR�  

and inflammatory diseases were connected, more precisely where a role for PPAR�  was 

shown in artherosclerosis. 

 

Structurally, PPARs have a DNA-binding domain, a ligand-binding domain, two 

activation function sites, as well as sites for phosphorylation and dimerization  

(Zoete et al, 2007; Tontonez et al, 2008). Activation is primarily ligand-dependent and 

heterodimerization with the retinoid X receptor (RXR) is necessary. Eicosanoids and 9-

cis-retinoic acid bind to the PPAR-RXR complex to cause conformational changes that 

dissociate the corepressor, setting the complex free to interact with the PPAR response 

element (PPRE) located at the 5 prime end of target genes (Chan et al,, 2010) .  

 

The volume of PPARs’ ligand-binding cavity is much larger than pockets of other 

nuclear hormone receptors (Watkins et al,, 2001). The relatively large ligand-binding 

pocket of PPAR�  can bind a broad range of natural and synthetic ligands. Natural ligands 

include polyunsaturated fatty acids (PUFAs), prostaglandin derivates (most importantly, 
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15-deoxy-� 12–14- Prostaglandin-J2 (15d-PGJ2) (Forman, 2001), components of oxLDL, 

such as linoleic acid metabolites, HETES, 13-HODE and 15-HODE (Szeles et al, 2007). 

Additionally, recent work by Sobrado et al (2009) shows that lipoxin A4 exerts anti-

inflammatory effects by activating PPAR�  receptors.  

 

The anti-inflammatory properties of PPAR�  are the result of a variety of mechanisms. 

PPAR�  is involved in attenuation of the inflammatory response by reducing NF-kB DNA 

binding and thus preventing the gene expression of inducible nitric oxide synthase 

(iNOS) (Kersten et al, 2000).   Activation of PPAR�  by administering the PPAR�  agonist, 

pioglitazone, results in repression of NF-kB activation by inhibition of the NF-kB 

inhibitor protein (IkB) kinase complex activity (Verges et al, 2004). PPAR�  activation 

inhibits the production of inflammatory cytokines like TNF-� , IL-6, IL-1� , and IL-12 

(Sazanto et al, 2008). PPARs can also negatively regulate gene expression in a ligand-

dependent manner by inhibiting the activities of other transcription factors, such as 

members of NF-� B and AP-1 families This is method of inhibition is termed 

transrepression. In contrast to transcriptional activation and repression, which usually 

involves the binding of PPAR to specific response elements in the promoter or enhancer 

regions of target genes, transrepression does not involve binding to typical receptor-

specific response elements (Glass and Ricote, 2007).  Additionally, recent studies by 

Klotz et al (2009) demonstrated that PPAR�  selectively inhibits the development of TH17 

cells. Downstream target genes of PPAR�  activation include the genes for CD36, 

Arginase-1, and fatty acid binding protein (L-FABP). Additionally PPAR�� activation has 

been associated with an activation of the eNOS enzyme (Cho et al, 2003). Also, PPAR�  

activation, which suppresses production of proinflammatory cytokines, is critical for the 
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formation, activation, and maintenance of a subpopulation of macrophages, termed 

alternatively activated macrophages (aaMac, also referred to as M2) (Martinez, 2009). 

 

AaMac not only inhibit T cell proliferation, but also promote resolution of inflammation 

and fibrogenesis. They exhibit suppression on effector mechanisms of classically 

activated macrophage—inhibiting induction of inducible nitric oxide synthase (iNOS), 

matrix metalloproteinase-9 (MMP-9), and scavenger receptor A (Ricotte et al, , 1999). 

Alternatively-activated macrophages actively express a set of genes enabling them to 

regulate anti-inflammatory processes, induce tolerance, and promote wound healing. 

These anti-inflammatory regulatory mechanisms can act as a counterbalance to limit 

disease severity and protect the host from immunopathology. 

 

Cyclooxygenase-2: A Dual Role in Inflammation  

 

Cyclooxygenase-2 (COX-2) is the inducible enzyme responsible for synthesis of a variety 

of eicosinoids, which are involved in the function of various tissues and organs. In rats,  

COX-2 induced fever similar to fever induced by lipopolysaccharide (LPS) (Cao et al, , 

1997). COX-2 is expressed in the gut in response to infection or invasion and is active 

during inflammation and wound healing (Eckmann et al, 1997; Kapoor et al, 2007). 

 

In addition to a variety of other functions, products of the COX-2 pathway regulate 

arthritic disease. Animal models of arthritis show an increase in COX-2, which leads to 

an increase in prostaglandin production in inflamed tissues (Anderson et al, 1996). COX-
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2 induction is observed in the joints of patients suffering from both osteoarthritis and 

rheumatoid arthritis (Amin et al, 1997; Kang et al,, 1996). Proinflammatory molecules 

such as IL-1 and TNF-�  can induce COX-2 expression in inflammatory models (Dubois 

et al, 2006). 

 

More recently, it has been shown with several acute models of inflammation show that 

COX-2 is not only involved in the onset of inflammation, but is also required for the 

active process of resolution of inflammation. In 1999, Gilroy et al. observed that blocking 

COX activity, inhibited carrageenin-induced acute pleurisy in the inflammation phase 

but, then more surprisingly the COX blockade also significantly perpetuated 

inflammation. Similarly, resolution of acid-induced lung injury was disrupted by 

pharmacologic inhibition of COX-2 (Fukanaga et al, 2005). Studies also showed that 

COX-2 mediated resolution of acute inflammation in the liver, small bowel, and colon 

(Yin et al,, 2007; Reuter et al, 1996). Additionally, COX-2 inhibition led to a failure of 

resolution in an animal model of Lyme disease (Blaho et al, 2008).  

 
 

Prostaglandins 
 
 
Arachidonic acid is the precursor to prostaglandin synthesis. It is cleaved from cell 

membrane phospholipids, by phospholipase A2. Arachadonic acid is oxygenated by COX 

1/2 to form prostanoid precursor, PGG2 and then again to form PGH2 (Smith et al,, 2000; 

Ueno et al, 2001; Kojima et al, 2005). PGH2 serves as a precursor for further synthesis 

into the E, D, and J series of prostaglandins. These prostaglandins serve as regulators of a 
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variety of diverse functions in the body such as wound healing, kidney function, 

vasodilation of blood vessels, ovulation, and inflammatory responses (Dubois et al, 

1998). Figure 1A, provides the structures for the prostaglandins discussed in this study. 
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Figure 1: (A) Structures and Relationships Between Different Prostaglandins. 
Arachadonic acid is oxygenated by COX to form prostanoid precursor, PGG2 and then 
again to form PGH2. PGH2 serves as a precursor for further synthesis into the E, D, and J 
series of prostaglandins. Arachidonic acid is the precursor to prostaglandin synthesis. It is 
cleaved from cell membrane phospholipids, by phospholipase A2. Arachadonic acid is 
oxygenated by the COX-1/2 enzyme to form prostanoid precursor, PGG2 and then again 
to form PGH2. PGH2 serves as a precursor for further synthesis into the E, D, and J series 
of prostaglandins. As an anti-inflammatory prostaglandin, 15d-PGJ2 is capable of 
inhibiting the transcription of pro-inflammatory cytokines induced by NF� B, by 
activating PPAR� .  (B) Structures of prostaglandins. 
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15-deoxy-��� � 12,14-PGJ2 (15d-PGJ2) 

 

COX-1/2 activity initiates the generation of 15d-PGJ2 by converting arachadonic acid into 

PGH2. The prostaglandin D synthase enzyme then coverts PGH2 into PGD2. A series of 

dehydration reactions results in the formation of 15d-PGJ2 (Powell et al, 2003). 

 

As an anti-inflammatory prostaglandin, 15d-PGJ2 is capable of inhibiting the 

transcription of pro-inflammatory cytokines induced by NF� B, by activating PPAR�  

(Straus et al, 2001). 15d-PGJ2 reportedly operates as an endogenous ligand for the 

transcription factor, PPAR� . As described in the previous section, PPARs regulate 

expression of genes for 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, PPARs contain a DNA-binding domain that recognizes 

sequences called PPAR-response elements (PPRE) on target genes in the nucleus (Rosen 

et al, 2001). PPARs combine with retinoid X receptors and bind to the PPRE regulating 

transcription (Mangelsdorg et al, 1995). 15d-PGJ2’s binding to PPAR results in PPAR 

dissociating from co-repressors and its activation (Zhu et al, 1997).  

 

Both 15d-PGJ2 and the PPAR�  ligand troglitazone reduced the degree of inflammation in 

a model of adjuvant-induced arthritis in rats (Kawahito et al, 2000). Treatment with 15d-

PGJ2 can reduce pro-inflammatory cytokine expression, polymorphonuclear (PMN) 

infiltration, and tissue injury (Cuzzocrea et al, 2002). In adjuvant-induced arthritis, 
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injection of 15d-PGJ2 was shown to ameliorate the arthritic index, suppress pannus 

formation, and limit the infiltration of inflammatory cells (Kawahito et al, 2000). 

Additionally, 15d-PGJ2 inhibited the classical activation of macrophages in vitro 

(Colville-Nash, 1998 and Lawrence, 2007). Figure 1B provides a simple schematic 

showing the pathway by which arachidonic acid is converted into the aforementioned 

prostaglandins. In addition some downstream effects of 15d-PGJ2 (or other 

PPAR�� ligands) on transcription factors relevant to this body of work is shown.  

Prostaglandin E2 (PGE2)  

 

Prostaglandin E2 (PGE2) is a downstream product of COX-2 conversion of arachidonic 

acid into PGH2. PGE2 is known to mediate vasodilation, vascular leakiness, and pain 

(Chace et al, 1995). PGE2 has long been associated with driving the inflammatory 

response (Blais et al, 2005). For example, in a model of inflammatory bowel disease, 

PGE2 sustains inflammation by acting upon dendritic cells to shift the T cell response 

toward Th17 (Sheibanie et al, 2007). 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 MMP-1 as well as inhibiting T cell proliferation and 

production of IL-2 and IFN-�  (Pillinger et al, 2003; Tilley et al, 2001). Additionally, in a 

murine collagen-induced arthritis model Chan and Moore (2010) showed a role for PGE2 

in the resolution of chronic inflammation, potentially due to PGE2-dependent 

upregulation of lipoxin.  
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Prostaglandin D2 (PGD2) 
 
 
HematopoieticPGD2 synthase (hPGD2S) metabolizes COX-derived PGH2 to PGD2 (Urade 

and Hayashi, 2000). Subsequent activation of DP1 and DP2 can result in regulation of 

dendritic cell function and promotion of allergic inflammation, respectively (Hammad et 

al, 2003., Mandal et al 2004). PGD2 can be converted into 15d-PGJ2, which has been 

reported to be a ligand for PPAR��� thus exhibiting anti-inflammatory properties (Gilroy et 

al 2004). In addition to the potential anti-inflammatory actions of PGJ2, a pro-resolution 

role for PGD2 has also been described (Rajakariar, 2007). Rajakariar et al (2007), using a 

model of murine peritonitis, showed that PGD2 acting on its DP1 receptor, along with 

15d-PGJ2 acted to control the balance of cytokines and chemokines leading to the 

resolution of acute inflammation in this model. Also, Vong et al (2010) reported that 

increased levels of PGD2 were found in individuals in long-term remission from colitis. 

Because of the complex relationship between the varieties of eicosanoids it is difficult to 

elucidate the signals that result in the production of greater amounts of one prostaglandin 

over another. For example, a very recent study by Norris et al (2011), showed that while 

the level of the enzymes; such as PGE synthase (PGES), which produces PGE2, and PGD 

synthase (PGDS), which produces PGD2, correlate with the amount of PGE2 and PGD2 

produced, other factors such as cell type and relative levels of COX-2 expression also 

play a major role.  The study described in this document focuses on the role of PGE2 and 

PPAR�� in the resolution of chronic inflammation.  

 
 

 



 27

Nitric Oxide   

 

Nitric Oxide (NO) is a diatomic free radical with high affinity for heme iron, sulfhydryl 

or thiol groups, superoxide anion, and molecular oxygen (Stamler et al, 1992). NO has 

the capacity to diffuse freely through cell membranes, acting as a signaling and effector 

molecule in an autocrine or paracrine manner (Murrell et al, 1998). 

 

NO is synthesized by a group of enzymes termed the nitric oxide synthases. Each enzyme 

is encoded by its own distinct gene and all utilize L-arginine as their substrate. The three 

isoforms include endothelial (eNOS, NOS-III), neuronal (nNOS, NOS-I), and inducible 

(iNOS, NOS-II) NO synthases (Lamas et al, 1992; Bredt et al , 1991; Xie et al, 1992). 

The endothelial and neuronal are commonly referred to as constitutive and are named for 

the cell types in which they were discovered. Once activated via calcium flux, these two 

isoforms release nanomolar concentrations of NO to the immediate environment for 

instant activity. eNOS is intimately involved in vascular dilation and is the “endothelium 

derived relaxing factor” that eluded identification until NO’s discovery (Furchgott et al, 

1980; Ignarro et al, 1990). Inducible nitric oxide synthase is typically not expressed in 

cells under homeostatic conditions; however, it is induced in response to a primary 

inflammatory stimulus such as LPS plus cytokines such as interleukin-1�  (IL-1� ), tumor 

necrosis factor-�  (TNF-� ), or interferon-��� (Xie et al, 1992). Many cells have the ability 

to express iNOS. These cells include macrophages, dendritic cells, neutrophils, 

hepatocytes, smooth muscle cells, and chondrocytes. Cytokine-induced NO appears to be 

a mediator of inflammation (Clancey et al 1995). NO can play a role in many events of 
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the inflammatory response, from changes in vascular flow, alterations in endothelium, the 

emigration of leukocytes from the circulation to the site of injury, to the resultant 

activation of cytotoxic effector cell mechanisms (Lyons et al,1995). 

 

Because of NO’s involvement in inflammation, most studies of NO in rheumatoid 

arthritis have focused on the inflammatory pathologies. Farell et al (1992) reported 

increased levels of nitrite in serum and synovial fluids of rheumatoid arthritis patients. 

Nitric Oxide production is localized to the inflamed synovium and iNOS expression is 

detected in the synovial membrane of patients with rheumatoid arthritis (McInnes et al, 

1992). Ueki et al. (1996) demonstrated a significant relationship between serum NO 

levels and disease activity in rheumatoid arthritis. Additionally, the transcription factor 

PPAR�� has been shown to affect the production of NO, via activation of the eNOS 

enzyme (Cho et al, 2003) and repression of iNOS transcription (Crosby et al, 2005).. 

More recent observations have shown that the relationship between NO and inflammation 

is not so straight-forward. Recent studies have shown that NO can also play an 

immunoregulatory role and even act to suppress inflammatory mediators. One 

explanation for such reports is that NO has been shown to regulate NF-��  in a biphasic 

manner (Kobayashi et al, 2010). In a murine monocyte/macrophage cell line 

(RAW264.7), NO activated NF-� B at early time-points after LPS administration, 

whereas it inhibited NF-� B activation at later time-points. NO donors, such as sodium 

nitroprusside (SNP) and S-nitroso-N-acetylpenicillamine (SNAP), directly inhibited the 

DNA binding activity of NF-� B p50 and p65 homodimers and p50- p65 heterodimers. 

Inhibition of NF-� B p50 DNA binding involved S-nitrosylation of the C62 residue. The 
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NO donor SNAP also indirectly reduced NF-� B DNA binding (Matthews et al, 1996; 

Parks et al, 2005). Thus the role of NO in chronic inflammatory disease is not clear cut. 

Based on evidence available, it appears that the effect of NO production in tissues 

depends on concentration, timing, and source.  

 
Treatment of Rheumatoid Arthritis 
 

 

Rheumatoid arthritis is a disease regulated by a complex inflammatory network that is 

not yet completely defined. Identifying treatments that prevent inflammation without 

adverse affects on other body systems is always challenging. Many of the treatments for 

RA focus on targeting pro-inflammatory mediators, as well as surgery and manipulation 

of affected joints and bones. There are four general classes of drugs used for treatment of 

rheumatoid arthritis: corticosteroids, disease modifying anti-rheumatic drugs (DMARDs), 

biologics, and non-steroidal anti-inflammatory drugs (NSAIDs). In addition to drug 

therapy, physical therapy and lifestyle changes that reduce stress on the joints assist in 

improving the outcome of disease.  

 

In the 1980s, the treatment philosophy for dealing with RA was based on physical 

therapy and non-pharmacologic interventions, followed by the use of aspirin and then a 

single DMARD that would be maintained for a long period with minimal change. The 

current practice is shifting to a more dynamic treatment plan for disease management 

often employing combinational therapies with more frequent change to the drug regimen 

(NIH, 2009). While many drugs have been designed and used to treat the pro-

inflammatory pathways involved in RA, great value could be added by supporting the 



 30

pathways involved in resolution. Despite all the effort, the goal of disease remission 

remains elusive for most patients. 

 
 
Rodent Models of Rheumatoid Arthritis: Collagen-Induced Arthrit is 
 
 
 
Rodent models of rheumatoid arthritis have provided valuable insights into the 

pathogenic process of RA. Collagen-induced arthritis (CIA) and streptococcal cell wall 

(SCW) arthritis are among the most widely used. While no models perfectly mirror the 

human condition of RA, employment of the models has proven useful for development of 

therapies that are predictable and reproducible. Numerous other models have also proven 

useful in elucidating some of the underlying mechanisms of RA, such as, the transgenic 

model K/BxN, the adjuvant-induced model, and spontaneous models in certain mouse 

strains.  

 

The murine model collagen-induced arthritis (CIA) is an extensively studied model 

because it shares immunological and pathological features of human RA. Trentham and 

colleagues first described this model in 1977. CIA is primarily an autoimmune disease of 

the joints; the reactivity of both B and T cells towards type II collagen is required for 

disease manifestation. This model is reproducible in genetically susceptible strains of 

mice with MHC haplotypes H-2q or H-2r by immunization with heterologous type II 

collagen in complete Freund’s adjuvant (CFA). Susceptible strains include DBA/1, 

B10.Q, and B10.RIII. 
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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 adjuvant. Onset of arthritis starts around 

day 28, often affecting the digits and spreading to the remainder of the paw (Joosten et al, 

2006).   

 
 
 
 
The resultant fragments of a cyanogen bromide digestion of type II collagen contain 

specific T cell and B cell epitopes involved in the development of CIA (Myers et al 

,1993; Terato et al, 1985). Restricted use of TCR V�  genes is seen in arthritic joints and 

lymph nodes of mice with this T cell-dependent arthritis (Haggi et al, 1992). However, 

genomic deletion of certain TCR V�  genes alone is not in itself sufficient to confer 

resistance to CIA (Ortman et al, 1994). Similarly, expression of a TCR transgene in H-2 

matched, but the CIA resistant mouse strain, SWR/J, was not sufficient to overcome 

disease resistance (Joe et al, 1999). Based on these findings, resistance/susceptibility to 

arthritis development in CIA models requires multiple factors including MHC class II, 

TCR, and non-MHC susceptibility genes. 

 

The requirement for T cells in the development of CIA is clear, whereas the underlying 

mechanisms are not. For example, passive transfer of collagen-II specific T cells induces 

only minor changes in the synovium, while the transfer of collagen-II specific antibody 

results in severe inflammation, and co-transfer of antibody and T cells induces chronic 

disease (Zhang et al, 2005). 
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Despite the fact that the TH1 phenotype and related inflammatory mediators (IFN-�  and 

IL-12) are implicated in the pathogenesis of CIA, interferon-�  is not required for the 

development of the autoimmune response in the disease process. In fact, IFN-�� KO mice 

exhibit enhanced susceptibility to CIA (Brand et al, 2003; Joe et al, 1999). 

 
 

The similarities between CIA and human rheumatoid arthritis make it an especially 

valuable model. Furthermore, as seen in human RA, the arthritic flare is followed by a 

resolution phase. As displayed in Figure 2 below from previous work in this laboratory 

by Chan and Moore (2010) the inflammation phase is followed by a phase characterized 

by a reduction in swelling, termed resolution phase. Additionally, as in human 

rheumatoid arthritis the inflammation phase shows an increase in both IL-17 and 

 TNF-�� production. A tapering of these inflammatory cytokines is observed during the 

resolution phase of the disease. Furthermore, radiologic assessment shows an increase in 

soft tissue swelling and bone destruct tion during the inflammation phase, while the 

resolution phase is defined by a decrease in soft tissue swelling accompanied by an end to 

bone destruction with potential remodeling taking place. Based on the observations and 

comparison to human rheumatoid arthritis, CIA is an excellent model for studying the full 

spectrum of the disease.  

 

Other findings originating from Chan and Moore (2010) of importance to this work 

include the finding that in CIA the COX-2 inhibitor, NS-398, at a dose of 0.5 mg/kg 

interferes with the resolution process indicating a role for COX-2 during both the 

inflammation phase and the resolution phase. Administration of NS-398 after the onset of 
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arthritis resulted in progression of an inflammatory state and failure of the resolution 

process. NS-398 also caused a delay in onset of disease in the animals that were fed the 

drug before symptoms began. Blocking COX-2 also led to an increase in pro-

inflammatory cytokines as well as increased cellular infiltration and bone destruction. 

Furthermore, it was found that the production of PGE2 increases at both the inflammation 

phase and the resolution phase. PGE2 is produced as swelling increases and is sustained 

throughout both phases. It was also shown that inhibition of COX-2, which blocks 

resolution, is associated with a decrease in production of PGE2. Observing that PGE2 is 

produced significantly during resolution and that its inhibition is associated with a loss of 

resolution points to a different, pro-resolution, role for PGE2 in the regulation of chronic 

inflammation. 
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Figure 2 Three phases of pathogenesis in arthritis. In A, open bars indicate the percent 
of footpads that have swollen by 20%. Filled bars indicate the percent of swollen limbs 
that have decreased by 20% in thickness, n = 50–200. The number of footpads decreases 
as mice were sacrificed for cytokine analyses. Mean and SDs are plotted. The degree of 
swelling for each footpad was calculated as 100 x (thickness 2 thickness on day 0) 
/(thickness on day 0, range from 2.0–2.3 mm). B, The progression of inflammation in a 
typical arthritic limb is shown 
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Hypotheses 

 

The present study was organized based on multiple hypotheses resulting from both 

published data and previous observations made by our laboratory. Studies published by 

Chan and Moore (2010) showed a pro-resolution role for prostaglandins, specifically 

PGE2.  A failure in the resolution process was observed when the COX-2 pathway was 

inhibited. Because the COX-2 pathway is responsible for the production of a variety of 

eicosanoids, some of which have been shown to act as endogenous ligands for 

PPAR�� activation��we hypothesized the following: 

   

Hypothesis 1) Blockade of the COX-2 pathway in CIA mice inhibits the activation of 

PPAR������������

����

This hypothesis was tested both at the level of transcription and nuclear protein 

expression. In an effort to further clarify the role of PPAR�� in the resolution of chronic 

inflammation we posed a second hypothesis: 

 

Hypothesis 2) Specific inhibition of PPAR�������� will interfere with the resolution of CIA. 

 

This hypothesis was tested in the CIA model utilizing footpad measurements as a 

mechanism of evaluating the inflammatory state. The effectiveness of the antagonist was 

confirmed via qPCR of known PPAR�� dependent genes. Furthermore, the antagonist’s 
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effect on the inflammatory state was measured via cytokine transcript levels, microscopy, 

hematoxylin/eosin staining, and X-Ray.  

 

As mentioned previously, PPAR�� was shown to regulate eNOS activation as 

demonstrated by Chu et al (2003). We therefore posed the following hypothesis: 

 

Hypothesis 3) PPAR����  regulates phosphorylation of serine residue 1177 of the eNOS 

enzyme in the CIA model.  

 

This hypothesis was tested utilizing immunohistochemistry (IHC) of the CIA synovium 

with staining specific for the phosphorylation of serine 1177 of the eNOS enzyme. This 

study led us to pursue another hypothesis: 

 

Hypothesis 4) The eNOS enzyme, NOT the iNOS enzyme, promotes resolution of 

chronic inflammation in the CIA model.  

 

This hypothesis was tested utilizing two different NOS inhibitors, one specific for iNOS 

the other a non-specific NOS enzyme inhibitor. Resolution of inflammation was 

measured by monitoring the footpad swelling of CIA mice.  

 

The final hypothesis tested in this study involves the findings published by Chan and 

Moore (2010). In this study COX-2 inhibited mice were treated with a PGE2 analog in an 

effort in to restore the resolution process. The study showed that reconstitution with the 
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PGE analog allowed for a restoration of resolution in the COX-2 inhibited CIA mice.  

The following hypothesis was proposed: 

 

Hypothesis 5) Reconstitution of COX-2 inhibited CIA mice with a PGE analog will 

result in an increase in the number of PPAR�������� positive cells in the synovium.  

 

The final hypothesis was tested via nuclear protein expression utilizing IHC specific for 

PPAR��� Additionally, the transcript levels of PPAR�� dependent genes were analyzed.  

 

This study shows that PPAR�� activation and eNOS activity have a role in the resolution 

of chronic inflammation as modeled in collagen-induced arthritis (CIA).  
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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 were 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 kept on 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 containing 50-� g collagen. A booster injection containing 50 � g of 
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collagen in Incomplete Freund’sAdjuvant was administered at 21 days following the 

initial injection (Terato, 1985).  

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 � l by gavage at a final concentration of 10 � g NS-398 with 10% 

ethanol per mouse.  Vehicle control animals received sterile saline with 10% ethanol by 

gavage. Treatments were administered three times per week.  

 

PGE analog, 16,16-dimethyl PGE2, was 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% 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 a concentration of 

600 ng per injection. Vehicle control animals received sterile PBS injections. Treatments 

were administered every other day following initiation.  

 

Selective PPAR�  antagonist, (4-Chlorophenyl)(dimethoxyphosphinyl)methyl phosphoric 

acid dimethyl ester (SR202) was purchased from Tocris Biosciences and dissolved in 

100% ethanol to a stock concentration of 100ug/uL. The SR202 stock was diluted 1:250 

in sterile saline and each treated hind limb was injected with a volume of 50uL or 20 ug 
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of drug. The antagonist was injected subcutaneously along the inner thigh of the animal 

with the needle point directing flow toward the ankle. Vehicle control animals received 

0.2� L of ethanol per 50uL of sterile saline or 0.4% ethanol. Treatments were 

administered every other day following initiation.  

 

The L- Arginine analog,  N5-[imino(nitroamino)methyl]-L-ornithine, methyl ester, 

monohydrochloride (L-NAME) was purchased from Caymen Chemical and stored as a 

solid at  -20oC until dissolved before each use. Upon use 30mg of L-NAME was 

dissolved in 1mL of sterile saline. Each animal was fed 100� L of drug solution via 

gavage; therefore total drug delivery per treatment was 3mg. Vehicle control animals 

received 100uL of sterile saline. Treatments were administered every other day following 

initiation.   

 

N-[[3 (Aminomethyl)phenyl]methyl]-ethanimidamide dihydrochloride (1400W) ) was 

purchased from Caymen Chemical and stored as a solid at  -20oC until dissolved before 

each use. Feeding was initiated at or near maximum swelling. The 1400W group was fed 

three times per week at a 10� g per feeding in 100� L sterile saline solution. Vehicle 

control animals received 100uL of sterile saline. 
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Assessment of Disease 

 
Footpad Thickness 
 

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.   

 
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 regression line 

from the peak of inflammation or the beginning of treatment to the point of sacrifice in 

the resolution phase (Figure 3). A value of “0” represents no change in thickness.  

Negative values correspond to a decrease in swelling and positive values indicate that 

swelling increased. 

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 
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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 for 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 

(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 � g 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 et al, 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 
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the normal control and fold change was deduced.  A minimum of three repeats was 

performed for each experiment and the relative units were 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 � l intraperitoneally and were subsequently anesthetized 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. 

 

Histological Assessment and Immunohistochemical Evaluation 

 

Knee joints were fixed in 10% neutral buffered formalin immediately after sacrifice for 

48 hours and subsequently washed with PBS and decalcified in 10% EDTA. EDTA 

solution was changed every 4 to 6 days until specimens had lost their rigidity. Specimens 

were subsequently washed before processing. The joints were embedded in paraffin and 

cut into serial 5 micron sections and attached to positively charged slides for analysis. 

The sections were stained with hematoxylin and eosin. Cutting and staining of knee 

sections were performed both in the core facility and via commercial operations. 
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Specimens were evaluated for tissue destruction, number of infiltrating cells, and overall 

morphology. 

 

Knee joints were processed, paraffin-embedded, and sectioned onto positively charged 

glass slides. Slides were then baked at 60 oC for 60 minutes to remove excess paraffin. 

Immediately before the staining protocol was initiated, the sections were de-paraffinized 

and rehydrated. Parrafin removal and dehydration were performed by three xylene bathes 

for three minutes each followed by three 100% ethanol bathes for 1 minute each followed 

by two  95% ethanol bathes for one minute each. Finally, the slides were bathed in 

running distilled water to remove residual alcohols and complete the rehydration process. 

Two different antigen retrieval processes are employed depending upon the antigen of 

interest and antibody involved. For the phospho-eNOS ser1177 (Signal Way Antibody 

#11156)  the slides are incubated in a Copeland jar containing citrate buffer (Vector 

Antigen Unmasking Solution H-3300) under pressure cooker conditions for 1 minute. For 

PPAR�  antibody the slides are incubated at 95 oC for 30 minutes. Following antigen 

retrieval the slides and solution were allowed to cool to room temperature.  

 

Following antigen retrieval the sections were treated with 3 % hydrogen peroxide in  

effort to quench any endogenous peroxide activity. Blocking the tissue section occurred 

at room temperature in 5% Normal Goat Serum in Tris based wash buffer (ProHisto 

#AA4) for 1 hour. Primary antibody incubation was performed via the following 

methodologies: anti-PPAR gamma at 1:400 overnight at 4oC and anti-phospho-eNOS 

(Ser1177) at 1:300 for 1 hour at room temperature. Following primary incubation the 
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sections were washed three times in Tris-based wash buffer and then incubated with 

biotinylated goat-anti-rabbit secondary antibody (Vector) at a dilution of 1:200 for 30 

minutes at room temperature. The sections were then washed three times in Tris based 

wash buffer and incubated with Vectastain ABC solution for 30 minutes. Following two 

washes the sections are incubated in DAB substrate until color develops . Sections are 

then stained with Hematoxylin for contrast and definition of nuclei. Following staining 

the specimens are protected with Permamount and coverslipped.  

 

Quantification of PPAR�������� Positive Nuclei 

 

Both 4X and 10X photographs were saved as electronic .tiff images for each knee section 

stained. Each knee joint is comprised of two 10X images, each image makes up one-half 

of the synovium from the 5 micron thick cross-sectioned joint. ImageJ software is utilized 

to conduct the quantification procedure. The method begins by setting the scale for the 

image, the scale bar is traced using the scale tool and the appropriate units of distance are 

entered into the grid. The polygon tool is used to trace around only the synovium as that 

is the area of interest. The region found outside the border is then cleared leaving only the 

synovium for quantification. In order to quantify area the threshold is adjusted to its 

maximum rendering the entire synovium highlighted, by running the “analyze particle” 

function the area of the synovium is provided. After the area is calculated the Landini 

Deconvolution Plugin is utilized to separate the brown, green, and purple phases of the 

image. By adjusting the threshold setting of the brown phase from a range of 0-122 only 

the areas stained with DAB are highlighted. In order to ensure only nuclei are counted the 
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range particles to be analyzed is set at 55-700. By again running the “analyze particle 

function the number of PPAR�� positive nuclei is quantified. The process is repeated 

utilizing the purple phase for quantification of total nuclei. For each treatment group six 

10X images are analyzed as described.   

 

 

Statistical Analysis 

  

For in vivo studies, 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. Additional 

statistics for qPCR were performed via the student t-test as stated in the results section.  
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Figure 3: 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 
 
 

 
NS398 Inhibition of COX-2 Blocks the Activation of PPAR��������
 
 

Previous studies in this laboratory elucidated the role of COX-2 and its products on the 

different phases (inflammation phase and resolution phase) of collagen-induced arthritis. 

The activity of the COX-2 enzyme was blocked by administering NS-398. As expected, 

when the COX-2 enzyme was inhibited prior to inflammation (termed pre-symptomatic) 

the early disease severity is lessened; however, while the inflammation phase was 

delayed it did still occur and the expected resolution phase was inhibited. This effect was 

best observed when COX-2 function was inhibited at the peak of inflammation (termed 

post-symptomatic). By inhibiting the activity of the COX-2 enzyme the natural resolution 

phase of the disease was also inhibited. 

 

Because other studies have supported a role for downstream products of the COX-2 

enzyme in acting as an endogenous ligand for the nuclear transcription factor, PPAR��� its 

activity state following NS-398 treatment was evaluated. As shown in Figure 4, COX-2 

inhibition resulted in a significant decrease in PPAR�� transcript, when compared to 

vehicle at the end time of the experiment, approximately day 70. The reduction in 

transcript is seen in both pre- and post-symptomatic NS-398 treatment groups. Pre-

symptomatic treatment means that the drug was delivered prior to swelling 

(approximately day 25), while post-symptomatic means the drug was admistered at near 
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maximal footpad swelling (approximately day 40). This reduction lends evidence of a 

role for PPAR�� activity in resolution of chronic inflammation as modeled in collagen-

induced arthritis.  
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Figure 4. Blocking COX-2 inhibits PPAR����  mRNA expression. RNA was harvested 
from footpads in a subgroup of limbs randomly selected and harvested from mice at the 
end of the experiment. Pre-symptomatic treatment means that the drug was delivered 
prior to swelling(approximately day 25), while post-symptomatic means the drug was 
admistered at near maximal footpad swelling (approximately day 40). mRNA expression 
was normalized to 18S RNA, and then, the values in each experiment were normalized to 
vehicle control to deduce the relative units. The results from three independent repeats(4-
6 mice per group each),  showing a similar pattern, were averaged, tested for normality 
and compared by Student T-Test. There is a significant difference between the vehicle 
control and NS-398 fed groups (p<0.001).  
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In an effort to confirm the results achieved through mRNA analysis, 

immunohistochemistry was used to evaluate PPAR�� expression in the arthritic tissue. 

Additionally, this method provided insight into which cell types and tissue regions show 

variation in PPAR�� expression. Collagen-Induced arthritis was initiated as detailed in the 

Materials and Methods section. The images in Figure 5, below, allow for comparison of a 

resolving vehicle-treated CIA knee joint with an inflamed NS398 treated CIA knee joint, 

both harvested at the same time in the experiment. Isotype controls were also included to 

ensure the results of the staining were a result of PPAR�� specific antibody binding. The 

NS398 treated limb contains fewer PPAR�� positive cells in the synovium, when 

compared to the vehicle treated sample. Quantification of the results was performed in 

two ways: 1) the number of PPAR�  positive cells per unit area, and 2) the number of 

PPAR�  positive cells per total nuclei. Figure 6 shows quantification of the number of 

PPAR�� positive cells per unit area utilizing the color deconvolution plug-in for six 

images from each treatment group. The p-value of 0.003 between the vehicle and NS-398 

treated group shows a significant difference in PPAR�� positive cells per square 

centimeter of synovial tissue. Figure 6 also shows the percentage of PPAR�� positive cells 

per total nuclei in the vehicle versus NS398. Again, a p-value of less than 0.003 provides 

confidence that the resolving vehicle treated limbs contain a greater percentage of 

PPAR�� positive cells than the inflamed NS398 treated limbs.  



 52

V
eh

ic
le

-T
re

at
ed

R
es

ol
vi

ng
 K

ne
e 

Jo
in

t

N
S

39
8-

T
re

at
ed

In
fla

m
ed

 K
ne

e 
Jo

in
t

10
X

10
X

40
X

40
X

 
 
 
 
 
 



 53

 
 

Anti-PPAR� :

IsotypePrimary

 
 
Figure 5. Inhibition of COX-2 results in fewer PPAR�������� positive cells when compared 
to resolving vehicle treated CIA knee joints. CIA was induced as per Materials and 
Methods. At near maximal footpad swelling, COX-2 activity was inhibited. Mice were 
fed with 10� g NS-398 in 10% ethanol or vehicle (10% ethanol) three times per week. 
Mice were sacrificed simultaneously in the resolution phase. The foot pads of NS-398 
treated mice remained swollen while the swelling in vehicle treated mice resolved. Knee 
joints were harvested and processed for immunohistochemistry and stained for PPAR� . 
PPAR�� is indicated by the brown precipitate of the DAB substrate. Representative images 
from 3 independent experiments are shown above. Six images (10X) were evaluated for 
each treatment group. NS398 treated limb contains fewer PPAR�� cells in the synovium. 
The arrows in the NS398 treated sample indicated PPAR�  positive adipocyte nuclei.  
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Figure 6. Inhibition of COX-2 results in fewer PPAR����  positive cells per square 
centimeter of synovium and per total nuclei. Knee joints were processed for 
immunohistochemistry and stained for PPAR��� Quantification of PPAR�� positive cells 
per unit area was performed utilizing the color deconvolution plug-in for Image J 
Analysis Software as detailed in the Materials and Methods section. Six images (10X) 
from each treatment group were analyzed using the software. The p-value of 0.003 
between the vehicle and NS-398 treated group shows a significant difference in 
PPAR�� positive cells per square centimeter of synovium and per total nuclei. The p-value 
was calculated using the Kruskal-Wallis non-parametric testing method.  
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Inhibition of PPAR �������� Activation Results in Failure of Resolution 

 

Following the conclusion that inhibition of the COX-2 enzyme resulted in a failure of 

arthritic resolution and this failure correlated to the presence of fewer PPAR�� positive 

cells, an experiment was conducted to specifically test the effect of PPAR�� inhibition on 

resolution. SR202 (Tocris Biosciences) is a selective PPAR�  antagonist.  It attenuates 

troglitazone-induced PPAR�  transcriptional activity without affecting ligand-stimulated 

PPAR�  or PPAR�  activity. In vivo inhibition of PPAR�� activation was achieved by 

injection of 20 � g of SR202 subcutaneously along the inner thigh of the animal with the 

needle point directing flow toward the ankle. Injections were initiated at the approximate 

time of maximum footpad swelling. Vehicle treated CIA mice were injected with 0.4% 

ethanol in sterile saline solution. Treatments were administered every other day, 

beginning at the day of maximum footpad swelling.  

 

The effect of SR202 treatment on the resolution phase of collagen-induced arthritis was 

examined. Three groups of mice were utilized: the positive control group was injected 

with vehicle (0.4 % ethanol in saline, as described above), the normal control group 

consisted of age-matched normal non-arthritic mice, and the experimental group was 

injected with 20� g of SR202 in 50� L. The SR202 treated group was comprised of 18 

limbs and the vehicle group was made up of 12 limbs. Treatments were initiated at 

approximately peak inflammation as evaluated via footpad measurements taken three 
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times a week. Inflammation was calculated as a percent increase over the basal footpad 

thickness. A secant line was drawn from the start point of treatment through the end of 

the experiment. The slope of this line was representative of the resolution phase as it was 

defined by change in percent footpad swelling over time, during treatment. (See Figure 2 

for schematic depicting the drawing of a secant to determine the rate of resolution.) By 

inhibiting PPAR�� activation with SR202, it is possible to evaluate the role of 

PPAR�� activation�on the resolution phase. As shown in Figure 7, the vehicle treated 

limbs yielded an average of slope -3.1, with a range of -1.0 to -6.5.. In contrast, SR202 

treated limbs yielded an average slope of -1.1, with a range of 0 to -3.2. The more 

negative the slope of the secant line the faster resolution occurred. Inhibition of 

PPAR�� activation�disrupts the resolution process. 
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Figure7. Treatment of CIA mice with a PPAR����  antagonist inhibits the rate of 
resolution. The graph 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. The more negative the reported value, the greater the rate 
of decrease in footpad swelling during the resolution phase. The black diamond (vehicle 
group, n = 12) and open square (SR202 group, n = 18) represent a footpad. The data were 
compiled from three independent experiments. The horizontal bars indicate the average 
value in each group. The vehicle treated limbs yielded an average of slope -3.1, with a 
range of -1.0 to -6.5. In contrast, SR202 treated limbs yielded an average slope of -1.1, 
with a range of 0.0 to -3.2. Statistics were performed utilizing the Kruskal-Wallis non-
parametric testing method. 
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In order to demonstrate that the antagonist had the desired effect, the transcriptional 

activities of PPAR�� target genes were tested. Two gene targets of PPAR�  activation 

encode CD36 and Arginase-1 (Figure 1) (Tontonoz, 1998; Gallardo-Soler, 2008).The 

knee joints of the treatment groups were harvested at the end point of the experiment, at 

approximately Day 65 and processed for RNA isolation. Transcript levels for CD36 and 

Arginase-1 are shown in Figure 8. Three independent experiments were performed and 

SR202 treated groups were compared with vehicle-treated control. The vehicle and 

SR202 groups are RNA transcript from 9 treated knee joints each. The uninduced normal 

control contains RNA from 6 knee joints. The CD36 and Arginase-1 transcriptional 

activity is diminished by SR202 treatment of CIA affected limbs. CD36 transcriptional 

activity was decreased by approximately ten fold and the Arginase-1 showed a five-fold 

reduction. Inhibition of target gene transcription showed that the injection of the affected 

limbs with SR202 caused inhibition of PPAR�� activation��

 
In addition to the inhibitory effect SR202 treatment had on the PPAR�� dependent genes, 

its effect was also shown on the mRNA levels of genes which are known to be down-

regulated by PPAR�� activation, namely, iNOS. As reviewed in the introduction section, 

the iNOS enzyme is thought to contribute to inflammation. As shown in Figure 9, the 

treatment of inflamed limbs with SR202 led to an increase in iNOS transcript when 

compared to the vehicle treated control CIA limb. 
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Figure 8. SR202 treatment downregulates transcript levels of PPAR�������� dependent 
genes, CD36 and Arginase, in vivo. RNA was harvested from knee joints from each 
treatment group. The limbs represented in Figure 7 were harvested from mice at the end 
of the experiment. mRNA expression was normalized to 18S rRNA and vehicle to deduce 
the relative units. The graph shows the result of three independent experiments. The 
vehicle and SR202 groups contain RNA transcript from 9 treated knee joints each. The 
uninduced normal control contains RNA from 6 knee joints. Both CD36 and Arginase-1 
transcript levels are significantly diminished by the SR202 treatment (p<0.001). Statistics 
were performed utilizing the Student T-Test. 
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Figure 9. SR202 treatment upregulates transcript levels of mRNA for  iNOS, in vivo. 
RNA was harvested from knee joints from each treatment group. The limbs represented 
in Figure 7 were harvested from mice at the end of the experiment. mRNA expression 
was normalized to 18S RNA and vehicle to deduce the relative units. The graph shows 
the result of three independent experiments. The vehicle and SR202 groups contain RNA 
transcript from 9 treated knee joints each. The uninduced normal control contains RNA 
from 6 knee joints. The uninduced normal control contains RNA from 6 knee joints. The 
iNOS transcript levels are increased 2.5 fold by the SR202 treatment (p<0.005). Statistics 
were performed utilizing the Student T-Test. 
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As shown in the histological evidence in Figure 10 below, the SR202 treated knee 

presents with many of the hallmarks of arthritic inflammation. Upon sacrifice, knee joints 

were harvested from the SR202 treated group, the vehicle treated group, and the normal 

non-arthritic control group. Tissue sections were then stained with hematoxylin and eosin 

for histological comparisons. The synovium was thickened and densely packed with 

infiltrates. Additionally, some pannus formation was associated with bone erosion. In 

contrast, the vehicle treated CIA affected knee joint showed few infiltrates typical of a 

complete resolution. While some effects of the inflammation phase are evident on the 

bone, the destruction appears to limited.  

 

Radiological analysis (Figure 11) is often performed to monitor the progression of human 

rheumatoid arthritis. Figure 11 shows representative radiography images from 3 

independent experiments. The bottom left panel shows the fore and hind paw of  a normal 

non-arthritic age-matched mouse. These normal limbs lacked edema and soft tissue 

swelling. Additionally the joint space between the tarsels and metatarsels appeared clear 

and the bone integrity was well defined. The resolving vehicle treated specimen 

presented with some soft tissue swelling and a thickened synovial space, characterized by 

its opaque appearance. The SR202 treated limbs showed an increase in soft tissue 

swelling, especially visible in the hind paw ankle region. Additionally a comparison of 

the synovial space showed that the SR202 treated limbs have an increase in deformity 

and bone erosion, compared to the vehicle treated limbs.  
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Figure 10. Inhibition of PPAR����  activation results in increased arthritic destruction 
as evidenced by hematoxylin and eosin staining.. The SR202-treated knee presents 
with many of the hallmarks of arthritic inflammation. The synovium is thickened and 
densely packed with infiltrates. Additionally, some pannus formation is evidenced by 
bone erosion. In contrast the vehicle treated CIA affected knee joint shows few infiltrates 
typical of a complete resolution. While some effects of the arthritis are evident on the 
bone, the destruction appears to be limited. 
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Figure 11. SR202 increases joint damage and destruction. X-rays of footpads 
represented by Figure 7 were taken at the end of the experiment. As highlighted by the 
arrows, the swelling (halo around ankle), misalignment (distinctive, round ending of the 
phalanges and metatarsal) and bone density loss (loss of opacity) were more severe in 

thejoints of mice that were treated with SR202 compared to the vehicle. Eighty-five 
percent of the SR202 treated footpads evaluated fit this description. While seventy-five 
percent of the vehicle treated limbs were similar to the vehicle treated image shown 
above. The x-ray images are representative of three independent experiments. Each 
treatment group in each experiment was comprised of 4-6 footpads.  
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Lastly, in addition to the measurable role PPAR�  plays in the resolution phase, the effect 

of inhibition of PPAR�� on inflammatory cytokines associated with collagen-induced 

arthritis was tested. TNF-�� and IL-17 are known markers of arthritic pathology and 

inflammation. The knee joints randomly selected from each of the treatment groups were 

harvested at the end point of the experiment, the resolution phase. The vehicle and SR202 

groups contain RNA transcript from nine treated knee joints each. The un-induced 

normal control contains RNA from six knee joints. Transcript levels for TNF-�� and IL-

17 are shown below in Figure 12. By blocking the activation of PPAR�� with SR202, the 

transcript levels for inflammatory cytokines were increased. The SR202 treated group 

showed a significant increase in TNF-�� transcript at a level of 2.5 relative units compared 

to the vehicle group with a value of 1.0, the p-value between the two groups is less than 

0.05. These p-values were generated utilizing the Student T-test. These findings 

correlated with the pro-resolution role of PPAR�� in our model of arthritis.  
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Figure 12. SR202 treatment results in an increase in the transcript for inflammatory 
cytokine, IL-17 and TNF-alpha. RNA was harvested from footpads of mice represented 
in Figure 7. The mRNA expression was normalized to 18S RNA and vehicle. The graph 
shows the result of  three independent in vivo experiments. The vehicle and SR202 
groups contain RNA transcript from 9 treated knee joints each. The un-induced normal 
control contains RNA from 6 knee joints. SR202 treatment resulted in an increase in 
transcript for  TNF-�� and IL-17 �when compared to vehicle (P<0.05). Statistics were 
performed utilizing the Student T-Test. 
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PPAR����  Regulates eNOS Activation 
 
 
Studies by Chu et al (2003) showed that PPAR�� played a role in the regulation of eNOS 

enzyme. By employing IHC techniques the effect of the SR202 treatment on eNOS 

phosphorylation levels at serine residue 1177 was evaluated.  Knee joints from 3 

independent experiments were stained for phosphorylation of eNOS at serine residue 

1177 and comparisons were made across the treatment groups. As shown in Figure 13, 

the vehicle section had more robust staining with particular emphasis on the vasculature. 

However the SR202 treated knee joints showed minimal staining indicating relatively 

little phosphorylation of the serine residue in the vascular region as seen in the 20X 

magnification.  Figure 14 shows the quantification of the percent blood vessels that 

stained positive for phosphorylation of eNOS at serine residue 1177. The data showed 

that in the resolving vehicle-treated limbs 85% of the vascular endothelium tested 

positive for phosphorylation of eNOS. However, following treatment with SR202 every 

other day (starting at near maximal footpad swelling) only 20% of the blood vessels 

stained positive for phosphorylation of eNOS. The p-value between the two groups was 

calculated as 0.007 using non-parametric Kruskal-Wallis methodologies. These data 

suggest that inhibition of PPAR�� activation by administering SR202 resulted in a 

decrease of eNOS activation as measured by phosphorylation at serine residue 1177. The 

activation of eNOS may be a mechanism by which PPAR�� promotes resolution of 

chronic inflammation in this murine model of arthritis.  
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Figure 13. Inhibition of PPAR����  results in a decrease in the phosphorylation of eNOS 
in vascular endothelium.  Knee joints were processed for immunohistochemistry and 
stained for phosphorylation of eNOS at serine residue 1177 (Signal Way Antibody 
#11156). Representative images from 3 independent experiments are shown above. Six 
images were evaluated from vehicle treatment group and 5 were evaluated for the SR202 
treatment group. Phosphorylation of eNOS at serine residue 1177 is indicated by the 
brown precipitate of the DAB substrate. SR202 inhibits the phosphorylation of eNOS in 
the vascular endothelium in CIA mice. Arrows highlight the vascular endothelium.  
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Figure 14. Inhibition of PPAR����  results in a decrease in the phosphorylation of eNOS 
in vascular endothelium. Quantification of blood vessels which stained positive for 
phosphorylated eNOS was performed via hand count in a blinded manner. As shown in 
Figure 13, knee joints were processed for immunohistochemistry and stained for 
phosphorylation of eNOS at serine residue 1177 (Signal Way Antibody #11156). Six 
images were evaluated from vehicle treatment group and 5 were evaluated for the SR202 
treatment group. Vascular endothelium was detected by morphology while determination 
of eNOS phosphorylation status was determined based on the presence or absence of 
brown precipitate. Statistics were calculated the Kruskal-Wallis non-parametric testing 
method. 
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eNOS, not iNOS is the source of  the pro-resolution Nitric Oxide. 

 

As discussed in the introduction section the role of nitric oxide in inflammatory disease is 

complex in that it seems to operate in a manner depending upon the timing, 

concentration, and source. In an effort to elucidate the role of the various nitric oxide 

synthase enzymes in resolution of collagen induced arthritis the following experiment 

was conducted. As detailed in the Materials and Methods section two nitric oxide 

synthase inhibitors were employed, NG-Nitro-L arginine methyl ester hydrochloride (L-

NAME) and N-[[3 (Aminomethyl)phenyl]methyl]-ethanimidamide dihydrochloride 

(1400W). L-NAME hydrochloride is a non-selective nitric oxide synthase inhibitor while 

1400W is a slow, tight binding, potent and highly selective inhibitor of iNOS, with little 

activity against nNOS and eNOS. In order to test for effective dosing and efficient drug 

delivery the NOS inhibitors were first delivered via gavage to mice after CIA induction 

but prior to onset of symptoms. As expected successful blocking of the respective NOS 

enzymes with either L-NAME hydrochloride or 1400W dihydrochloride resulted in an 

inhibition of arthritic onset. This inhibition of footpad swelling following treatment with 

L-NAME hydrochloride or 1400W dihydrochloride shows that drug concentration and 

delivery methods are effective, thus providing confidence for effective drug treatment for 

testing the role of NOS in regulating the resolution phase of collagen-induced arthritis. 

 

CIA was induced as per standard protocol and mice were separated into 3 treatment 

groups termed Vehicle, L-NAME, and 1400W. L-NAME was admininistered by gavage 

in 100� L doses at a concentration of 3 mg, three times per week. L-NAME treatment was 
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initiated at or near maximum swelling as measured by footpad thickness. The 1400W 

group was also fed three times per week at a dose of 10 � g per feeding. Feeding was 

initiated at or near the time of maximum swelling. The vehicle group was fed saline, also 

initiated at or near the time of maximum footpad  swelling. Footpad measurements were 

taken three times per week. The ability to resolve inflammation was determined by the 

degree of reduction in footpad thickness. A slope was derived by fitting a regression line 

from the measurement of footpad thickness at the peak of inflammation or the beginning 

of treatment to the point of sacrifice in the resolution phase (Figure 4).   

 

A value of “0” represents no change in thickness.  Negative values correspond to a 

decrease in swelling and positive values indicate that swelling increased. As shown in 

Figure 15, the vehicle group shows a consistent negative slope for the regression line 

indicating that resolution of footpad swelling had occurred. Similarly, the 1400W 

treatment group resulted in resolution comparable to the vehicle group with a p value of 

0.5, calculated using non-parametric Kruskal-Wallis method. To the contrary, the L-

NAME treatment group resulted in higher values for the slope calculations with a p-value 

of less than 0.005 compared to the vehicle group. These data indicate that while blockade 

of iNOS, nNOS, and eNOS via administration of  L-NAME disrupts the process of the 

resolution, the blockade of the iNOS enzyme with 1400W does not disrupt resolution. 

Thus iNOS is not the source of pro-resolving nitric oxide, but most likely eNOS. 

 



 72

-5.000

-4.000

-3.000

-2.000

-1.000

0.000

1.000

2.000

3.000

4.000

0 1 2 3 4

S
lo

pe
(s

)

NOS Inhibitor Effect on Rate of Resolution

P<0.005

P=0.5

 
 
Figure 15. Treatment of CIA mice with L-NAME, but not 1400W inhibits the rate of 
resolution. The figure 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. The more negative the reported value, the greater the rate 
of decrease in footpad swelling during the resolution phase. Each black diamond (vehicle 
group, n = 41), grey square (L-NAME group, n = 35), and open triangle (1400W group, 
n=12) represents a footpad. The data were compiled from three independent experiments. 
The horizontal bars indicate the average value in each group. The vehicle-treated and 
1400W treated limbs yielded an average slope of -0.75 and -1.230, respectively. In 
contrast, L-NAME treated limbs yielded an average slope of 0.078. Statistic were 
calculated utilizing  the  Kruskal Wallis non-parametric method. 
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Resolution by Reconstitution with PGE2 Results in an Increase in 

PPAR�������� Positive Cells 

 

In a recent publication, Chan and Moore (2010) showed a PGE2-dependent upregulation 

of lipoxin during the resolution phase of chronic inflammation. NS398 inhibits the 

production of PGE2 during the resolution phase. The treatment of CIA mice with NS398 

at the height of inflammation disrupted the resolution as compared to the vehicle treated 

group. In order to determine whether PGE2 played a functional role in mediating the 

resolution process, reconstitution studies were performed. The functional analog of PGE2 

16,16-dimethyl PGE2 was employed in these animal studies. 16,16 dimethyl-PGE2 is a 

synthetic form of PGE2. It resisted degradation in vivo and activated the PGE receptors 

(EP 1-4) (Kojima, 2008). 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 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 � l volume. The subcutaneous 

injections were given in a 50 � l 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 16). The group that was fed NS-398 and 

injected with PBS experienced persistent inflammation similar to what has been seen in 

our previous experiments. More than 50% of the footpads remained swollen in the group 

with an average slope of “+0.87”. The animals in the NS-398 fed group were 
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significantly different from those in the vehicle control group (p<0.001). The animals that 

were fed NS-398 and injected with 600 ng 16,16 dimethyl-PGE2 experienced a 

restoration of resolution as the footpads naturally resolved similar to those in the vehicle 

control group.  The average slope was -.2.8” respectively and this group was not 

significantly different from the animals in the vehicle control group. Statistics were 

performed utilizing the Kruskal-Wallis method. 
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FIGURE 16. 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 dmPGE2 (black 
triangle, n=21) and not reconstituted (PBS control, black diamond, n=42). Each marker 
represents a footpad. Mice treated 600 ng 16,16 dmPGE2 experienced resolution similar 
to that of the vehicle group and were not significantly different. The groups were 
compared using the  Kruskal-Wallis non-parametric testing method.  
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In a recent publication, Chan and Moore (2010) showed a PGE2-dependent upregulation 

of lipoxin during the resolution phase of chronic inflammation. Additionally recent work 

by Sobrado et al (2009) shows that lipoxin A4 exerted anti-inflammatory effects by 

activating PPAR�  receptors. PGE2 was reconstituted by injecting 600ng of 16, 16 dm 

PGE2 into the affected limb of a mouse which had been administered NS398 by gavage. 

Considering these findings, the effect of PGE2 reconstution in NS-398 treated CIA mice 

on PPAR�  levels was evaluated. As shown in Figure 17, IHC staining for PPAR�  showed 

an abundance of PPAR�  nuclei in the reconstituted knee joint when compared to the NS-

398 only treated limb. These results are representative of three independent experiments. 

Quantification of these findings is reported in Figure 18 Figure 18 shows quantification 

of PPAR�� positive cells per unit area utilizing the color deconvolution plug-in for Image 

J Analysis Software as detailed in the Materials and Methods section. Six images from 

each treatment group were analyzed using the software. The p value of 0.003 between the 

vehicle and NS-398 treated group show a significant difference in PPAR�� positive cells 

per square centimeter of synovial tissue. In the treatment group that was fed NS-398 and 

then injected with the PGE2 analog the number of PPAR�� positive cells per square 

centimeter of synovial tissue was restored. A p-value of 0.006 shows the difference 

between the NS-398 treated group and the PGE reconstituted group.  

 

Figure 18 also shows the percentage of PPAR�� positive cells per total nuclei in the 

vehicle, NS398, and PGE reconstituted treatment groups. Again, a p-value of 0.006 

provides confidence that the resolving vehicle treated limbs contain a greater percentage 

of PPAR�� positive cells than the inflamed NS398 treated limbs. The number of 
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PPAR�� positive cells per total nuclei was restored to vehicle-treated levels in the NS398 

plus PGE treated group. These findings couple the restoration of PGE levels with an 

increase in PPAR�� positive cells and the resolution of chronic inflammation.   

 

In effort to provide further evidence of PGE2 reconstitution’s effect on PPAR�  activation, 

transcript levels of known PPAR�  regulated genes were tested. Two gene targets of 

PPAR�  activation include the genes for CD36 and Arginase-1 (Figure 1) (Tontonoz, 

1998; Gallardo-Soler, 2008). The knee joints of the treatment groups were harvested at 

the end point of the experiment, at approximately Day 65 and processed for RNA 

isolation. Transcript levels for CD36 and Arginase-1 mRNA are shown in Figure 19 

below. Three independent experiments were performed.  Transcript levels from the limbs 

of mice treated with NS398, with or without PGE reconstitution, were compared with 

vehicle-treated control transcript levels. The vehicle and NS398 groups contain RNA 

transcript from 18 treated knee joints each. The NS398 plus PGE reconstitution group 

includes 14 samples. The uninduced normal control contains RNA from 6 knee joints.  

The transcript levels of CD36 and Arginase-1 are diminished by NS398 treatment of CIA 

affected limbs. In NS398 treated groups, CD36 transcript level was decreased by 

approximately 2.5 fold and the Arginase-1 transcript level showed a five fold reduction. 

Reconstitution with PGE resulted in a recovery of CD36 and Arginase transcript 

expression. This finding provides more evidence for a link between the resolution 

promoting properties of PGE2 and activation of PPAR����
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Figure 17. Reconstition with 16, 16 PGE results in an increase in PPAR�������� positive 
cells when compared to NS-398 treated CIA knee joints. Knee joints from mice 
represented in Figure 16 were processed for immunohistochemistry and stained for 
PPAR��  Representative images from 3 independent experiments are shown above. Six 
images (10X) were evaluated for each treatment group. PPAR�� is indicated by the brown 
precipitate of the DAB substrate. Reconstitution with 16, 16 PGE2 resulted in an increase 
in PPAR�� positive cells in the synovium.  
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Figure 18. Reconstitution with 16, 16 PGE results in an increase in PPAR�������� positive 
cells per square centimeter of synovium and per total nuclei when compared to NS-
398 treated CIA knee joints. Quantification of PPAR�� positive cells per unit area was 
performed utilizing the color deconvolution plug-in for Image J Analysis Software as 
detailed in the Materials and Methods section. Six images from each treatment group 
were analyzed using the software. The p value of 0.006 between the NS-398 and NS-398 
plus 16, 16 PGE2  treated group shows a significant difference in PPAR�� positive cells 
per square centimeter of synovial tissue and per total nuclei. Statistics were calculated 
using the  Kruskal-Wallis non-parametric testing method. 
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Figure 19. Reconstitution with 16,16 PGE2 following NS398 treatment reconstitutes 
transcript levels of PPAR�������� dependent genes, encoding CD36 and Arginase, in vivo. 
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 graph 
is representative of three independent experiments. The 16, 16 PGE2 reconstituted group 
contains RNA from 17 knee joints. The vehicle and NS398 groups contain RNA 
transcript from 18 treated knee joints each. The uninduced normal control contains RNA 
from 12 knee joints. Reconstitution with 16,16 PGE2 returned to the PPAR�  dependent 
genes to levels similar to the vehicle group. Student T-Test was utilized to calculate the 
statisitics.  
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CHAPTER 4 

DISCUSSION 

 

Current methods of treatment for rheumatoid arthritis leave significant room for 

improvement. If more intelligently designed therapies are the goal, we need to better 

understand the nature of the disease; specifically, the players involved in driving 

resolution of chronic inflammation in arthritis. CIA serves as an excellent model for 

answering this question in that it both mimics human disease and is characterized by both 

an inflammation and a resolution phase. Chan and Moore (2010) published findings 

linking the production of prostaglandins, specifically PGE2, with the resolution of chronic 

inflammation in the CIA model. PGE2 was commonly considered to be a driver of 

inflammation;  however,  in this study it was shown to also act in a pro-resolution role. 

Therapies such as COX-2 inhibition may limit prostaglandin production and delay the 

onset of inflammation, but such therapies also prevent the production of pro-resolution 

properties of prostaglandins. The therapeutic value of COX-2 inhibition treatments is 

therefore limited. This study was designed to better understand the processes involved in 

driving the resolution of chronic inflammation in CIA.  

 

The transcription factor PPAR�� has pro-resolution properties. After learning of the anti-

resolution properties of COX-2 inhibition, this study began by evaluating if the inhibition 

of COX-2 may also effect the levels of PPAR��  The levels of PPAR�� mRNA were tested 

utilizing quantitative PCR on RNA isolated from arthritic knee joints harvested at 

approximately 65 days after induction  of the disease. At this time point, the vehicle 
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treated animals presented with resolving footpads while the NS-398 (both pre-

symptomatic and post-symptomatic treatment groups) exhibited a failure to resolve 

normally. As shown in the results section, the animals that received the COX-2 inhibitor, 

which inhibited resolution, had a decrease in the relative levels of PPAR�� transcript when 

compared to the vehicle group. This finding supports a role for PPAR�� in resolution as 

when resolution is disrupted via NS398 treatment, a decrease in PPAR�� transcript is seen. 

However, PPAR�� is not entirely regulated at the level of transcription. As detailed in the 

introduction, activation is primarily ligand-dependent and heterodimerization with the 

retinoid X receptor (RXR) is necessary (Tontonez et al, 2008).  PPAR�� also negatively 

regulates gene expression in a ligand-dependent manner by inhibiting the activities of 

other transcription factors through an action known as transrepression (Ricote and Glass, 

2007).  Additionally the above result does not provide us an understanding of where in 

the arthritic joint the PPAR�� regulation is occurring. In an effort to probe these pathways 

further, IHC methodology was utilized on the NS-398 and vehicle treated knee joints 

with staining specific for PPAR��� allowing, visualization and quantification of the 

PPAR�� positive nuclei. Expression of PPAR�� protein in the nuclei is a good indication of 

PPAR�� activation. A decrease in PPAR�  positive nuclei was shown as a result of COX-2 

inhibition. Because inflammation is associated with an increase in cell density resulting 

from infiltration of primarily macrophages and neutrophils, the PPAR�� positive cells per 

unit area of synovium and per total cell basis was quantified. In both cases, a significant 

decrease in the number of PPAR�� positive cells was observed. When comparing the 

transcript data with the immunohistochemistry data,  a potential rationale for the greater 

fold difference in immunohistochemistry may be the fact that it was possible to focus on 
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the joint synovium only, as opposed to with qPCR the transcript being analyzed was from 

the joint in its entirety. These findings provide evidence for an association between 

PPAR�� and disruption of the resolution process caused by COX-2 inhibition.  

 

This evidence led to the hypothesis that PPAR�� drives resolution of chronic inflammation 

in the CIA model. In an effort to more definitively determine if PPAR�� effects the 

resolution process, the activation of PPAR�� in vivo was blocked by injecting the 

antagonist SR-202 following the onset of arthritis symptoms. Successful inhibition of 

PPAR�� was confirmed by evaluating the transcript levels of PPAR�  regulated genes, 

encoding Arginase-1 and CD36. A significant decrease in the transcript levels of both 

these genes in the SR202 treated animals as compared to the vehicle group provided 

confidence that the SR202 was effective.  

 

 In an effort to determine the effect of PPAR�� on the resolution of chronic inflammation, 

the thickness of the footpads of affected mice was measured. The rate of resolution was 

calculated by determining the slope of a secant line drawn from the maximum footpad 

measurement to the measurement at the end of the experiment. Treatment with either 

vehicle or the PPAR�  antagonist was initiated at approximately maximum footpad 

swelling. As shown in Figure 10, the rate of resolution in the limbs treated with the 

PPAR�� antagonist was�significantly more positive than the vehicle treated limbs, 

indicating a disruption in the resolution process. Thus the rate of resolution was slowed 

following inhibition of PPAR� . As such, it was determined that PPAR�� plays a role in the 

resolution of chronic inflammation in the CIA model.  
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Haematoxylin and Eosin staining performed on the knee joints showed that, in addition to 

the prolonged inflammation phase observed by the footpad measurements, an increase in 

synovial cellularity also accompanied the inhibition of PPAR�  activation. The infiltration 

of neutrophils is a hallmark of inflammation. Treatment with the antagonist appears to 

inhibit their removal, thus leading to a more destructive arthritic flare. The effect of the 

prolonged inflammation phase associated with inhibition of PPAR�  is also apparent in x-

rays. Treatment with the PPAR�  antagonist resulted in an increase in soft tissue swelling 

and pannus formation, as well as a decrease in bone density.    

 

Quantitative analysis of mRNA for inflammatory cytokines provided additional evidence 

to support a role for PPAR�� in resolution of CIA. Arthritic knee joints treated with SR202 

contained more mRNA transcripts for both IL-17 and TNF-�� when compared to the 

vehicle treated arthritic knee joints��Both genes encode common inflammatory cytokines 

which have been linked to arthritic disease pathology. The fact that treatment with a 

PPAR�� antagonist results in a greater level of inflammatory cytokine transcript, shows 

that PPAR�� plays a role in their down regulation following the inflammatory phase of the 

disease. As mentioned in the introduction, this link between PPAR�� and the regulation of 

IL-17 and TNF-�� was also shown in other laboratories (Sazanto et al, 2008 and Klotz et 

al, 2009) . 

 

PPAR�� was shown to regulate eNOS by Chu et al in 2003. This finding led to a 

hypothesis for a potential mechanism by which PPAR�� may function. In effort to 
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evaluate the effect of PPAR�� on eNOS activation, IHC methodology with staining 

specific for eNOS phosphorylation at Serine residue 1177 was performed. 

Phosphorylation at Serine residue 1177 is a good indication of eNOS activation.  

Treatment with the PPAR�  antagonist led to a decrease in eNOS phosphorylation 

specifically around the vascular endothelium. As previously mentioned, one of the known 

functions of eNOS is regulation of vascular tone. It is possible that PPAR�� regulates the 

vascular tone within the inflammatory environment. After this finding we tested the 

hypothesis that eNOS and not iNOS provided the NO required for a normal resolution 

phase. 

�

This hypothesis was tested using NOS inhibitor feeding experiments and measuring the 

rate of resolution of CIA in the same manner as was used for the PPAR�� antagonist. By 

utilizing two inhibitors, one non-specific and one specific for iNOS, it was discovered 

that inhibition of iNOS, nNOS, and eNOS resulted in a disruption of the resolution 

process as compared to the vehicle group. However, inhibition of iNOS alone did not 

have this effect. From this finding one can extrapolate that the NOS enzyme important 

for resolution of arthritic is most likely eNOS, given that nNOS functions mainly in the 

neuronal network. This finding is novel and has never been reported before in the context 

of resolution of inflammation, it is in agreement with some previously published findings 

where the concentration of NO determines its role as proinflammatory or 

antiinflammatory (Matthew, 1996, Parks, 2005 Kobayashi, 2011). The eNOS enzyme is 

responsible for lower NO output than what is expected with iNOS. While iNOS has a role 

in the inflammatory burst, it is the low concentration of NO from eNOS acting in a 
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microenvironment which regulates the resolution process. It is surprising that this 

regulation could be directed by PPAR��� As shown, PPAR�� activation results in inhibition 

of iNOS transcript levels, an increase in Arginase-1 transcript, and an activation of 

eNOS. Arginase-1 is a marker for alternatively-activated macrophages One potential 

effect of eNOS activation in the vascular endothelium via PPAR�  is a relaxing of 

vascular tone leading to the extravasation of macrophages coming in to clean up the 

neutrophil rich synovium.  

 

Chan and Moore (2010) showed a role for PGE2 in the resolution of chronic 

inflammation, potentially due to PGE2-dependent upregulation of lipoxin. Additionally, 

recent work by Sobrado et al (2009) shows that lipoxin A4 exerts anti-inflammatory 

effects by activating PPAR�  receptors. These findings led to the hypothesis that 

reconstitution with 16,16dmPGE2, in NS398 treated mice, would cause an increase in the 

presence of PPAR�� positive cells in the arthritic synovium. Evidence has been provided 

that reconstitution of NS-398 treated mice with 16,16dmPGE2 resulted in a resolution 

phase which mimicked the vehicle control. However, without the 16,16-dmPGE2 

injections the NS-398 treated mice failed to resolve normally. IHC of the arthritic limbs 

showed that the reconstitution of NS-398 treated CIA mice with 16,16 dmPGE2 not only 

resolved in terms of footpad measurements but this resolution was accompanied by an 

increase in PPAR�� positive cells. Quantification of PPAR�  positive cells in both terms of 

unit area and percent total cells in the synovium confirmed this observation. Visual 

inspection of the PPAR�  cell morphology under high magnification leads us to believe 

that the PPAR�� positive cells are of the macrophage lineage based on the large round 
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nucleus. The evidence for PPAR�� activation is strengthened by quantitative PCR of 

mRNA for the PPAR�� dependent genes��encoding CD36 and Arginase-1. Both of these 

transcripts are increased by reconstitution with the PGE2 analog. 

 

Overall, the data presented lead to a better understanding of the pathways involved in the 

resolution of chronic inflammatory arthritis. PPAR�� activation, potentially in the 

macrophage cell type, aids in turning the tide against the drivers of inflammation. As 

previously discussed, PPAR�� acts to depress the activity of NF� B. Blocking 

PPAR�� activity leads to an increase in TNF-�� and iNOS transcript levels. TNF-�  is a 

known activator of NF-� B, while iNOS is a known product of NF-� B activation. 

Additionally PPAR�� antagonist treatment results in a disruption of the resolution process 

as evidenced by histology, foot pad measurements, x-ray, and an increase in 

inflammatory cytokines. Additionally, PPAR�� is also shown to act on the activation state 

of eNOS. Further studies demonstrate that eNOS plays a role in the resolution of chronic 

inflammatory arthritis. On the other hand, the iNOS enzyme does not appear to play a 

role in resolution. PPAR�  activation also leads to an increase in Arginase-1 mRNA 

levels, a marker for alternatively activated macrophages. One potential source of 

PPAR�� activation is the generation of lipoxin (LXA4) which is shown to result from the 

production of PGE2 , a prostaglandin previously shown to be required for normal arthritic 

resolution to take place. However, as mentioned in the introduction, other natural ligands 

to PPAR�� have been proposed.�
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Considering the role elucidated for PPAR�� in the resolution of chronic inflammation, 

PPAR�  makes for a tempting target for activation in a clinical therapy for diseases like 

RA. However, the drugs Avandia, Avandamet, and Avaglim which are PPAR�� agonists 

prescribed for diabetes, were all recently pulled from the market in the UK on advisement 

from the European Medicines Agency. The New England Journal of Medicine reported 

the following:  “In 2007, a meta-analysis of controlled clinical trials found increases in 

the risk of myocardial infarction and a near-significant increased risk of death from 

cardiovascular causes when rosiglitazone (Avandia, Avandamet, and Avaglim) was 

compared with placebo or with standard diabetes drugs. Following an advisory 

committee meeting held in July 2007, the U.S. Food and Drug Administration (FDA) 

added information about the possibility of ischemic cardiovascular risk to the drug’s 

existing boxed warning. At the same time, the FDA also required the sponsors to conduct 

a head-to-head cardiovascular safety trial of rosiglitazone versus pioglitazone — the 

other antidiabetic drug in this class available in the United States. After new data became 

available, the FDA held a second advisory committee meeting on rosiglitazone safety on 

July 13 and 14, 2010. On September 23, 2010, the FDA announced regulatory actions 

stemming from these deliberations.” As the risk-benefit ratio of PPAR�� agonists continue 

to be debated it makes it all the more important to continue to conduct research into the 

many effects PPAR�� has on an organism. Perhaps a better understanding of the 

relationship between PPAR�� agonists and their effect on activation of eNOS, as shown in 

this study, could shed light on some of the cardiovascular contraindications found with 

the aforementioned drugs.  

 



 89

In an effort to better understand the role of PPAR�� in the resolution of chronic 

inflammation in the CIA model, additional work is required. Inhibiting 

PPAR�� activation�results in disruption of the resolution process, additionally, inhibition 

of PPAR�� diminishes the production of Arginase-1. This is in contrast to Arginase-2 

which is found mainly in mitochondria (Shi et al, 2001). Both PPAR�� and Arginase-1 act 

as markers for alternatively activated macrophages. Additionally the morphology of the 

PPAR�� positive cells found within the�synovium of resolving arthritic knee joints is 

characteristic of macrophage morphology. However, in order to ensure this cell 

population is in fact representative of alternatively activated macrophages it is necessary 

to perform co-staining methods utilizing both PPAR�� and a macrophage marker such as 

the extracellular antigen F4/80, which is a highly glycosylated proteoglycan (Haidl, 

1996). 

 

PPAR�  is reported to influence apoptosis in a variety of disease models and in vitro 

settings. PPAR�� activation is reported to have anti-cancer effects primarily by the 

induction of apoptosis as reviewed by Blanquicett et al in 2008. Similar reports show 

PPAR�  acting in a pro-apoptotic role in human artherosclerosis. In this case the 

PPAR�� activation results in apoptosis of inflammatory human monocyte- derived 

macrophages.(Mahmood, 2011; Jackson 1999; Pasceri, 2000). Additionally studies by 

Majai et. al. in 2007 show PPAR� -dependent regulation of human macrophages in 

phagocytosis of apoptotic cells.  
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Considering these reports it would be interesting to further evaluate the role of PPAR�� on 

the infiltrating neutrophils and macrophages which are hallmarks of an arthritic flare. It 

would also be interesting to evaluate the level of apoptosis which occurs in the affected 

limb in a real time manner. Such in vivo image studies are currently evolving to the point 

that it may be possible to evaluate the level of apoptosis markers present in the inflamed 

and resolving arthritic limb without the need for sacrificing the animal. This would 

permit real time evaluation of a single limb over the course of disease. By utilizing this 

technology in tandem with PPAR�� antagonist treatments, it would be possible to 

elucidate the effect of PPAR�� on apoptosis. Perhaps PPAR�� drives the apoptosis of 

neutrophils or minimally regulates their clearance. Such in vivo imaging may also permit 

for more intelligent experimental design in terms of when it is best to sacrifice an animal 

to perform IHC. It would be interesting to understand PPAR� ’s role in the dynamics of a 

shift in macrophage sub-population during the transitional period from inflamed to 

resolving arthritic limb.   

 

Also, in effort to more rigorously test the role of eNOS in the resolution of chronic 

inflammation in the CIA model a different approach may be required. This study used a 

combination of inhibiotory compounds to deduce the role of eNOS, as a specific eNOS 

inhibitor is not available. A more exact approach could be an experimental design in 

which a small inhibitory RNA (siRNA) could be utilized to more specifically ihibit the 

action of eNOS during the resolution phase. 
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The conclusions of this study are as follows: 1) Blockade of the COX-2 pathway in CIA 

mice inhibits the activation of PPAR��� 2) Specific inhibition of PPAR�� will interfere with 

the resolution of CIA, 3) PPAR�  regulates phosphorylation of serine residue 1177 of the 

eNOS enzyme in the CIA model, 4) The eNOS enzyme, NOT the iNOS enzyme, 

promotes resolution of chronic inflammation in the CIA model, and 5) Reconstitution of 

COX-2 inhibited CIA mice with a PGE analog will result in an increase in the number of 

PPAR�� positive cells in the synovium. �

 

 

Overall this study provides insight into the mechanics of resolution of chronic 

inflammation as found in CIA. The need for PPAR�� activation in support of a resolution 

phase has been demonstrated. Additionally this study provides evidence for the role 

eNOS, as opposed to iNOS, plays in the resolution of chronic inflammation. Also 

PPAR�� activation has been linked to eNOS activity. Finally, evidence for a relationship 

between PGE2 and PPAR�� activation has been described. Collectively, these findings 

help to shed light on the pathways involved in the resolution of chronic inflammation.  
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