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ABSTRACT 

 Long term use of nonsteroidal anti-inflammatory drugs (NSAIDs) decreases the 

risk of the neurodegenerative disease of Alzheimer. Interestingly, neurodegenerative 

diseases, such as Parkinson’s disease and Alzheimer’s disease, have been associated with 

the expression of inducible nitric oxide synthase (iNOS) in glial cells. Furthermore, when 

iNOS expression is ablated in the Parkinson’s disease model, neuronal cell death is 

reduced significantly. Since iNOS expression is harmful to neurons, it is important to 

understand what regulates the expression of iNOS. Inflammatory cytokines induce iNOS 

expression through activation of many regulatory kinases. These regulatory kinases 

activate transcription factors that are involved in transcription of the gene responsible for 

iNOS, called Nos2, in rat glial cells. Previous studies found that while NSAIDs inhibit 

the expression of iNOS, they induce hemeoxygenase-1 expression in rat glial cells. 

Hemeoxygenase-1 (HO-1) degrades heme into iron, bilirubin, and carbon monoxide. 

Carbon monoxide has been shown to decrease iNOS expression in glial cells. While 

previous studies have shown that NSAIDs decrease iNOS expression, the regulatory 

pathways of iNOS expression involved in this response in glial cells have not been 

studied previously. The purpose of this work was to investigate the mechanism by which 

NSAIDs suppress iNOS expression. The approach was to study the specific molecular 

mechanisms by which indomethacin and ibuprofen might modulate iNOS expression in 

vitro. The regulatory pathways for iNOS expression may provide targets for therapies to 

be used in prevention of neurodegenerative diseases. 

  This work confirmed that indomethacin and ibuprofen reduce the expression of 

iNOS at the protein level in glial cells. This study tested the hypothesis that HO-1 
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mediates the inhibition of iNOS expression by NSAIDs. Glial cells were treated with 

either indomethacin or ibuprofen in the presence and absence of cytokines to induce 

iNOS expression. Aim 1 studied the expression of iNOS protein  and nitrite production by 

indomethacin or ibuprofen in cytokine stimulated C6 glial cells. Ibuprofen or 

indomethacin reduces the promoter activity of Nos2 in the rat C6 glial cells. Aim 2 

evaluated the expression of HO-1 protein by indomethacin or ibuprofen in cytokine 

stimulated C6 glial cells. Indomethacin or ibuprofen induced HO-1 protein expression. 

Aim 3 examined whether the inhibition of iNOS expression by indomethacin or ibuprofen 

was mediated through the hemeoxygenase-1 end-products iron or carbon monoxide. An 

iron chelator reversed the inhibition of iNOS and Nos2 expression by indomethacin, but 

not by ibuprofen. Scavenging extracellular carbon monoxide did not affect the inhibition 

of iNOS expression in C6 cells. Aim 4 evaluated the effect of HO-1 protein expression on 

iNOS expression in indomethacin or ibuprofen treated C6 glial cells. Using small 

interefering ribonucleotide (siRNA) to suppress HO-1 protein expression, it was shown 

that indomethacin, but not ibuprofen, inhibition of iNOS was reversed in C6 cells as 

monitored by iNOS expression and Nos2 promoter activity. Thus, HO-1 protein is 

involved in the inhibition of of iNOS expression by indomethacin. Since ibuprofen did 

not inhibit Nos2 expression through HO-1, it led us to explore another pathway as a 

possible mechanism of action for ibuprofen inhibition of Nos2 expression. In contrast to 

indomethacin, we showed that ibuprofen inhibited NF-κB activation, a transcription 

factor critical for Nos2 expression. Since iNOS expression is associated with 

neurodegenerative diseases, understanding the targets of these two NSAIDs may be 

useful for future studies for therapies that prevent or treat neurodegenerative diseases. 
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CHAPTER I 

INTRODUCTION 

 Inflammation is characterized by swelling, redness, pain, and fever and as Scott et 

al. (2004) recently noted it was first characterized by Celsus. Inflammation occurs when 

there is a trauma and infection (reviewed in Nathan et al. 2002). Signs of inflammation 

are reduced by nonsteroidal anti-inflammatory drugs (NSAIDs) (reviewed in Vane et al. 

1998). The mechanisms of action of the NSAIDs were unknown for many years. In 1971, 

the first hint to their mechanism of action was found when Sir John Vane discovered that 

aspirin and other NSAIDs decrease prostaglandin formation (Vane et al. 1971). Later, it 

was shown that prostaglandins are produced by cycloxygenase-1 (COX-1) (Hemler and 

Lands 1976).  In 1991, it was discovered that an inducible form of cyclooxygenase 

existed in addition to a constitutive isoform (Xie et al. 1991). This enzyme, COX-2, is 

induced during inflammation (Kang et al. 2006). Induction of COX-2 expression causes 

neuronal cell death, which is reversed by the COX-2 inhibitor NS398 which inhibits the 

formation of prostaglandin E2 (PGE2) (Takemiya et al. 2006).  Current thought is that the 

inflammatory response is reduced through inhibition of prostaglandin production by 

NSAIDs (Seibert et al. 1994). Not only are NSAIDs useful in treating the inflammatory 

response, but use of NSAIDs over a long period of time lowers the risk of developing 

Alzheimer’s disease (Stewart et al. 1997). Thus, in addition to their anti-inflammatory 

properties, NSAIDs can be useful for the prevention of neurodegeneration. 

 Microglial and astroglial cells, the immune cells of the brain, release cytokines 

after being exposed to inflammatory mediators (Wierinckx et al. 2005). Cytokines can 

induce the synthesis of other proteins as well. Examples of these induced proteins include 
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COX-2 (O’Banion et al. 1996) and inducible nitric oxide synthase (Pahan et al. 1999). 

NSAIDs inhibit inducible nitric oxide synthase (iNOS) expression in astroglial cells 

(Kitamura et al. 1999). The enzymatic action of iNOS converts L-arginine to L-citrulline 

and NO (Stuehr et al. 1991). Low levels of NO are protective to neurons (Arnett et al. 

2002). However, high levels of NO in brain are deleterious to neuronal cells and can lead 

to neurodegeneration (Boje and Aarora. 1992).  Since the work by Boje and Aarora 

(1992) suggests that NO in excess causes neurodegeneration, the inhibition of iNOS 

expression by NSAIDs may ameliorate neurodegeneration. 

 To date, pathways for NSAIDs inhibition of iNOS expression have not been 

studied in astroglial cells. In the present dissertation, indomethacin and ibuprofen were 

utilized for comparison of two NSAIDs and the effects on iNOS expression were 

evaluated using rat C6 glial cells. The C6 cell line was used as a model for astroglial cells 

because it is accepted by neurobiologists to function similar to glial cells isolated from 

intact brain (reviewed in Auer et al. 1981). Some NSAIDs, including indomethacin, also 

have been classified as proxisomal proliferator activated receptor gamma (PPAR-γ) 

agonists (Lehmann et al. 1997). Therefore, it was first considered that the inhibition of 

iNOS expression by indomethacin might be through the PPAR-γ pathway in C6 cells.  

Additional studies not described in this dissertation indicated that PPAR-γ pathway did 

not appear to be involved in indomethacin inhibition of iNOS expression by C6 cells. 

Since previous studies showed that hemeoxygenase-1 (HO-1) expression increases and 

iNOS expression reduces in NSAID treated glial cells (Kitamura et al. 1999), it led to the 

hypothesis tested in this dissertation. The hypothesis is that HO-1 expression has a role in 

NSAID inhibition of iNOS expression in C6 cells. Figure 1 shows a proposed mechanism 
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that could result in inhibition of iNOS expression by NSAIDs. The results of this 

dissertation may provide knowledge for future therapies in prevention of iNOS-induced 

neurodegeneration. 
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Figure 1: Proposed mechanism of action of NSAIDs on the inhibition of iNOS 
expression in C6 glioma cells: NO production and PGE2 from glial cells cause 
neuronal cell death. NSAIDs inhibit prostaglandin formation by inhibiting COX 
enzyme and induce (+) HO-1 protein expression in glial cells. Hemeoxygenase-1 
degrades heme and releases iron, carbon monoxide, and biliverdin, which is reduced 
to bilirubin via biliverdin reductase. The role of iron and carbon monoxide in the 
inhibition of Nos2 mRNA transcription, iNOS protein expression, and nitrite 
production was unknown in indomethacin or ibuprofen treated C6 cells. (arrows 
represent known pathways) 
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General Background 

1.1 Nonsteroidal anti-inflammatory drugs 

 NSAIDs get their name from being structurally different from anti-inflammatory 

glucocorticoid steroids drugs, such as predinosone and methylpredinosone (reviewed in 

Goodman and Gilman. 2006). As mentioned in the Introduction, NSAIDs inhibit 

cycloxygenases. The NSAIDs including aspirin, indomethacin, and ibuprofen, inhibit 

COX-1 more than COX-2 (Mitchell et al. 1993). Selective COX-2 inhibitors include 

valdecoxib (Gierse et al. 2005) and rofecoxib (Chan et al. 1999). Cyclooxygenase 

oxygenates arachidonic acid to form PGG2, a cyclopentane hydroperoxyendoperoxide. 

The peroxidase activity of COX converts PGG2 to PGH2 (Van der Ouderaa et al. 1977), 

which acts as a substrate for the formation of a wide variety of other prostaglandins 

(Miyamoto et al. 1976). Thus, COX enzyme is a multifunctional enzyme since it has two 

different catalytic properties. 

 As Allison et al. (1992) point out, a major reason that two classes of NSAIDs 

have been developed is that older nonselective agents cause a significant gastrointestinal 

adverse effect. Gastrointestinal complications of NSAIDs are caused by the inhibition of 

COX-1 (see for example Hawkey et al. 2000). However, Fries et al. 2004 has shown that 

gastrointestinal complications are lower in subjects with use of ibuprofen in contrast to  

the work by Hawkey et al. (2000). The possible reasons for these conflicting data could 

be that dosages of ibuprofen were lowered from 800 mg in the work by Hawkey et al. 

(2000) to 480 mg in the work by Fries et al. (2004). In contrast, the selective COX-2 

inhibitor rofecoxib does not cause the gastrointestinal side effects of ibuprofen, a 

nonselective COX inhibitor (Laine et al. 1999). This absence of gastrointestinal side 
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effects is due to the inhibition of COX-2 and sparing COX-1 activity. Therefore, effects 

of NSAIDs depend on COX selectivity and dose.  

 In addition to inhibiting the enzymatic action of cyclooxygenase, NSIADs can 

negatively regulate COX-2 expression. The regulation of COX-2 expression occurs in 

many different cell types including glial and blood cells. Ibuprofen reduces COX-2 

mRNA expression in activated microglia and astroglia (Heneka et al. 2005).  In addition, 

ibuprofen inhibits COX-2 expression and inhibits NF-κB activation in RAW 264.7 

macrophages (Lo et al. 1998).  Ibuprofen and indomethacin reduce COX-2 expression in 

the KBM-5 human leukemic cell line (Takada et al. 2004). Therefore, nonselective 

NSAIDs reduce COX-2 expression in vitro, indication of another possible mechanism of 

action for these drugs. 

 

1.1.1 Protective effects of NSAIDs on Alzheimer’s disease 

NSAIDs lower the risk of developing Alzheimer’s disease in the elderly (in t'Veld et al. 

2001).  The risk of Alzheimer’s disease, AD, reduces by 80% in subjects who use 

NSAIDs over two years compared to nonuser subjects (in t'Veld et al. 2001).  In the work 

of in t'Veld (2001), however, use of NSAIDs for only one year lowers the risk of AD by 

17% compared to nonuse. Evidence from the study of in t'Veld et al. (2001) is suggesting 

that NSAID use over a long-term period is protective against AD. However, naproxen 

does not offer a beneficial effect to subjects with Alzheimer’s disease (Aisen et al. 2003). 

The conflict between these two studies suggests that some NSAIDs are unique in action, 

which results in different protective effects on AD. Therefore, longterm use of particular 

NSAIDs does lower the risk of Alzheimer’s disease compared to nonuse of NSAIDs.  
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1.1.2 Protective effects of NSAIDs against amyloid protein 

Amyloid beta protein causes neurodegeneration in the Alzheimer’s disease mouse model 

of doubly transgenic amyloid precursor protein plus presenilin-1-mice (Kurt et al. 2001). 

Thus, amyloid beta protein is important in the pathology of Alzheimer’s disease. 

Indomethacin reduces amyloid beta protein by 20% in Tg2576, a transgenic mouse model 

of AD (Quinn et al. 2003). In addition, ibuprofen, another NSAID, reduces the amyloid 

beta load in neocortex of Tg2576 mice (Lim et al. 2000) and in entorhinal cortex of 

doubly transgenic (Tg) amyloid precursor protein plus presenilin-1 mice (Jantzen et al. 

2002). This study confirms the previous finding from Lim et al. group that ibuprofen 

reduces amyloid beta load in brain. Therefore, indomethacin and ibuprofen offer 

protection against amyloid pathogenesis of Alzheimer’s disease.   

 

1.2 Characterization of the inducible nitric oxide synthase 

 In addition to their amyloid beta load reduction effects, indomethacin and 

ibuprofen also inhibit beta amyloid induced iNOS expression in macrophages (Ogawa et 

al. 2000). NOS is the enzyme that releases nitric oxide when L-arginine is converted to 

L-citrulline (Steuhr et al. 1991).  There are three isoforms of NOS, which are categorized 

into two groups: constitutive NOS and inducible NOS (iNOS). Two isoforms are 

constitutive, neuronal NOS (Bredt et al. 1991) and endothelial NOS (Lamas et al. 1992), 

while a single isoform is inducible (Xie et al. 1994). LPS increases the expression of 

iNOS in immunomodulatory cells such as RAW 264.7 macrophages (Wang et al. 1995) 

and microglial cells (Kinsner et al. 2006).  In the nucleus, the Nos2 gene is transcribed 
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after binding several transcription factors including activation protein (AP-1) and CAAT 

enhancer binding protein (C/EBP) to the Nos2 gene promoter (reviewed in Kleinert et al. 

2004). iNOS protein is formed after translation of iNOS mRNA in the cytoplasm of cells. 

iNOS protein requires nicotinamide adenine dinucleotide phosphate and 

tetrahydrobiopterin as cofactors for NOS activity (Tayeh and Marletta. 1989). NO 

functions as a vasodilator in order to maintain vascular tone (reviewed in Chen et al. 

1998) and a neuromodulator (Kolo et al. 2004). In addition, NO is also involved in innate 

immune protection against viruses (Zaragoza et al. 1999) and bacteria (Xing et al. 2001). 

Therefore, NO does not have one function in particular, but it has various functions. 

 

1.2.1 Regulation of Nos2 expression 

 The rat Nos2 gene has many response elements in its promoter that participate in 

gene expression.  The first 1713 bases of the rat Nos2 promoter contains 18 copies of an 

interferon gamma response element (γ-IRE), 2 copies of the interferon α-stimulated 

element (ISRE), 2 copies of activator protein (AP-1) elements, 4 copies of 

CCAAT/enhancer binding protein (C/EBP) family member sites, 2 copies of the cyclic 

adenine monophosphate response element (CRE), and 2 copies of nuclear factor κB (NF-

κB) sites (Eberhardt et al. 1996). Promoter sequence homology between rat Nos2 and 

human NOS2A genes is 71%, while that between rat and mouse promoter sequences is 

88% (Eberhardt et al. 1996). Since rat astroglioma cells (C6) and murine microglial cells 

(N9) are discussed in this study, this homology is pertinent to the  effects of indomethacin 

on iNOS expression in these cells. Cytokines and LPS induce Nos2 expression in C6 

cells through p38 mitogen activating protein kinase (p38 MAPK) and extracellular 
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signal-regulated kinases (ERK) pathways (Bhat et al. 1998; Lee et al. 2003). The 

p38MAPK protein induces Nos2 expression in C6 cells with the activation of C/EBPβ 

(Bhat et al. 2002), which is also phosphorylated by p90 ribosome S6 protein kinase 

(p90RSK) after ERK2 activation (Hanlon et al. 2001). NSAIDs inhibit p90RSK 

phosphorylation and this inhibition of p90RSK may inhibit Nos2 expression. Nos2 

expression can occur with the minimal promoter length of -94 bp that does not have an 

NF-κB site, but it does have the C/EBPβ site (Sanchez et al. 2003). In C6 cells, a 

dominant negative mutant C/EBPβ, a nonfunctional protein, inhibits the iNOS promoter 

activity, but the wildtype C/EBPβ induces iNOS promoter activity with cytokine 

stimulation (Bhat et al. 2002). Nos2 expression does not occur in one step, but by 

multiple steps that include activation of the above kinases and activation of transcription 

factors, such as C/EBPβ among others. 

 

1.2.2 Influence of NSAIDs on iNOS expression in different cells 

 Nonsteroidal anti-inflammatory drugs affect iNOS expression differently in 

various cells. Sodium salicylate (NaSA) inhibits iNOS protein expression at the 

translational step in rat hepatic cells (Sakitani et al. 1997). However, indomethacin and 

sodium salicylate induce Nos2 gene expression in vascular smooth muscle cells (Shimpo 

et al. 2000). In contrast, in gastric muscalaris resident macrophages, there is an inhibition 

of Nos2 expression by indomethacin (Hori et al. 2001). Thus, indomethacin and NaSA 

affect Nos2 expression at the transcriptional step in rat vascular smooth muscle cells and 

macrophages of gastrointestinal tract in contrast to the lack of inhibition of Nos2 

expression in hepatic cells. However, indomethacin does not affect IL-1β induced iNOS 
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expression in ventricular myocytes (LaPointe and Sitkins 1998). When cytokine or LPS 

stimulated cerebellar granular cells are treated with indomethacin or ibuprofen, there is a 

reduction of iNOS expression (Heneka et al. 1999).  Therefore, these studies have shown 

that NSAIDs affect different steps in iNOS expression in gastrointestinal tract, vascular 

smooth muscle cells, and cerebellar granular cells. 

 

1.2.3 Proxisome proliferator activator receptor and iNOS expression 

 The proxisome proliferator activator receptors consists of three isoforms, α, β, and 

γ, that heterodimerize with a retinoid X receptor (reviewed in Moraes et al. 2006). In 

addition, Moraes et al. (2006) reviewed how PPARs regulate the transcription of the 

hormone sensitive lipase that is involved in lipid metabolism. The PPAR-γ ligands 15d-

PGJ2 and ciglitazone can inhibit NF-κB binding activity induced by LPS in microglial 

cells leading to reduced Nos2 expression in microglial cells (Kim et al. 2002). In immune 

cells, PPAR-γ activation contributes to the inhibition of cytokine production and iNOS 

expression in macrophages (Jiang et al. 1998; Ricote et al. 1998). 15d-PGJ2 also inhibits 

tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) induced iNOS protein 

expression and nitrite production in microglial cells (Drew et al.  2001). Some NSAIDs, 

including indomethacin, also have been classified as proxisomal proliferator activated 

receptor gamma (PPAR-γ) agonists (Lehmann et al. 1997). Since iNOS expression may 

be part of the pathology of neurodegenerative diseases as discussed before, PPAR-γ 

ligands, such as NSAIDs, may be useful in treating the pathological state of 

neurodegenerative diseases by inhibiting iNOS expression in glial cells. 
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1.2.4 iNOS expression in neurodegenerative diseases 

 The following studies indicated that iNOS expression contributes to 

neurodegeneration of Alzheimer’s and Parkinson’s disease. In Alzheimer’s disease, iNOS 

protein is expressed in astrocytic cells (Heneka et al. 2001).  iNOS knockdown protects 

mice from premature mortality in an AD mouse model (Nathan et al. 2005). Glial cells in 

the substantia nigra express iNOS in subjects with Parkinson’s disease (Hunot et al. 

1996). Previous studies have shown that iNOS ablation protects against MPTP induced 

dopaminergic neuronal cell death in mice (Libratore et al. 1999). These studies have a 

common phenotype of iNOS expression, which appears to contribute to the pathology of 

neurodegeneration. 

 

1.3 Discovery of hemeoxygenases 

 Hemeoxygenase (HO), a microsomal enzyme, is the rate limiting step in heme 

degradation and degrades heme into carbon monoxide, bilirubin, and iron (Tenhunen et 

al. 1968). In 1962, Ostrow and colleagues (1962) had shown that heme degrades into 

bilirubin in rat liver. The first HO protein, now called HO-1 protein, was isolated and 

characterized from rat spleen, liver, and kidney (Tenhunen et al. 1968).  A known 

antifungal drug, ketoconazole inhibits HO-1, a 32 kDa protein (Kinobe et al. 2006). 

Ketoconazole was used as a HO-1 inhibitor in this dissertation. The second isozyme of 

HO, HO-2, was first purified from the rat testis and is a 36 kDa protein (Maines et al. 

1986).  Thus, heme degradation occurs in organs that have erythropoeitic function, except 

the testis. 
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1.3.1 Regulation of HO-1 gene expression 

 There are different regulatory sites for HO-1 gene expression and its expression is 

not dependent on one element in particular.  The rat HO-1 gene has two heat shock 

response elements (HSE) (Okinaga and Shibahara 1993). The distal HSE is in the 

enhancer region of HO-1 and is involved in the induction of the rat HO-1. The expression 

of NF-κB is involved in induction of HO-1 (Wijayanti et al. 2004). In addition, an 

activation protein (AP-1) region is also involved in transcription of HO-1 and members 

of nuclear factor-erythroid-2 and CREB or activating transcription factor bind to the AP-

1 region of the HO-1 gene (Gong et al. 2002).  Indomethacin affects the translocation of 

nuclear factor-erythroid-2 to the nucleus (Sekhar et al. 2001). Protein kinases such as 

phosphatadylinositol 3 kinase or activating tyrosine kinase and p38MAPK activate 

nuclear factor-erythroid-2 before HO-1 gene expression (Pischke et al. 2005). Thus, 

several transcription factors regulate HO-1 gene expression.  

 

1.3.2 Influences of NSAIDs on HO-1 expression in different cells 

 NSAIDs have different effects on HO-1 expression in different cell types. 

Arachidonic acid-induced HO-1 expression is inhibited by indomethacin in mouse 

fibroblast cells (Andoh et al. 2004).  In addition, indomethacin reduces HO-1 expression 

in hypoxic endothelial cells (Gloria et al. 2006). However, in gastric smooth muscle cells, 

indomethacin or ibuprofen induces HO-1 protein that protects gastric smooth muscle 

cells from apoptosis, which is reversed by tin protoporphyrin, a HO-1 inhibitor (Aburaya 

et al. 2006). Since indomethacin induces HO-1 expression in astrocytes and microglia 
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(Kitamura et al. 1999), HO-1 protein may have a protective effect in neuronal cells as 

seen in gastric smooth muscle cells. Therefore, these studies show that NSAIDs regulate 

HO-1 expression differently in fibroblast, endothelial, gastric smooth muscle, and glial 

cells. 

 

1.3.3 Relationship between HO-1 and iNOS expression 

 There appears to be a reciprocal relationship between HO-1 and iNOS expression. 

Rat astrocyte-conditioned media increases HO-1 expression in rat microglia, while at the 

same time there is a reduction in the levels of iNOS protein and nitrite production (Min et 

al. 2006). In the work of Min et al. (2006), CO, a hemeoxygenase-1 product, does not 

affect iNOS protein expression, but CO inhibits nitrite levels in the primary rat microglia. 

Oregonin inhibits iNOS expression and nitrite production in BV2 mouse microglia cells 

and RAW 264.7 macrophages, while it induces HO-1 expression (Lee et al. 2005). In the 

work of Lee et al. (2005), tricarbonydichlororuthenium, a CO releaser, inhibits iNOS 

expression in mouse microglia. In addition, 15d-PGJ2 inhibits iNOS expression and 

nitrite production, and induces HO-1 expression in BV2 mouse microglial cells (Koppal 

et al. 2000). In the work of Koppal et al. (2000), when the activity of HO-1 is inhibited, 

there is a partial reversal of nitrite production without any effect on the inhibition of 

iNOS expression. The PPAR-γ ligands NS398, indomethacin, and 15d-PGJ2 inhibit iNOS 

protein expression and nitrite production, while causing an induction of HO-1 expression 

in rat astrocytes (Kitamura et al. 1999).  In RAW 264.7 macrophages, there is an 

attenuation of the inhibition of nitrite production with tin protoporphyrin, a HO-1 

inhibitor (Lin et al. 2005). In LPS stimulated macrophages, there is an induction of HO-1 
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mRNA and protein expression, while there is an inhibition of iNOS mRNA and protein 

expression (Srisook et al. 2005). Therefore, HO-1 protein is involved in the inhibition of 

iNOS expression. 

 However, NO, a product of iNOS, induces HO-1 expression. There is an 

induction of HO-1 expression in LPS stimulated rat microglia and astrocytes in vivo and 

in vitro. SNAP, a NO donor, induces HO-1 expression in vivo and in vitro, while iNOS 

inhibitors such as NG-monomethyl-L-arginine (L-NMMA) inhibit HO-1 induction in 

vivo and in vitro (Kitamura et al. 1998). Also, zymosan induces HO-1 expression is 

inhibited with L-NMMA, an iNOS inhibitor, in RAW 264.7 cells, but there is only a 

weak induction of HO-1 expression by an NO donor in NIH3T3 cells that are stimulated 

with LPS (Alcaraz et al. 2000). In the work of Alcaraz et al (2000), LPS increases NO 

mediates HO-1 expression in NIH3T3 cells. N-nitroL-arginine methyl ester reduces the 

expression of HO-1 after treatment with LPS and an NO donor. S-nitroso-N-

acetylpenicillamine or sodium nitroprusside (SNP), both NO donors, induce HO-1 

mRNA expression in murine mesangial cells, while SNP treated cells show an increase in 

HO-1 protein levels (Datta et al. 1999). In the work of Datta et al. (1999), LPS and IFN-γ 

increase the level of HO-1, but L-NMMA in the presence of LPS and IFN-γ  inhibits HO-

1 mRNA and protein levels. Thus, HO-1 expression is regulated by the presence of NO.  

 

1.4 Hypothesis and rationale 

The hypothesis of this dissertation is that HO-1 mediates the inhibition of iNOS 

expression by NSAIDs in C6 glioma cells. The rationale for this hypothesis is based on 
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the facts that HO-1 expression leads to the inhibition of iNOS expression in murine 

microglials and RAW 264.7 macrophages (Lee et al. 2005; Lin et al. 2005). 

 

 

1.5 Specific aims 

Specific aim 1 was to evaluate the effect of of indomethacin or ibuprofen on cytokine 

induced iNOS expression in C6 glial cells. This was accomplished by: 

(a) Evaluating the effects of indomethacin or ibuprofen on cytokine induced nitrite 

production. 

(b) Evaluating the effects of indomethacin or ibuprofen on cytokine induced iNOS 

protein expression. 

(c) Evaluating the effect of indomethacin or ibuprofen on cytokine induced Nos2 

promoter activity. 

 

Specific aim 2 was to evaluate the effect of of indomethacin or ibuprofen on HO-1 

expression in cytokine stimulated C6 glial cells. This was accomplished by: 

(a) Evaluating the effects of indomethacin on cytokine induced HO-1 protein 

expression in C6 glial cells. 

(b) Evaluating the effects of ibuprofen on cytokine induced HO-1 protein expression 

in C6 glial cells. 
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Specific aim 3 was to evaluate if the effect of indomethacin or ibuprofen on iNOS 

expression could be mediated through hemeoxygenase-1 end-products in rat C6 glial 

cells. This was accomplished by: 

 (a) Evaluating the effects of iron on nitrite production in indomethacin or    

      ibuprofen treated C6 glial cells.  

 (b) Evaluating the effects of iron on iNOS protein expression in indomethacin or  

       ibuprofen treated C6 glial cells.  

 (c) Evaluating the effects of iron on Nos2 promoter activity in          

       indomethacin or ibuprofen treated C6 glial cells.   

 (d) Determining the effects of carbon monoxide on Nos2                   

       promoter activity in indomethacin or ibuprofen treated rat C6 glial cells. 

 (e) Determining the effects of HO-1 enzyme inhibitors on nitrite production in   

       indomethacin or ibuprofen treated C6 glial cells.  

 

Specific aim 4 was to determine the effect of HO-1 protein expression on iNOS 

expression in indomethacin or ibuprofen treated C6 glial cells.  This was accomplished 

by: 

 (a) Determining the effects of suppression of HO-1 protein expression on iNOS  

      protein levels in indomethacin or ibuprofen treated C6 glial cells.  

 (b) Evaluating the effects of suppression of HO-1 protein expression on Nos2   

      promoter activity in indomethacin or ibuprofen treated C6 glial cells.     
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1.6 Significance  

 Neurodegenerative diseases contribute substantially to the quality of life of the 

elderly population. Therefore, it is important to study proteins that are associated with 

neurodegenerative diseases. One of these proteins is iNOS. In neurodegenerative 

diseases, iNOS expression in glial cells is prevalent. There are more iNOS-expressing 

glial cells in the Parkinson’s disease subjects than in normal subjects (Hunot et al. 1996). 

iNOS-expressing astrocytes are greater in Alzheimer’s disease subjects compared to 

normal subjects (Luth et al. 2002). Also, it is well known that iNOS expression of glial 

cells leads to neuronal cell death in an Alzheimer’s disease model (Floden et al. 2005). 

When inducible nitric oxide synthase in glial cells is ablated in the mouse brain, neuronal 

cell death is decreased in a Parkinson’s disease model (Libratore et al. 1999).  Prevention 

of iNOS expression has been shown to inhibit the neurotoxicity in MPTP-induced 

Parkinson’s disease model (Wu et al. 2002). NSAIDs have been shown to have an 

inhibitory effect on iNOS expression in glial cells (Kitamura et al. 1999). However, there 

is a gap in our understanding of how NSAIDs, such as indomethacin and ibuprofen, 

regulate iNOS expression. Unfortunately, this gap does not allow neurodegenerative 

diseases to be treated and prevented. In a six month study, 100-150 mg daily dose of 

indomethacin decreased the degree of cognitive decline in mild to moderately impaired 

Alzheimer’s patients (Rogers et al. 1993).  Subjects who took NSAIDs over a long period 

of time had a lower risk of developing Alzheimer’s disease (Stewart et al. 1997). In a 

cohort study, subjects who used NSAIDs for 24 months had a risk of 20% for getting 

Alzheimer’s disease compared to subject not taking NSAIDs (In‘t Veld et al. 2001). This 

dissertation provides information on the mechanisms of indomethacin and ibuprofen on 
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iNOS expression in C6 glioma cells, in order to find new targets for elimination of 

neurodegenerative diseases in the growing elderly population. Therefore, our study not 

only helps fill a gap in our knowledge of neuroinflammation, but it strengthens our 

understanding of anti-inflammatory drugs in the inhibition of neurodegenerative diseases 

that are contributing to the increasing present and future medical costs.  
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CHAPTER II 

MATERIALS AND METHODS 

 

2.1 Maintenance of C6 cell stocks: 

Rat C6 cells were obtained from American Type Culture Collection and cultured and 

grown according to the procedures in Militante et al. 1997. Cells were cultured in 100 

mm dishes at a density of 1.5 X106/100 mm in Dulbecco’s Modified Eagle’s Medium 

(DMEM) with glucose (4.5 g/L), L-glutamine (2 mM), and fetal bovine serum (FBS) 

(5%). C6 cells were subcultured weekly. C6 cells were given DMEM with fetal bovine 

serum (5%) every two days. Cells were maintained at 37°C inside incubators containing 

CO2 (5%): air (95%). 

 

2.2 Maintenance of N9 cell stocks: 

Murine N9 microglial cell line was obtained from Dr. P. Ricciardi-Castagnoli, (CNR 

Centro Per Lo Studio Della Farmacologia Cellulare E Molecolare, Milano, Italy). Cells 

were grown according to the procedures of Righi et al. (1989).  N9 cells were cultured in 

100 mm dishes at a density of 1.5 X106/100 mm in Iscove’s Modified Dulbecco’s 

Medium containing heat inactivated fetal bovine serum (5%) with penicillin/streptomycin 

(5000 U/ml), L-glutamine (2 mM), and 2-mercaptoethanol (50 µM). N9 cells were fed 

every two days and subcultured weekly. Cells were maintained at 37°C inside incubators 

containing CO2 (5%): air (95%). 
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2.3 Maintenance of  C6 216-3L3/2T and C6 119-17NF cell stocks: 

C6 cells were stably transfected with piNOS-Luc-3/2T and pBK-CMV plasmids and 

cloned as previously described (Syapin et al. 2001b). The clone named C6 216-3L3/2T 

was used for these studies. C6 cells were stably transfected with pNF-κB-luc and pBK-

CMV plasmids as previously described (Sanchez et al. 2003). A subline named C6 119-

17NF was used for these studies. Cell stocks were cultured in 100 mm dishes at a density 

of 1.5 X106/100 mm in DMEM with high glucose containing L-glutamine (2 mM) and 

fetal bovine serum (5%). Geneticin (G418) (0.6 µg/ml), a known antibiotic, was added to 

the medium to maintain cell selection since cells that were transfected had neomycin 

resistance gene and were not killed by G418. Stably transfected C6 cells were 

subcultured weekly. Cells were fed every two days. Cells were maintained at 37°C inside 

incubators containing CO2 (5%): air (95%). 

 

2.4 Maintenance of primary mesencephalic (MP) astrocyte cell culture: 

Astrocytes were prepared as primary mesencephalic (MP) cell cultures from 

mesencephalon of 15-16 day old rat embryo according to the procedures of Syapin et al. 

(2001a). MP cells were cultured in Ham’s F12:DMEM containing L-glutamine (2 mM), 

fetal bovine serum (10%), HEPES (15 mM), amphotericin (2 μg/ml), and 

penicillin/streptomycin (5,000 units/ml). Cells were fed every two days with F12:DMEM 

containing L-glutamine (2 mM), fetal bovine serum (10%), HEPES (15 mM), 

amphotericin (2 μg/ml) and penicillin/streptomycin (5,000 units/ml) (Syapin et al. 

2001a).  After 9-12 days, cells were replated (1:2) for 2 passages at 9-12 day intervals. 

Cells were maintained at 37°C inside incubators containing CO2 (5%): air (95%). 
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2.5 Growth of cells for experiments: 

C6  and N9 cells were plated in 24 well plates at a density of 3.1 X 104 per well for nitrite 

assay and in 100 mm dishes at a density of 1 X 106 cells per dish for western blot assays. 

MP cells were plated in 24 well plates at a density of 3.1 X 104 per well for nitrite assay. 

C6 216-3L3/2T cells were plated in 24 well plates at a density of 3.1 X 104 per well for 

nitrite assay. C6 216-3L3/2T cells were plated at a density of 2.4 X 106 per well in 6 well 

plates for western blotting. C6 216-3L3/2T cells were plated in 12 well plates at a density 

of 1.5 X 106 per well for luciferase assay. C6 119-17NF-Luc cells were plated in 12 well 

plates at a density of 1.5 X 105 per well for lucifease assay. C6, C6 216-3L3/2T, C6 119-

17NF-Luc, and N9 cells were grown for 5 days in DMEM with fetal bovine serum 

(2.5%) before experimentation, while MP cell cultures were grown for 14 days in Ham’s 

F12:DMEM containing L-glutamine (2 mM), fetal bovine serum (2%), HEPES (15 mM), 

amphotericin (2 μg/ml) and penicillin/streptomycin (5,000 units/ml) (Syapin et al. 

2001a). Cells were given serum free media on day 14 of experimentation. 

 

2.6 Stimulation of cells for iNOS expression or NF-κB activation: 

For measurement of iNOS expression, C6 cells were stimulated with IL-1β (2 ng/ml), 

TNF-α (5 ng/ml), and IFN-γ (100 units/ml) (Syapin et al. 2001b). MP cells were 

stimulated with the same cytokines as C6 cells, except the TNF-α final concentration was 

30 ng/ml (Syapin et al. 2001a). For measurement in N9 cells, cells were stimulated with 

LPS (1 μg/ml) and IFN-γ (100 units/ml). For all cell types, cells were stimulated with the 

respective cytokines for 24 hours and then sampled as described below for nitrite and 
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western blot assays. For luciferase assay, all cell types were stimulated for 16 hours prior 

to analysis.  For NF-κB activation experiments, the cells were stimulated with IL-1β (2 

ng/ml) for 4 hours. 

 

2.7 Nitrite assay:  

Media (100 µl) from cells were collected into 96 well plates for nitrite assay.  The nitrite 

assay was done using the Griess Reagent, which contains napthylethylenediamine 

dihydrochloride (0.1%) and sulfanilamide (1%) in concentrated phosphoric acid (5%) 

(Green et al.1982). Nitrite levels were measured spectrophotometrically using a HTS 

7000 bioassay reader with a 546 nm filter. A standard curve for nitrite assay was made 

with 0, 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 nanomoles of sodium nitrites. Nitrite levels 

(nanomoles) were standardized to milligram (mg) of cellular protein of cell extracts 

described in the protein assay section below. 

 

2.8 Protein assay: 

To determine cellular protein levels, wells containing cells were washed with PBS and 

dried overnight.  The wells were then incubated with 0.5 mM sodium hydroxide 

overnight to solubilize cellular proteins. The day after, protein lysate (10 μl) was mixed 

with BCA reagent (200 µl) containing cupric sulfate pentahydrate (4%) in a 96 well plate 

(Smith et al. 1985) and the plate was spectrophotemetrically read using the HTS 7000 

bioassay reader with a 570 nm filter.  A protein standard curve was made with bovine 

serum albumin (BSA) diluted in NaOH (0.5 mM) at 0, 2, 4, 6, 8, 12, and 16 µg of BSA.  
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2.9 Luciferase assay: 

C6 216-3L3/2T and C6 119-17NF cells were rinsed in PBS and passive lysis buffer (1X) 

was added to the cells as previously described (Sanchez et al. 2003). After 30 minutes of 

incubation on a rocker, lysates were centrifuged for 5 minutes at 13,500 rpm (4˚C). The 

supernatant containing soluble proteins was used for luciferase assay following methods 

from the manufacturer, and for protein determination. In brief, the luciferase assay was 

done with supernatant (10 µl) mixed in with luciferase reagent (50 µl) and light 

production was measured using a Turner Design 20/20 luminometer.  The relative light 

units (RLUs) were normalized to the protein content of the supernatant. Cellular 

supernatant protein content was determined using the BCA method as described in the 

protein assay section. 

 

2.10 Treatment of C6 cells with indomethacin or ibuprofen: 

C6 cells were treated with indomethacin (5, 50, 75, or 100 µM) in DMSO (0.5%). 

Ibuprofen was dissolved in water. C6 cells were treated with ibuprofen (0.6, 1.0, 1.6, or 2 

mM). After indomethacin or ibuprofen pretreatment for one hour, cells were stimulated to 

induce iNOS expression or NF-κB activity. Media were collected for nitrite assay and 

cells were harvested for western blotting or luciferase assay according to their respective 

methods.  
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2.11 Treatment of C6 cells with 5-aminoimidazole-4-carboxaide1-β-D-ribofuranoside 

(AICAR) or ketoconazole and indomethacin or ibuprofen: 

C6 cells were pretreated for 30 minutes with different concentrations of AICAR in water 

(0.25, 0.5, 0.75 and 1.0 mM) in the presence or absence of indomethacin (100 μM) or 

ibuprofen (1.0 mM). After one hour of NSAID treatment, cells were stimulated with 

cytokines for induction of iNOS expression. Cells were pretreated with different 

concentrations of ketoconazole in DMSO (0.25, 0.5, 0.75 and 1.0 µM) in the presence or 

absence of indomethacin (100 μM) or ibuprofen (1.0 mM). After one hour of NSAID 

treatment, cells were stimulated with cytokines to induce iNOS expression. After 24 

hours of cytokine stimulation, media were collected for nitrite assay. 

 

2.12 Treatment of C6 216-3L3/2T cells with deferoxamine in the presence of 

indomethacin or ibuprofen:   

C6 216-3L3/2T cells were pretreated with deferoxamine (5 mM) for 30 minutes. After 

pretreatment with deferoxamine, the cells were treated with indomethacin (100 µM) or 

ibuprofen (1.0 mM) for one hour. Then, C6 cells were stimulated with cytokines for 16 

hours under conditions to induce iNOS and analyzed for nitrite production, iNOS protein 

expression or luciferase activity according to their respective methods.  
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2.13 Treatment of C6 cells with tin protoporphyrin and indomethacin or cobalt 

protoporphyrin:   

For experiments in which nitrite production was the end point, C6 cells were pretreated 

with tin protoporphyrin (50 µM) dissolved in DMSO (100%) for 30 minutes. Afterward, 

cells were treated with indomethacin (100 µM) in DMSO (0.5%) for one hour. After 

these sequential treatments, cells were stimulated with cytokines for 12 hours. Cells were 

then washed with fresh serum-free DMEM and then incubated with fresh serum-free 

DMEM for another 12 hours. After this incubation, media were used to perform the 

nitrite assay. For experiments with transfected cells, C6 216-3L3/2T cells were pretreated 

with tin protoporphyrin for 30 minutes followed by indomethacin (100 µM) treatment for 

one hour.  Cells were then stimulated with cytokines for 16 hours for luciferase assay as 

described previously. For experiments where iNOS protein was the end point, C6 cells 

were treated with cobalt protoporphyrin (50 or 100 µM) dissolved in DMSO (100%) 

followed by the addition of cytokines for either 16 or 24 hours. Then, the cells were 

harvested for western blotting according to the method described in section 2.15. 

 

2.14 Treatment of C6 216-3L3/2T cells with tricarbonyldichlororuthenium and 

hemoglobin or hemoglobin and indomethacin or ibuprofen: 

C6 216-3L3/2T cells were pretreated with tricarbonyldichlororuthenium, a CO releaser, 

(10, 50, and 100 µM) dissolved in DSMO (100%) for one hour. Afterward, media from 

cells that were stimulated with cytokines for 16 hours were collected for nitrite assay and 

cells were harvested for luciferase assay as desribed previously. C6 216-3L3/2T cells 

were also pretreated with hemoglobin (20 µM) for 30 minutes before one hour treatment 
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with tricarbonyldichlororuthenium (100 µM) followed by cytokine stimulation for 16 

hours and harvesting of cells for luciferase assay as described previously. C6 216-3L3/2T 

cells were pretreated with hemoglobin (10 µM) or ferrous hemoglobin (20 µM) for 30 

minutes. Afterward, cells were treated with indomethacin (100 µM) or ibuprofen (1.0 

mM) for one hour.  After one hour of treatment with either NSAID, the cells were 

stimulated with cytokines. After 16 hours, cells were harvested for luciferase assay. 

 

2.15 Western blotting protein for iNOS, HO-1, and COX-2 proteins: 

Following experimental treatments, C6 cells were washed with PBS and scraped off the 

dish into buffer A: sucrose (320 mM), tris (50 mM, pH 7.8), EDTA (1 mM), DL-

dithiothreitol (1 mM), benzamidine (0.2 mM), pepstatin A (10 µM), chymostatin (10 

µg/ml), phenylmethylsulfonyl fluoride (10 µg/ml), and homogenized with a Wheaton 

Overhead Stirrer (Militante et al. 1997). The homogenate was centrifuged for 30 minutes 

at 106,000 X g at 4˚C.  The supernatant was dialyzed in 1L of Buffer B (tris (50 mM, pH 

7.8), DL-dithiothreitol (1mM), benzamidine (0.2 mM)) at 4˚C. The dialyzed supernatant 

was used for iNOS western blotting. After dialysis, supernatant (20 µl) was mixed with 

20 μl of NaOH (0.75 mM) for protein determination using the BCA method (Smith et al. 

1985). C6 216-3L3/2T and N9 cells were similarly scraped, but cells were spun at 5,000 

X g at 4˚C for 5 minutes. The cellular precipitate was suspended in SDS (2%), glycerol 

(10%), and tris (50 mM, pH 6.8) and then boiled at 100˚C for 10 minutes. Cell lysates (20 

µl) were mixed with 20 μl of 0.75 mM NaOH for protein determination using the BCA 

method (Smith et al. 1985). Cell lysates or dialyzed supernatant were diluted in SDS 

(2%), glycerol (10%), tris (50 mM, pH 6.8), bromophenol blue (0.1%), and dithiothreitol 
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(100 mM) for iNOS and COX-2 western blotting (Militante et al. 1997).  Loaded protein 

concentrations for C6 cells, C6 216-3L3/2T, and N9 cells were 10 μg, 20 μg, and 40 μg, 

respectively. Electrophoresis separation of protein was run on a 4% stacking and 8% 

resolving acrylamide:bisacrylamide (29:1) gels, which were made using TEMED 

(0.06%), ammonium persulfate (0.06%), and tris (28 mM, pH 8.8). Electrophoresis was 

done in buffer containing tris (25 mM), L-glycine (190 mM), and SDS (1%). Molecular 

weight standards were loaded in one lane in each gel. The gel was electrophoresed for 2 

hours at 200 volts. Following electrophoretic separation, gels were equilibriated in 

transfer buffer and the gels were transferred to PVDF membrane. The protein was 

transferred over 2 hours at 87 volts in tris (20 mM), L-glycine (150 mM), methanol 

(10%), and SDS (0.01%). Afterward, the membrane was blocked with BSA (1%) in the 

washing buffer consisting of tris (10 mM), Tween 20 (0.1%), and sodium chloride (0.1 

mM) at pH of 7.5 for one hour. The membrane was incubated in mouse anti-mouse iNOS 

primary antibody (1:1000) or rabbit anti-human COX-2 primary antibody (1:1000) or 

rabbit anti-rat HO-1 primary antibody (1:1000) overnight at 4˚C in milk (5%) in wash 

buffer. The membrane was washed five times for 5 minutes with washing buffer. Then, 

the membrane was incubated in anti-mouse IgG secondary antibody (1:3000) diluted in 

BSA (1%) in wash buffer for iNOS protein or anti-rabbit IgG (1:25,000) diluted in milk 

(5%) in wash buffer for COX-2 protein or HO-1 according to Ciceri et al 2002 at room 

temperature. After one hour of incubation, the membrane was washed for 10 minutes 

three times with washing buffer. The membrane was incubated in SuperSignal West Pico 

Chemiluminescent Substrates for one minute. The membrane was exposed to Fuji film 

for one minute and the film was developed. The film was scanned for eight milliseconds 
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and saved as a Tagged Information File (TIF) using Fluorochem 8000 software (Alpha 

Innotech). The Fluorochem program has a red saturation signal warning that was turned 

on during the exposure in order to observe the presence of the saturation of film. The 

films did not show any red signals during the preview, which indicated the absence of 

saturation of the films so they were used for densitometry. Densitometric measurement 

was done on the protein bands using Alpha Ease 2000 software (Alpha Innotech). The 

background density was arbitrarily chosen from a region below the band of interest where 

there was not a band present, as determined subjectively by eye, and was subtracted from 

the density of the band of interest in order to get the integrated densitometric value 

(IDV). The IDV of drug-treated groups were normalized to the IDV of cytokine-

stimulated only cells for every gel. There was a comparison between a generated standard 

curve of the IDVs per area for different amounts of HO-1 protein and the IDVs per area 

for each band on experimental gels to ensure that the experimental IDVs were within the 

linear range of the curve. 

 

2.16 Transfection of  C6 216-3L3/2T cell with small interfering RNA (siRNA): 

2.16.1 Optimization of transfection with fluorescein and KlF siRNAs: 

C6 cells were plated at a density of 2.4 X 106 cells per well on Poly-D-Lysine coated 

cover slips in 24-well plates in DMEM with L-glutamine (2 mM) and FBS (5%) for 2 

days following the manufacturer’s method for fluorescein-labeled siRNA transfection. 

First, following the manufacturer’s instructions, TKO transfection reagent was diluted in 

serum free DMEM with L-glutamine (2 mM) and fluorescein-labeled siRNA (100 nM) or 

scrambled siRNA (100 nM) and incubated for 20 minutes at room temperature. The cells 
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were treated with the siRNA for 48 hours in the presence of DMEM with L-glutamine 

containing fetal bovine serum. After 48 hours, cells were rinsed with 500 μl of PBS 

containing calcium and magnesium, incubated with 250 μl of 4% formaldehyde for 10 

minutes on ice, and rinsed with PBS. Cells on coverslips were mounted on glass slide 

with in order to evaluate the fluorescence. The fluorescein signal was examined with a 

confocal microscope using an excitation wavelength of 495 nm and emission wavelength 

of 519 nm.  

 Transfection efficiency was observed with KlF siRNA. The transfection 

procedure for KlF siRNA was similar to the procedure for flourescein-labeled siRNA 

transfection. Cells were stained with oil red O for 5 minutes.  Then, cells on coverslips 

were mounted on glass slide in order to evaluate the morphological changes of the cells 

under the confocal microscope. 

 

2.16.2 Transfection of C6 216-3L3/2T cells with HO-1 siRNA: 

Cells were plated in 6-well plates at a density of 2.4 X 106 cells per well in DMEM with 

fetal bovine serum (2.5%) and L-glutamine (2 mM) for 2 days. Cells were then 

transfected with HO-1 siRNA (50 or 100 nM) or scrambled siRNA (100 nM) similar to 

KIF siRNA. After 24 or 48 hours, cells were given fresh serum free media. Cells were 

treated with indomethacin and ibuprofen and assayed as described in section 2.10.  
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2.17 Data presentation, analysis, and statistics: 

The nanomoles of nitrite were standardized to the mg of cellular protein. The data were 

normalized to stimulated cells without any drug treatment. Using the mean and standard 

error values, the normalized values were then graphed using GraphPad Prism 3.02 

software. 

 For western blotting, the IDV of the protein band on the scanned x-ray film was 

determined by using Alpha Ease 2000 software. The background was arbitrarily chosen 

at a site below the band where there was not a band present and was subtracted from the 

band of interest in order to calculate the specific IDV.  The specific IDV of each protein 

band from drug treated cells was normalized to the specific IDV for cells not treated with 

drug as described in western blot section 2.15. The saturation of the film was determined 

by software and by using a standard curve generated with different concentrations of 

loaded HO-1 protein against the corresponding IDV per area.  

 For luciferase assay, the RLU value was standardized to the μg of protein.  

 For statistical analysis, the non-normalized values for nitrite (nanomole nitrite 

/mg protein), western blotting (specific IDV), and luciferase (RLU/μg protein) assays 

from replicate experiment with treated and untreated cells were analyzed using repeated 

measure analysis of variance (ANOVA) to determine if groups differed. The post-hoc 

Bonferroni adjusted t-test was used to determine if differences existed between two 

groups, and  p < 0.05 was considered a statistically significant difference. 
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CHAPTER III 

RESULTS 

Results Related to Specific Aim1: 

3.1 Indomethacin inhibited nitrite production in cytokine stimulated C6, MP, and N9 

cells: In a mixture of rat microglial and astroglial cells, indomethacin (500 µM) inhibits 

nitrite production after stimulation with LPS and IFN-γ (Kitamura et al. 1999). Based on 

this observation, C6 cells were used to further examine the effect of indomethacin on 

nitrite production. Therefore, C6 glioma cells were pretreated with indomethacin (5, 50, 

and 100 µM) and stimulated with a cytokine mixture of IFN-γ, TNF-α, and IL-1β. 

Indomethacin at concentrations of 5 µM and 50 µM did not significantly inhibit nitrite 

production in C6 cells, but 100 µM indomethacin did cause a significant 53% inhibition 

of nitrite production (Figure 2). When C6 cells were treated with higher concentrations of 

indomethacin (250 µM and 500 µM), there was no further inhibition of nitrite production 

(data not shown). 

 Rat primary mesencephalic (MP) astrocytes were treated with indomethacin in 

order to study if indomethacin affects nitrite production in a second type of non-neuronal 

CNS cell type. Indomethacin at concentrations of 5, 50, and 75 µM did not significantly 

inhibit nitrite production in cytokine-stimulated MP cells, but 100 µM indomethacin 

significantly inhibited nitrite production by 69% (Figure 3). The concentration of 

indomethacin needed to inhibit either C6 or MP cells was lower than the inhibitory 

concentration of indomethacin (500 µM) used by Kitamura et al. 1999 in mixed 

microglial and astroglial cells.  
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 It was also of interest to evaluate the inhibitory concentration of indomethacin in 

LPS and IFN-γ stimulated mouse N9 microglial cells to compare the effects of 

indomethacin in rat and murine glial cells.  Nitrite production was significantly inhibited 

by 61% and 78% with 75 µM and 100 µM  indomethacin treatment (Figure 4). Cytokine-

stimulated nitrite production was inhibited at a lower concentration of indomethacin in 

N9 cells (Figure 4) when compared to C6 cells (Figure 2). This difference might be due 

to treatment with different cytokine mixtures used to stimulate nitrite production in the 

two cell types, LPS and IFN-γ in N9 cells versus IFN-γ, IL-1β, and TNF-α in C6 cells. 

 In addition, since there were only two concentrations at which indomethacin 

differs from the untreated cells in N9 and just one concentration in C6 cells, the IC50 was 

not defined in C6 and N9 cells. Even though the IC50s could not be defined from these 

experiments, the results agree with the hypothesis that indomethacin inhibits nitrite 

production in glial cells. 
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Figure 2: Indomethacin inhibited nitrite production in cytokine-stimulated C6 cells: 
Cells were pretreated with indomethacin (0, 5, 50, and 100 μM) for one hour. After 
pretreatment, cells were stimulated with cytokines for 24 hours after which media 
were collected and assayed for nitrite production. (* p < 0.05). (n=3) 
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Figure 3: Indomethacin inhibited nitrite production in cytokine-stimulated rat 
primary mesencephalic astrocyte cells: Cells were pretreated with indomethacin (0, 
5, 50, 75, 100 μM) for one hour. After pretreatment, cells were stimulated with 
cytokines for 24 hours after which media were collected and assayed for nitrite 
production. (* p < 0.05). (n=3) 
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Figure 4: Indomethacin inhibited nitrite production in cytokine-stimulated N9 cells: 
Cells were pretreated with indomethacin (0, 5, 50, 75, and 100 μM) for one hour. 
After pretreatment, cells were stimulated with cytokines for 24 hours after which 
media were collected and assayed for nitrite production. (* p < 0.05). (n=3) 
 
 

3.2 Ibuprofen inhibited nitrite production in cytokine stimulated C6 cells: Since 

indomethacin reduced nitrite production in C6 cells, there was an expectation that 

ibuprofen, being another prototypical NSAID, would inhibit nitrite production in C6 glial 

cells also. C6 cells were pretreated with ibuprofen (0.6, 1.0, 1.6, and 2.0 mM) and 

stimulated with IFN-γ, IL-1β, and TNF-α for 24 hours. There was no significant 

inhibition of nitrite production by ibuprofen at the 0.6 or 1.0 mM concentrations (Figure 

5). However, the concentrations of ibuprofen at 1.6 mM and 2.0 mM did significantly 

inhibit nitrite production by 77% and 89%, respectively. Ibuprofen at a higher 

concentration (3.0 mM) had toxic effects on C6 cells (data not shown). The IC50 for 

ibuprofen was not defined in C6 cells due to only two concentrations being significantly 

  

*
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different from untreated cells. Still, ibuprofen inhibited nitrite production in C6 cells as 

expected from the results with indomethacin. 
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Figure 5: Ibuprofen inhibited nitrite production in C6 cells: Cells were pretreated 
with ibuprofen (0, 0.6, 1.0, 1.6, and 2.0 mM) for one hour. After ibuprofen 
pretreatment, cells were stimulated with cytokines for 24 hours after which media 
were collected and assayed for nitrite production. (* p < 0.05). (n=3) 
 
3.3 Indomethacin inhibited iNOS protein expression in cytokine stimulated C6 and N9 

cells:  Rat mixed astroglial and microglial cells treated with 500 µM indomethacin show 

a reduced nitrite and  iNOS protein level in response to LPS and IFN-γ stimulation 

(Kitamura et al 1999). Indomethacin (100 µM) inhibited nitrite production in C6 cells 

(Figure 2). Therefore, it was hypothesized that indomethacin inhibits iNOS protein 

expression in C6 cells at 100 µM. Thus, C6 cells were treated with indomethacin (5-100 

µM) and stimulated with IFN-γ, IL-1β, and TNF-α for 24 hours. On the immunoblot of 

cell lysate samples of cytokine-stimulated C6 cells, there was a band that comigrated with 

known iNOS protein at 130 kDa. The integrated densitometric values (IDVs) were within 

* 
* 



 36

the linear range of a standard curve for protein versus IDV (see section 2.15) protein. 

Indomethacin concentrations of 5, 50, and 75 µM did not inhibit iNOS protein expression 

significantly (Figure 6). When C6 cells were treated with 100 µM indomethacin, the 

normalized IDV was 0.38 and the inhibition was statistically significant. This inhibition 

of iNOS protein level agrees well with the concentration needed to be significant for 

inhibition of nitrite production in C6 cells.  

 Since indomethacin inhibited iNOS protein expression in C6 cells, it led to an 

expectation that indomethacin would inhibit iNOS protein expression in N9 cells as well. 

N9 cells were treated with indomethacin (5, 50, 75, and 100 µM) followed by stimulation 

with LPS and IFN-γ for 24 hours. The IDVs of the immunoblots were within the linear 

range of the standard curve and so the IDVs were normalized to cytokine stimulated cells 

in absence of indomethacin. Indomethacin (5, 50, and 75 µM) treatments did not 

significantly inhibit iNOS protein expression (Figure 7).  When N9 cells were treated 

with 100 µM indomethacin, the normalized densitometry value for protein level was 0.14 

and the inhibitory effect of indomethacin on iNOS protein expression was significantly 

different.  Therefore, indomethacin (100 µM) had a significant inhibitory effect on iNOS 

protein expression in N9 cells, which coincides with the concentration of indomethacin at 

which nitrite production was inhibited in N9 cells.  
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Figure 6: Indomethacin inhibited iNOS protein expression in C6 cells: Cells were 
pretreated with indomethacin (0, 5, 50, 75, 100 μM) for one hour. After 
indomethacin pretreatment, cells were stimulated with cytokines for 24 hours. Cell 
lysates were collected and was used for iNOS western blot analysis: example of 
chemiluminescent signal (top) from cell lysate protein (10 μg) and normalized IDV 
values (bottom) from 3 independent experiments. (* p < 0.05). (n=3) 
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Figure 7: Indomethacin inhibited iNOS protein expression in cytokine stimulated 
N9 cells: Cells were pretreated with indomethacin (0, 5, 50, 75, 100 μM) for one 
hour. After 24 hours of stimulation, cell lysates were collected and were used for 
iNOS western blot analysis: example of chemiluminescent signal (top) from cell 
lysate protein (40 μg)  and normalized IDV values (bottom) from 3 independent 
experiments. (* p < 0.05). (n=3) 
 

3.4 Ibuprofen inhibited iNOS protein expression in cytokine stimulated C6 cells: Since 

ibuprofen inhibited nitrite production in C6 cells (Figure 5), there was an expectation that 

ibuprofen would also inhibit iNOS protein expression in these cells. In order to determine 

the effects of ibuprofen on levels of iNOS protein, C6 cells were pretreated with 

ibuprofen (0.6-1.0 mM) for one hour and then stimulated with IFN-γ, IL-1β, and TNF-α 
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for 24 hours. The IDV of the 130 kDa iNOS band on immunoblots was within the linear 

range of the standard curve. The densitometry of the protein band for iNOS from 

ibuprofen treated cells was normalized to the cytokine only stimulated cells (0 mM). 

Ibuprofen (0.6 mM) did not inhibit iNOS protein expression significantly, but C6 cells 

treated with 1.0 mM ibuprofen had a normalized densitometry value of 0.44 (Figure 8). 

Thus, ibuprofen (1.0 mM) inhibits iNOS protein expression in C6 cells. 
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Figure 8: Ibuprofen inhibited iNOS expression in cytokine stimulated C6 cells: Cells 
were pretreated with ibuprofen (0, 0.6, and 1.0 mM) for one hour. After 24 hour 
stimulation, cell lysates were collected and were used for iNOS western blot 
analysis: example of chemiluminescent signal (top) from cell lysate protein (10 μg) 
and normalized IDV values (bottom) from 3 independent experiments. (* p < 0.05). 
(n=3) 
 

 

 0      0.6               1.0 mM 

*

Ibuprofen: 

iNOS    



 40

3.5 Indomethacin inhibited Nos2 promoter activity in cytokine stimulated C6 216-3L3/2T  

cells:  Since iNOS protein level was reduced  by indomethacin in C6 cells, this led to the 

hypothesis that the iNOS inhibition is regulated at the transcriptional level. To test this 

hypothesis, C6 216-3L3/2T cells were used. These cells are transfected with the iNOS 

promoter fused to a luciferase reporter gene and are used to measure Nos2 promoter 

activity. The indomethacin concentration of 100 µM was chosen in order to determine if 

reduced Nos2 promoter activity coincided with inhibition in iNOS protein expression. In 

measuring Nos2 promoter activity, the signal from the luciferase assay was expressed as 

the relative light unit (RLU), which was normalized to the protein concentration. There 

was no significant difference between unstimulated C6 and indomethacin (100 µM) 

treated cells in the absence of cytokines (Figure 9), but there was a significant difference 

between unstimulated and cytokine-stimulated C6 cells (p < 0.05, by post-hoc analysis). 

However, the luciferase activity for the indomethacin treated and cytokine stimulated C6 

cells showed a 28% reduction relative to cytokine stimulated cells (Figure 9). To our 

knowledge, this is the first observation of inhibition of Nos2 promoter activity by 

indomethacin in cytokine-stimulated cells. Indeed, previous study has shown that 

indomethacin reduced nitrite production, but it did not affect the level of Nos2 mRNA 

expression in murine RAW 264.7 macrophages (Amin et al. 1995).  Therefore, the 

observation that indomethacin was altering Nos2 expression at the transcriptional level in 

C6 cells is significantly different than observations in a macrophage cell. Thus, the effect 

of indomethacin on Nos2 expression is cell specific. 
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    Figure 9: Indomethacin (100 µM) inhibited Nos2 promoter activity in C6 216-

3L3/2T cells: Cells were pretreated with indomethacin (indo) for one hour. After 
pretreatment, cells were stimulated with cytokines (st) or left unstimulated (unst).  
After 16 hours, cell lysates were prepared and were used for luciferase activity. 
(ns = p > 0.05; * p < 0.05). (n=4) 

  

3.6 Ibuprofen inhibited Nos2 promoter activity in cytokine-stimulated C6 216-3L3/2T  

cells: Since indomethacin reduced Nos2 promoter activity in C6 cells, it was 

hypothesized that ibuprofen may inhibit Nos2 promoter activity in C6 glial cells as well.  

A previous study of rat primary cerebellar glial cells has shown that there is an inhibition 

of Nos2 mRNA expression with 2.0 mM ibuprofen treatment (Stratman et al. 1997). The 

concentration of 1.0 mM for ibuprofen was chosen for this study since at this 

concentration there was an inhibition of iNOS protein expression. C6 cells were 

pretreated for one hour with ibuprofen (1.0 mM) and stimulated with cytokines for 16 

hours. The RLU was normalized to the protein concentration for luciferase activity. There 

was no significant difference between C6 cells that were treated with ibuprofen (1.0 mM) 

in the absence of cytokines and unstimulated C6 cells (Figure 10), but there was a 

        
ns 

*



 42

significant difference between unstimulated and stimulated C6 cells (p < 0.05, post-hoc 

analysis). The normalized RLU was decreased by 58% in ibuprofen (1.0 mM) treated C6 

cells and this inhibition was statistically significant (Figure 10). Thus, it appears that 

ibuprofen is regulating Nos2 expression at the transcriptional level in C6 cells.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Ibuprofen (1.0 mM) inhibited Nos2 promoter activity in C6 216-3L3/2T  
cells: Cells were pretreated with ibuprofen (ibu) for one hour. After pretreatment, 
cells were stimulated with cytokines (st) or left unstimulated (unst).  After 16 hours, 
cell lysates were prepared and were used for luciferase activity. (ns = p > 0.05; * p < 
0.05). (n=3) 
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respectively. Cells were harvested and protein concentrations were determined for 

western blotting. The protein band for COX-2 migrated at 72 kDa. The IDV values were 

within the linear range of the generated standard curve. The densitometry of the protein 

band for COX-2 was normalized to the cytokine-stimulated cells. The normalized values 

were close to 1.0 being similar to the normalized value for stimulated C6 and N9 cells in 

absence of indomethacin (Figures 11 and 12, respectively).  Thus, indomethacin did not 

change the level of COX-2 protein levels significantly. The absence of change in COX-2 

expression in contrast to the inhibition of iNOS expression (Figures 6 and 7) suggests that 

indomethacin selectively inhibits iNOS protein expression in C6 and N9 cells. 
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Figure 11: Indomethacin did not change COX-2 protein expression in C6 cells: Cells 
were pretreated with indomethacin (0, 5, 50, 75, and 100 µM) for one hour. After 
indomethacin pretreatment, cells were stimulated with cytokines.  After 24 hours, 
cell lysates were collected and were used for iNOS western blot analysis: example of 
chemiluminescent signal (top) from cell lysate protein (10 μg) and normalized IDV 
values (bottom) from 3 independent experiments. (n=3) 
 
 
 

 

 

 

 

 

 0 5   50 75 100 μM  

0 5 50 75 100
0.0

0.5

1.0

Indomethacin (μM)

Fr
ac

tio
n 

of
 C

on
tr

ol
(ID

V x
/ID

V 0
)

COX-2    

Indomethacin: 



 45

 
 
 
 
 
 
 

 
 
Figure 12: Indomethacin did not change COX-2 protein expression in N9 cells: Cells 
were pretreated with indomethacin (0, 5, 50, 75, and 100 µM) for one hour. After 
indomethacin pretreatment, cells were stimulated with cytokines.  After 24 hours, 
cell lysates were collected and were used for iNOS western blot analysis: example of 
chemiluminescent signal (top) from cell lysate protein (40 μg) and normalized IDV 
values (bottom) from 3 independent experiments. (+) designates HO-1 protein from 
ovine placenta. (n=3) 
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expression in C6 cells by NSAIDs. In order to examine the relationship between HO-1 

expression and iNOS expression, the effect of indomethacin on the level of HO-1 protein 

in C6 and N9 cells was determined. Thus, C6 or N9 cells were pretreated with 

indomethacin (5-100 µM) for one hour and C6 were stimulated with IFN-γ, IL-1β, and 

TNF-α versus LPS and IFN-γ stimulation of N9 cells for 24 hours. The IDV for HO-1 (32 

kDa) was within the linear range of the generated standard curve and the IDVs for HO-1 

after treatments were normalized to the cytokine-stimulated cells. Indomethacin did not 

induce HO-1 protein in unstimulated C6 cells (data not shown), while it was not studied 

in unstimulated N9 cells. When C6 and N9 cells were treated with indomethacin (5-75 

µM) and stimulated with cytokines, there was no significant change in the level of HO-1 

protein (Figures 13 and 14).  However, 100 µM indomethacin increased HO-1 protein 

expression significantly by 6 fold in cytokine-stimulated C6 cells (Figure 13). In addition, 

when N9 cells were treated with indomethacin (50, 75, and 100 μM), there was a 3.4, 6.7, 

and 6.0 fold induction of HO-1 protein, respectively (Figure 14). Thus, in both cytokine-

stimulated C6 and N9 cells, indomethacin induced HO-1 protein expression. 
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Figure 13: Indomethacin induced HO-1 protein expression in C6 cells: Cells were 
pretreated with indomethacin (0, 5, 50, 75, and 100 µM) for one hour. After 
indomethacin pretreatment, cells were stimulated with cytokines for 24 hours. Cell 
lysates were then collected and were used for HO-1 western blot analysis: example 
of chemiluminescent signal (top) from cell lysate protein (10 μg) and normalized 
IDV values (bottom) from 3 independent experiments. (* p < 0.05). (n=3) 
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Figure 14:  Indomethacin induced HO-1 protein expression in N9 cells: Cells were 
pretreated with indomethacin (0, 5, 50, 75, and 100 µM) for one hour. After 
indomethacin pretreatment, cells were stimulated with cytokines. After 24 hours, 
cell lysates were collected and were used for HO-1 western blot analysis: example of 
chemiluminescent signal (top) from cell lysate protein (40 μg) and normalized IDV 
values (bottom) from 3 independent experiments. (* p < 0.05). (n=3) 
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kDa protein band for HO-1 was normalized to the cytokine stimulated cells. Cytokine 

stimulation did not induce HO-1 protein in the immunoblot shown (Figure 15) in contrast 

to the immunoblots shown for previous studies (Figures 13 and 14). This variability could 

be due to different cell passages. Ibuprofen (0.6 mM) did not significantly change the 

HO-1 protein expression in stimulated C6 cells (Figure 15). Unstimulated C6 cells were 

not evaluated for HO-1 protein.  When C6 cells were treated with 1.0 mM ibuprofen, 

there was an induction of HO-1 protein in C6 cells by two folds.  This induction was 

significantly different from the stimulated cells without ibuprofen.  Therefore, ibuprofen 

induced HO-1 expression in C6 cells similar to indomethacin treatment, but to a lower 

extent.  
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Figure 15: Ibuprofen induced HO-1 protein expression in C6 cells: Cells were 
pretreated with ibuprofen (0.6 and 1.0 mM) for one hour. After ibuprofen 
pretreatment, cells were stimulated with cytokines. After 24 hours, cell lysates were 
collected and were used for HO-1 western blot analysis: example of 
chemiluminescent signal (top) from cell lysate protein (10 μg) and normalized IDV 
values (bottom) from 3 independent experiments. (* p < 0.05). (n=3) 
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HO-1 protein by 1.74 fold in stimulated C6 cells and this induction was statistically 

significant (Figure 16). This HO-1 induction was only seen with cytokine treatment.  

 In order to establish a relationship between HO-1 induction and iNOS reduction, 

iNOS protein induction was measured after cobalt protoporphyrin treatment.  C6 cells 

were treated with cobalt protoporphyrin (50 µM) before stimulation with IFN-γ, TNF-α, 

and IL-1β for 24 hours. The normalized iNOS protein expression was determined as 

described previously. In the absence of cytokines, cobalt protoporphyrin did not affect 

iNOS expression in C6 cells (Figure 17).  iNOS protein expression reduced by 95% in C6 

cells treated with cobalt protoporphyrin and stimulated  with cytokines (Figure 17).  

Therefore, there is a possibility that induction of HO-1 protein expression caused a 

reduction in iNOS protein expression in C6 cells. 
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Figure 16: Induction of HO-1 protein expression by cobalt protoporphyrin (50 µM)   
in C6 cells: Cells were pretreated with cobalt protoporphyrin (CP) for one hour and 
after an hour of pretreatment, cells were stimulated with cytokines (st) or not 
stimulated (unst). After 24 hours, cell lysates were collected and were used for HO-1 
western blot analysis: example of chemiluminescent signal (top) from cell lysate 
protein (10 μg) and normalized IDV values (bottom) from 3 independent 
experiments. (ns = p > 0.05; * p < 0.05). (n=3) 
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Figure 17: Inhibition of iNOS protein expression by cobalt protoporphyrin (50 μM)  
in C6 cells: Cells were pretreated with cobalt protoporphyrin (CP) for one hour and 
after an hour of pretreatment, cells were stimulated with cytokines (st) or not 
stimulated (unst). After 24 hours, cell lysates were collected and were used for HO-1 
western blot analysis: example of chemiluminescent signal (top) from cell lysate 
protein (10 μg) and normalized IDV values (bottom) from 3 independent 
experiments. (ns = p > 0.05; * p < 0.05). (n=3) 
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(Tenhunen et al. 1968). Previous studies had shown that iron inhibits Nos2 expression in 

murine macrophages and deferoxamine, an iron chelator, reversed that inhibition of iNOS 

expression in these cells (Melillo et al. 1997). It was the expectation that deferoxamine 

would reverse the inhibition of nitrite production by indomethacin. There was no 

significant difference in effects between unstimulated and untreated C6 216-3L3/2T cells 

(Figure 18).  In IFN-γ, TNF-α, and IL-1β stimulated C6 216-3L3/2T cells, there was an 

increase in nitrite production. The concentration of deferoxamine (5 mM) was chosen 

based on a previous study in rat cells (Hyun et al. 1999). Deferoxamine (5 mM) inhibited 

nitrite production by 52% in cytokine-stimulated cells. When cytokine-stimulated C6 

216-3L3/2T cells were pretreated with indomethacin (100 μM), there was a 38% 

inhibition of nitrite production. However, when C6 216-3L3/2T cells were pretreated 

with deferoxamine (5 mM) and indomethacin (100 μM), there was no reversal of the 

inhibition of nitrite production, but a greater inhibition of nitrite production. Since 

deferoxamine inhibited nitrite production in cytokine-stimulated C6 216-3L3/2T cells, it 

may be that deferoxamine was either having a nitric oxide scavenging effect or an 

inhibitory effect on iNOS enzyme activity.  

 The effect of iron on the inhibition of nitrite production in ibuprofen and cytokine 

stimulated cells needed to be tested in C6 216-3L3/2T cells. There was no significant 

difference between unstimulated and untreated cells (Figure 19). In cytokine-stimulated 

cells there was an increase in nitrite production in C6 216-3L3/2T cells that was reduced 

by deferoxamine (5 mM) by 58%.  When C6 216-3L3/2T cells were pretreated with 

ibuprofen, there was a 46% inhibition of nitrite production in C6 216-3L3/2T cells. 

Similar to indomethacin treatment, there was a greater inhibition of nitrite production 
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when deferoxamine was added with ibuprofen. Thus, the inhibitory effect of 

deferoxamine on nitrite production was not only seen in indomethacin treated cells, but 

also in ibuprofen treated cells. 

 

Figure 18: Lack of reversal of inhibition of nitrite production by deferoxamine (5.0 
mM) in indomethacin (100 μM) treated C6 216-3L3/2T cells: Cells were pretreated 
with deferoxamine (DF) or DMSO for 30 minutes. Afterwards, cells were pretreated 
with indomethacin (indo) for one hour. After one hour of incubation, cells were 
stimulated with cytokines (st) or not stimulated (unst). After 16 hours, culture media 
were assayed for nitrite production. (*p < 0.05) indicates significant differences 
between cytokine-stimulated and treated in the presence of cytokines. (# p < 0.05) 
indicates significant differences between indomethacin treated and cytokine 
stimulated in the presence and absence of deferoxamine. (ns = p > 0.05 by ANOVA) 
(n=3) 
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            Figure 19: Lack of reversal of inhibition of nitrite production by deferoxamine (5.0 
mM) in ibuprofen (1.0 mM) treated C6 216-3L3/2T cells: Cells were pretreated with 
deferoxamine (DF) or DMSO for 30 minutes. Afterwards, where indicated cells 
were pretreated with ibuprofen (ibu) for one hour. Then, cells were stimulated with 
cytokines (st) or not stimulated (unst) for 16 hours. The resulting culture culture 
media were assayed for nitrite production. (*p < 0.05) indicates significant 
differences between cytokine-stimulated and treated in the presence of cytokines. 
(ns = p > 0.05 by ANOVA) (n=3) 
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did not affect iNOS protein expression. When C6 216-3L3/2T cells were pretreated with 

indomethacin (100 μM), there was an 83% inhibition of iNOS protein expression.  

However, when the cells were pretreated with deferoxamine and indomethacin, there was 

only a non-significant 28% change in iNOS protein expression. Therefore, the inhibition 

of iNOS protein expression caused by indomethacin was reversed by deferoxamine.  

Thus, it appears iron is involved in the inhibition of iNOS expression in indomethacin-

treated, cytokine- stimulated C6 216-3L3/2T cells.   

 Since iron is involved in the inhibition of iNOS protein expression seen with 

indomethacin treatment, there was interest to determine the effect of iron on iNOS 

protein expression by ibuprofen as well. The 130 kDa iNOS protein bands were measured 

by densitometry and were normalized to the cytokine stimulated C6 216-3L3/2T cells. In 

unstimulated and untreated cells, there was not any significant difference between them 

(Figure 21). In cytokine-stimulated cells, there was an increase in iNOS protein 

expression in C6 216-3L3/2T cells. Deferoxamine (5 mM) treatment did not affect the 

increase of iNOS protein expression by cytokine stimulation.  When C6 216-3L3/2T cells 

were pretreated with ibuprofen (1.0 mM), there was a 54% inhibition of iNOS protein 

expression in C6 216-3L3/2T cells.  However, when C6 216-3L3/2T cells were pretreated 

with deferoxamine (5 mM) and ibuprofen (1.0 mM), there was a 73% inhibition of iNOS 

protein expression. Therefore, the inhibition of iNOS protein expression was not reversed 

by deferoxamine in ibuprofen-treated C6 216-3L3/2T cells. It seems in contrast to 

indomethacin, iron is not involved in the inhibition of iNOS protein expression in 

ibuprofen-treated and cytokine-stimulated C6 216-3L3/2T cells.   
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       Figure 20: Reversal of the inhibition of iNOS protein expression by deferoxamine 

(5.0 mM) in indomethacin (100 µM) treated C6 cells: Cells were pretreated with 
deferoxamine (DF) or DMSO for 30 minutes, afterward cells were pretreated with 
indomethacin (indo) for one hour. Cells were then stimulated with cytokines (st) or 
not stimulated (unst). After 16 hours, cell lysates were collected and were used for 
iNOS western blot analysis: example of chemiluminescent signal (top) from cell 
lysate protein (20 μg) and normalized IDV values (bottom) from 3 independent 
experiments. (* p < 0.05) indicates significant differences between treated cells and 
stimulated cells with DMSO vehicle pretreatment.  (# p < 0.05) indicates significant 
differences between indomethacin treated and cytokine stimulated in the presence 
or absence of deferoxamine. (ns = p > 0.05 by ANOVA) (n=3) 
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       Figure 21: Lack of reversal of inhibition of iNOS protein expression by 

deferoxamine (5.0 mM) in  ibuprofen (1.0 mM) treated C6 216-3L3/2T cells: Cells 
were pretreated with deferoxamine (DF) or DMSO for 30 minutes. Afterwards, cells 
were pretreated with ibuprofen (ibu) for one hour. After one hour of incubation, 
cells were stimulated with cytokines (st) or not stimulated (unst). After 24 hours, cell 
lysates were collected and were used for iNOS western blot analysis: example of 
chemiluminescent signal (top) from cell lysate protein (20 μg) and normalized IDV 
values (bottom) from 3 independent experiments. (* p < 0.05) indicates significant 
differences between treated cells and stimulated cells with DMSO vehicle 
pretreatment. (ns = p > 0.05 by ANOVA (white bars) or post-hoc analysis (black 
bars) (n=3) 
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3.13 Deferoxamine reversed the inhibition of Nos2 promoter activity in indomethacin or 

ibuprofen treated and cytokine stimulated C6 216-3L3/2T cells:  Since deferoxamine 

reversed indomethacin-associated inhibition of iNOS protein expression by 

deferoxamine, there was a need to determine if iNOS expression was being regulated by 

iron at the transcriptional level. Deferoxamine was used to test the effect of iron on Nos2 

promoter activity. Indomethacin inhibited Nos2 promoter activity by 40% in cytokine-

stimulated C6 216-3L3/2T cells (Figure 22). When C6 216-3L3/2T cells were treated 

with deferoxamine (5 mM) and indomethacin (100 µM) and then stimulated with 

cytokines for 16 hours, there was no significant inhibition of Nos2 promoter activity. 

Therefore, the inhibition of Nos2 promoter activity was reversed by deferoxamine in 

indomethacin treatment of C6 216-3L3/2T cells. Thus, it appears that iron was involved 

in the inhibition of Nos2 promoter activity in indomethacin-treated and cytokine-

stimulated C6 216-3L3/2T  cells.   

 It was of interest to test the effect of iron on the inhibition of Nos2 promoter 

activity in ibuprofen-treated C6 216-3L3/2T cells since its effect on iNOS protein was 

different compared to indomethacin treatment. The Nos2 promoter activities for 

unstimulated cells in the presence and absence of drugs were not significantly different 

from each other (Figure 23). C6 216-3L3/2T cells were stimulated with cytokines showed 

an increase in the level of Nos2 promoter.  There was a 39% inhibition of Nos2 promoter 

activity in ibuprofen (1.0 mM) treated and cytokine-stimulated C6 216-3L3/2T  cells. The 

inhibition of Nos2 promoter activity by deferoxamine (5.0 mM) was not reversed in 

ibuprofen treated C6 216-3L3/2T cells, but there was still a 38% inhibition.  It seems iron 
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is not involved in the inhibition of the Nos2 promoter in ibuprofen treated and cytokine 

stimulated C6 216-3L3/2T cells.  
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       Figure 22: Reversal of the inhibition of Nos2 promoter activity by deferoxamine (5.0 

mM) in indomethacin (100 μM) treated C6 216-3L3/2T cells: Cells were pretreated 
with deferoxamine (DF) or DMSO for 30 minutes, afterward cells were pretreated 
with indomethacin (indo) for one hour. After indomethacin pretreatment, cells were 
stimulated with cytokines (st) or not stimulated (unst). After 16 hours, cell lysates 
were prepared and were used for luciferase activity. (* p < 0.05) indicates significant 
differences between treated cells and stimulated cells with DMSO vehicle 
pretreatment.  (# p < 0.05) indicates significant differences between indomethacin 
treated and cytokine stimulated in the presence or absence of deferoxamine. (ns = p 
> 0.05 by ANOVA) (n=3) 
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       Figure 23: Lack of reversal of inhibition of Nos2 promoter activity by deferoxamine  
(5.0 mM) in ibuprofen (1.0 mM) treated C6 216-3L3/2T cells: Cells were pretreated 
with deferoxamine (DF) or DMSO for 30 minutes. Afterwards, cells were pretreated 
with ibuprofen (ibu) for one hour. After ibuprofen pretreatment cells were 
stimulated with cytokines (st) or not stimulated (unst). After 16 hours, cell lysates 
were prepared and were used for luciferase activity. (* p < 0.05) indicates significant 
differences between treated cells and stimulated cells with DMSO vehicle 
pretreatment. (ns = p > 0.05 by ANOVA)  (n=3) 
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while hemoglobin, a carbon monoxide scavenger, stimulated basal activity 0.6 fold 

(Figure 24). C6 216-3L3/2T cells stimulated with cytokines showed an increase in the 

level of Nos2 promoter activity.  There was a 47% inhibition of luciferase activity in 

indomethacin (100 µM)-treated and cytokine-stimulated cells compared to cytokine–

stimulated only cells (Figure 24). The inhibition of Nos2 promoter activity by 

indomethacin was not reversed by hemoglobin in stimulated or unstimulated C6 216-

3L3/2T cells. These results suggest that carbon monoxide is not involved in the inhibition 

of Nos2 expression in indomethacin treated and cytokine stimulated cells.  

 It was of interest to test if hemoglobin would have the same effect on the 

inhibition of Nos2 promoter activity by ibuprofen. There was a 65% inhibition of Nos2 

promoter activity in ibuprofen (1.0 mM) treated and cytokine stimulated cells (Figure 

25). The inhibition of Nos2 promoter activity by ibuprofen (1.0 mM) was not reversed by 

hemoglobin (10 μM) in cytokine stimulated C6 216-3L3/2T cells. However, hemoglobin 

and ibuprofen in absence of stimulation inhibited basal Nos2 promoter expression. This 

particular inhibition was not expected since hemoglobin in absence of cytokines induced  

Nos2 promoter activity previously (Figure 24). Ibuprofen by itself inhibited Nos2 

promoter activity, which was not expected in this experiment (Figure 25), but was similar 

to the effect of indomethacin (Figure 24). These results suggest that carbon monoxide is 

not involved in the inhibition of Nos2 expression in ibuprofen treated and cytokine 

stimulated cells.  

 It is unclear why the NSAIDs were affecting basal Nos2 promoter activity in 

these studies, something not seen in the other studies with C6 216-3L3/2T cells, and why 

hemoglobin had opposite effects on the basal promoter activity. However, the results 
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show that hemoglobin (10 μM) did not reverse the inhibition of Nos2 promoter activity 

by NSAIDs. 

 
       Figure 24: Lack of reversal of inhibition of Nos2 promoter activity by hemoglobin 

(10 µM) in  indomethacin (100 µM) treated C6 216-3L3/2T cells: Cells were 
pretreated with hemoglobin (hb) or DMSO for 30 minutes. Afterwards, cells were 
pretreated with indomethacin (indo) for one hour. After indomethacin 
pretreatment, cells were stimulated with cytokines (st) or not stimulated (unst). 
After 16 hours, cell lysates were prepared and were used for luciferase activity. (* p 
< 0.05) indicates significant differences between treated cells and stimulated cells 
with DMSO vehicle pretreatment. (# p < 0.05) indicates significant differences 
between treated groups in absence of stimulation  and unstimulated cells. (ns = p > 
0.05 by post-hoc analysis) (n=3) 
 
 
 

unst hb 
indo

hb+ i
ndo st

hb+s
t

indo+s
t

indo+s
t+h

b
0

100

200

300

400

Lu
ci

fe
ra

se
 A

ct
iv

ity
(R

LU
/μ

g 
pr

ot
ei

n)

*
            ns 

* 

#  #        ns        ns 



 65

Figure 25: Lack of reversal of inhibition of Nos2 promoter activity by hemoglobin 
(10 µM) in  ibuprofen (1.0 mM) treated C6 216-3L3/2T cells:  Cells were pretreated 
with hemoglobin (hb) or DMSO for 30 minutes. Afterwards, cells were pretreated 
with ibuprofen (ibu) for one hour. After ibuprofen pretreatment, cells were 
stimulated with cytokines (st) or not stimulated (unst). After 16 hours, cell lysates 
were prepared and were used for luciferase activity. (* p < 0.05) indicates significant 
differences between treated cells and stimulated cells with DMSO vehicle 
pretreatment. (# p < 0.05) indicates significant differences between treated groups in 
absence of stimulation and unstimulated cells. (ns = p > 0.05 by post-hoc analysis) 
(n=3) 
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inhibition of Nos2 promoter activity in indomethacin treated cells, ferrous hemoglobin, 

reported to have a higher affinity for carbon monoxide, was also used to test for effects  

on Nos2 promoter activity inhibition in indomethacin (100 µM) treated and cytokine 

stimulated cells. When cytokine stimulated cells were treated with indomethacin there 
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promoter activity was not reversed by ferrous hemoglobin (20 µM). Therefore, it seems 

that carbon monoxide is not involved in Nos2 promoter activity in indomethacin treated 

C6 216-3L3/2T cells.  
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       Figure 26: Lack of reversal of inhibition of Nos2 promoter activity by ferrous 

hemoglobin (20 µM) in indomethacin (100 μM) treated C6 216-3L3/2T cells:  Cells 
were pretreated with ferrous hemoglobin (hb) or DMSO for 30 minutes. 
Afterwards, cells were pretreated with indomethacin (indo) for one hour. After 
indomethacin pretreatment, cells were stimulated with cytokines (st) or not 
stimulated (unst). After 16 hours, cell lysates were prepared and were used for 
luciferase activity. (* p < 0.05) indicates significant differences between treated cells 
and stimulated cells with DMSO vehicle pretreatment. (ns = p > 0.05) (n=3) 
 

3.16 Tricarbonyldichlororuthenium inhibited nitrite production in cytokine stimulated C6 

216-3L3/2T cells: To test if the carbon monoxide was able to inhibit iNOS expression in 

C6 cell, the effect of the carbon monoxide releaser, tricarbonyldichlororuthenium, was 

studied on nitrite production in C6 216-3L3/2T cells. Tricarbonyldichlororuthenium (10-

100 μM) did not affect the unstimulated cells.  There was an induction of nitrite 
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production in cytokine stimulated C6 216-3L3/2T cells (Figure 27). The induction of 

nitrite production was dose dependently reduced by 28% in 10 µM 

tricarbonyldichlororuthenium treated C6 216-3L3/2T cells, by 61% in 50 µM 

tricarbonyldichlororuthenium treated cells, and by 92% in 100 µM 

tricarbonyldichlororuthenium treated  cells. Thus, tricarbonyldichlororuthenium inhibits 

nitrite production in C6 216-3L3/2T cells and this result indicates that CO inhibits nitrite 

production. 
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       Figure 27: Tricarbonyldichlororuthenium (CO releaser) inhibited nitrite production 
in cytokine stimulated C6 216-3L3/2T cell: Cells were pretreated with 
tricarbonyldichlororuthenium (CO) (10, 50, and 100 μM) for one hour. After 
tricarbonyldichlororuthenium pretreatment, cells were stimulated with cytokines 
(st) or not stimulated (unst). After 16 hours, culture media were assayed for nitrite 
production. (* p <0.05) indicates significant differences between treated cells and 
stimulated cells with DMSO vehicle pretreatment. st1, st2, and st3 designate 
stimulated nitrite production from different plates of cells (n=3) 
 
 

3.17 Ferrous hemoglobin did not reverse the inhibition of Nos2 promoter activity in 

tricarbonyldichlororuthenium treated C6 216-3L3/2T cells: When cytokine stimulated C6 

216-3L3/2T cells were treated with 100 μM tricarbonyldichlororuthenium there was an 

inhibition of Nos2 promoter activity by 67% (Figure 28). This inhibition of Nos2 

promoter activity was not reversed by ferrous hemoglobin (20 µM) in 
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tricarbonyldichlororuthenium treated C6 216-3L3/2T cells. A lack of reversal also was 

seen for C6 216-3L3/2T cells inhibited with 75 µM tricarbonyldichlororuthenium (Figure 

29), the lowest concentration that inhibited Nos2 promoter activity (data not shown). This 

lack of reversal with 20 μM ferrous hemoglobin might be due to high levels of carbon 

monoxide being produced by 75 μM and 100 μM tricarbonyldichlororuthenium beyond 

that which could be scavenged by hemoglobin. It could also mean that the hemoglobin 

could not enter the cells to scavenge intracellular carbon monoxide. Since higher 

concentrations of hemoglobin were toxic to C6 216-3L3/2T cells (data not shown), we 

were limited to using 20 µM hemoglobin for our studies. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 28: Lack of reversal of inhibition of Nos2 promoter activity by ferrous 
hemoglobin (20 μM) tricarbonyldichlororuthenium (100 μM) by ferrous     hemoglobin 
(20 μM) in C6 216-3L3/2T cells: Cells were pretreated with ferrous hemoglobin (hb) or 
DMSO for 30 minutes. Afterwards, cells were pretreated with 
tricarbonyldichlororuthenium (CO) for one hour. After tricarbonyldichlororuthenium 
pretreatment, cells were stimulated with cytokines (st) or nor stimulated (unst).  After 16 
hours, cell lysates were prepared and used for luciferase activity. (* p < 0.05) indicates 
significant differences between treated cells and stimulated cells with DMSO vehicle 
pretreatment. (ns = p > 0.05) (n=3) 
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Figure 31: 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 29: Lack of reversal of inhibition of Nos2 promoter activity by ferrous 
hemoglobin (20 μM)  tricarbonyldichlororuthenium (75 μM) treated C6 216-3L3/2T 
cells Cells were pretreated with ferrous hemoglobin (hb) or DMSO for 30 minutes. 
Afterwards, cells were pretreated with tricarbonyldichlororuthenium (CO) for one 
hour. After pretreatment, cells were stimulated with cytokines (st) or not stimulated 
(unst).  After 16 hours, cell lysates were prepared and were used for luciferase 
activity. (* p < 0.05) indicates significant differences between treated cells and 
stimulated cells with DMSO vehicle pretreatment. (ns = p > 0.05)  (n=3) 

 

3.18 Tin protoporphyrin, a HO-1 inhibitor, did not reverse the inhibition of nitrite 

production with indomethacin treatment in cytokine stimulated C6 cells:  The studies 

with deferoxamine suggested that iron, a product of HO-1 activity , was involved in the 

NSAID-induced inhibition of iNOS expression (Figures 20 and 22). Therefore, the effect 

of HO-1 inhibition by tin protoporphyrin was studied on the inhibition of nitrite 

production in indomethacin treated C6 cells. Cells were pretreated with tin 

protoporphyrin (50 µM) for 30 minutes and  were then treated with indomethacin (5-100 
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µM) for one hour before cytokine stimulation for 24 hours.  When cells were treated with 

indomethacin, there appears to be no significant inhibition of nitrite production at 75 µM 

and 100 µM in the presence of tin protoporphyrin (data not shown). However, when the 

color of the media was observed, tin protoporphyrin was found to be interfering with the 

nitrite assay. Therefore, another strategy was needed in order to circumvent the 

interference of tin protoporphyrin with the Griess Reagent. The strategy used was to 

pretreat cells with tin protoporphyrin (50 µM) for 30 minutes and treated with 100 µM 

indomethacin  for one hour and  then stimulated with cytokines for only 12 hours.  After 

12 hours of stimulation, media was removed and fresh media was added without drugs or 

cytokines.  The cells were left unstimulated and untreated for an additional 12 hours 

before collecting media for the nitrite assay. Nitrite levels showed that there was a 

significant inhibition of nitrite production with only 12 hours of indomethacin (75 and 

100 µM) treatment and that this inhibition was not reversed with tin protoporphyrin 

(Figure 30).  These results suggest that HO-1 enzyme activity may not be involved in the 

inihibition of nitrite production by indomethacin.  
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Figure 30:  Lack of reversal of inhibition of nitrite production by tin 
protoporphyrin (50 µM) in indomethacin treated  and cytokine stimulated C6 cells: 
Cells were pretreated with tin protoporphyrin (white bars) or DMSO (black bars) 
for 30 minutes.  After 30 minutes, C6 cells were pretreated with indomethacin (0, 5, 
50, 75, 100 μM) for one hour. After indomethacin pretreatment, cells were 
stimulated with cytokines. After 12 hours, the culture media were replaced with 
fresh media without cytokines. After another 12 hours, the culture media from cells 
were collected and assayed for nitrite production. (*  p < 0.05) indicates significant 
differences between indomethacin treated cells and stimulated cells with DMSO 
vehicle pretreatment. (n=3) 
 
 

3.19 Tin protoporphyrin did not reverse the inhibition of Nos2 promoter activity with 

indomethacin treatment in cytokine stimulated C6 216-3L3/2T cells:  Although inhibition 

of HO-1 enzyme activity by tin protoporphyrin did not appear to affect indomethacin 

inhibition of nitrite production, the modified experimental strategy could have affected 

the results. Thus, the effect of tin protoporphyrin on the inhibition of Nos2 promoter 

activity in indomethacin treated cells was examined using C6 216-3L3/2T cells.  C6 216-

3L3/2T cells were pretreated with tin protoporphyrin for 30 minutes before indomethacin 

(100 µM) treatment and cytokine stimulation. Cytokine stimulated cells showed an 

increase in Nos2 promoter activity (Figure 31). This induction was inhibited by 40% in 
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indomethacin treated C6 216-3L3/2T cells.  Tin protoporphyrin and indomethacin treated 

cells showed a 47% inhibition in C6 216-3L3/2T cells. Therefore, similar to nitrite 

production, the results show that inhibition of HO-1 activity with tin protoporphyrin does 

not affect the indomethacin inhibition of Nos2 promoter activity.  
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Figure 31:  Lack of reversal of inhibition of Nos2 promoter activity by tin 
protoporphyrin (50 µM) in indomethacin (100 µM) treated C6 cells: Cells were 
pretreated with tin protoporphyrin or DMSO for 30 minutes. After 30 minutes, cells 
were pretreated with indomethacin (indo) for one hour or DMSO. After 
indomethacin pretreatment, cells were stimulated with cytokines (st) or not 
stimulated (unst). After 16 hours, cell lysates were prepared and were used for 
luciferase activity. (* p < 0.05) indicates significant differences between treated cells 
and stimulated cells with DMSO vehicle pretreatment. (ns = p > 0.05) (n=3) 
 

3.20 Ketoconazole did not reverse the inhibition of nitrite production in indomethacin or 

ibuprofen treated and cytokine stimulated C6 cells:  In order to further study the effect of 

HO-1 enzyme activity on the inhibition of iNOS expression in indomethacin treated cells, 

this study examined the effect of ketoconazole on the inhibition of nitrite production.  
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Ketoconazole has been reported to inhibit HO-1 enzymatic activity (Kinobe et al. 2006). 

Ketoconazole (0.5-1.0 μM) inhibited nitrite production in C6 cells (Figure 32). 

Indomethacin inhibited nitrite production by 42% in the absence of ketoconazole. 

Ketoconazole (0.25 μM to 1.0 µM) plus indomethacin (100 µM) lowered nitrite 

production by 81% (Figure 32). Thus, ketoconazole did not provide evidence that HO-1 

activity is involved in the inhibition of nitrite production in indomethacin treated C6 

cells. 

 C6 cells were treated with ketoconazole and ibuprofen to determine if 

ketoconazole had a similar or different  effect compared to that seen with indomethacin. 

In these studies, ibuprofen (1.0 mM) completely inhibited nitrite production in the 

absence or presence of ketoconazole (Figure 33). Ketoconazole alone did not lower 

nitrite production (Figure 33) in contrast to previous studies (Figure 32). Thus, 

ketoconazole did not provide evidence that HO-1 activity is involved in inhibition of 

iNOS expression by NSAIDs.  
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       Figure 32: Lack of reversal of inhibition of nitrite production by ketoconazole in 
indomethacin (100 µM) treated and cytokine stimulated C6 cells: Cells were 
pretreated with ketoconazole (0-1.0 µM) for 30 minutes. After ketoconazole 
pretreatment, cells were treated with indomethacin (indo) for one hour. After one 
hour, cells were stimulated with cytokines. After 24 hours, culture media were 
assayed for nitrite production. (* p < 0.05) indicates significant differences between 
treated cells and stimulated cells with DMSO vehicle pretreatment. (n=3) 
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       Figure 33: Lack of reversal of inhibition of nitrite production by ketoconazole in 
ibuprofen (1.0 mM) treated and cytokine stimulated C6 cells: Cells were pretreated 
with ketoconazole (0-1.0 μM) for 30 minutes. After ketoconazole pretreatment, cells 
were pretreated with ibuprofen (ibu) for one hour. After one hour, cells were 
stimulated with cytokines (st) or not stimulated (unst). After 24 hours, culture media 
were assayed for nitrite production. All ibuprofen treated cells did not produce 
nitrite. (* p < 0.05) indicates significant differences between treated cells and 
stimulated cells with DMSO vehicle pretreatment. (n=3) 
 

Results Related to Specific Aim 4: 
 
3.21 Optimization of transfection of fluorescence and  KlF siRNAs in C6 216-3L3/2T 

cells:  It was of interest to suppress HO-1 protein expression with siRNA to observe the 

effect on iNOS expression. First, the transfection parameters for siRNA were optimized 

in C6 216-3L3/2T cells. C6 216-3L3/2T cells were transfected with a fluorescent siRNA 

(100 nM) for 48 hours as described in section 2.16.1. After 48 hours, the transfected C6 

216-3L3/2T cells showed more fluorescent signals compared to cells transfected with 

non-fluorescent random siRNA (100 nM) (Figure 34). In order to examine the 

transfection efficiency, C6 216-3L3/2T cells were transfected with KlF siRNA (100 nM) 

for 48 hours. KlF is a kinesin protein that cells use for process formation and attachment 
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to plates (Miki et al. 2001). Reducing KlF leads to rounding of cells. A seen in Figure 35, 

there were more round cells in KlF siRNA transfected cultures. Therefore, KlF siRNA 

inhibited the expression of KlF and caused the cells to round and lose their attachment to 

the plate. This indicated that the siRNA transfection procedure worked for C6 216-

3L3/2T cells. 

 

 
 
 
 

       Figure 34: Optimization of transfection with fluorescein labeled siRNA transfection 
in C6 216-3L3/2T cells: Cells were transfected with fluorescent siRNA (100 nM) or 
nonfluorescent random siRNA (100 nM) for 48 hours with TKO transfection 
reagent.  Afterwards, cells were fixed to coverslips and fluorescence signals were 
visualized using confocal fluorescence microscopy.    
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Figure 35: Optimization  of transfection with KlF siRNA in C6 216-3L3/2T cells: 
Cells were transfected with KIF siRNA (100 nM) or random siRNA (100 nM) for 48 
hours. After 48 hours, cells were fixed and stained with oil red O for 5 minutes and 
were visualized under microscopy. 
 

3.22 Inhibition of HO-1 protein expression by HO-1 siRNA in cobalt protoporphyrin 

treated C6 216-3L3/2T cells: The conditions for reduction of HO-1 protein by 

transfection of HO-1 siRNA needed to be optimized in C6 216-3L3/2T cells before the 

effect of HO-1 protein on iNOS expression was evaluated.  C6 216-3L3/2T cells that 

were treated with cobalt protoporphyrin (100 µM) in the presence of cytokines for 24 

hours showed high levels of HO-1 protein compared to the untreated C6 216-3L3/2T 

cells (Figure 36). There was a reduction in HO-1 protein expression after 24 and 48 hours 

of transfection with HO-1 siRNA (100 nM) and treatment with cobalt protoporphyrin 

(100 µM) compared to untransfected C6 216-3L3/2T cells that were treated with cobalt 

protoporphyrin (100 µM). In unstimulated cells, there was a low level of HO-1 protein, 

which was not present in the cells that were transfected with the HO-1 siRNA. The 
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amount of HO-1 siRNA was increased to 150 nM and 200 nM to see if that improved  the 

transfection assay, but these amounts of HO-1 siRNA were toxic to the cells. 

 
 

       Figure 36: Inhibition of HO-1 protein expression by HO-1 siRNA (50 and 100 nM)  
in cobalt protoporphyrin treated C6 216-3L3/2T cells: HO-1 or random (R) siRNA  
cells were pretreated with cobalt protoporphyrin (CP) (100 µM) for one hour. After 
pretreatment with cobalt protoporphyrin, cells were stimulated with cytokines (st) 
or not stimulated (unst). After 16 hours, cell lysates were prepared and analyzed for 
HO-1 protein levels by western blotting. (+) designates HO-1 protein from ovine 
placenta. Results are representative of 3 independent experiments. 
 

         3.23 Inhibition of HO-1 protein expression by HO-1 siRNA in indomethacin treated C6 

216-3L3/2T cells:  The optimized parameters for HO-1 siRNA transfection in C6 216-

3L3/2T cells were used for the following studies. The levels of HO-1 protein with 

indomethacin treatment were measured in random and HO-1 siRNA transfected cells.  C6 

216-3L3/2T cells were transfected with siRNA (100 nM) for 48 hours. Cells were 

pretreated with indomethacin (100 µM) followed by cytokine stimulation for 16 hours. 

The protein lysates were prepared and run for immunoblotting. The IDVs of the 32 kDa 

protein bands for HO-1 were normalized to the random siRNA transfected and stimulated 

cells. When random siRNA transfected cells were cytokine stimulated and treated with 

indomethacin (100 µM), there was an increase in HO-1 protein expression by 2 fold 
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(Figure 37). However, the HO-1 siRNA transfected cells showed a 24% reduction in HO-

1 protein expression compared to random siRNA transfected cells treated with 

indomethacin treatment.  This indicates that transfection with HO-1 siRNA reduced the 

induction of HO-1 protein by indomethacin. 

 The levels of HO-1 protein with ibuprofen treatment were measured in HO-1 

siRNA transfected cells. C6 216-3L3/2T cells were transfected with HO-1 siRNA for 48 

hours.  Since we had seen an induction of HO-1 protein with 1.0 mM ibuprofen, the same 

concentration was used for this experiment. Cells were pretreated with ibuprofen (1.0 

mM) followed by cytokine stimulation for 16 hours. The densitometry of the 32 kDa 

protein bands for HO-1 were normalized to the scrambled siRNA transfected and 

stimulated cells. Ibuprofen (1.0 mM) increased the level of HO-1 protein in the random 

siRNA transfected cells by one fold (Figure 38). HO-1 siRNA reduced the HO-1 protein 

induction by 32% in ibuprofen treated and cytokine stimulated C6 216-3L3/2T cells. 

Therefore, HO-1 siRNA reduced the induction of HO-1 protein in ibuprofen treated C6 

216-3L3/2T cells. 
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       Figure 37: Inhibition of HO-1 protein expression by HO-1 siRNA (100 nM) in 
indomethacin  (100 μM )  treated and cytokine stimulated C6 216-3L3/2T cells: HO-
1 or random (R) siRNA transfected cells were pretreated with indomethacin (indo) 
for one hour. After pretreatment, cells were stimulated with cytokines (st) or not 
stimulated (unst).  After 24 hours, cell lysates were collected and were used for HO-
1 western blot analysis: example of chemiluminescent signal (top) from cell lysate 
protein (20 μg) and normalized IDV values (bottom) from 3 independent 
experiments. (* p < 0.05) indicates significant differences between the random 
siRNA transfected cells with DMSO pretreatment and the indomethacin treated 
cells. (# p < 0.5) indicates statistical significance between HO-1 siRNA and random 
siRNA transfected cells. (n=3) 
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       Figure 38: Inhibition of HO-1 protein expression by HO-1 siRNA (100 nM) in 
ibuprofen (1.0 mM) treated and cytokine stimulated C6 216-3L3/2T cells:  HO-1 or 
random (R) siRNA transfected cells were pretreated with ibuprofen (ibu) for one 
hour. After pretreatment, cells were stimulated with cytokines (st) or not stimulated 
(unst).  After 24 hours, cell lysates were collected and were used for HO-1 western 
blot analysis: example of chemiluminescent signal (top) from cell lysate protein (20 
μg) and normalized IDV values (bottom) from 3 independent experiments. (* p < 
0.05) indicates significant differences between the random siRNA transfected cells 
with DMSO pretreatment and the ibuprofen treated cells. (#  p < 0.5) indicates 
statistical significance between HO-1 siRNA and random siRNA transfected cells. 
(n=3) 
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3.24 Reversal of the inhibition of iNOS protein by HO-1 siRNA in  indomethacin treated, 

but not in ibuprofen treated and cytokine-stimulated C6 216-3L3/2T cells: There was a 

reduction in the level of HO-1 protein expression in C6 cells that were transfected with 

HO-1 siRNA. The effect of HO-1 siRNA treatment was tested on the inhibition of iNOS 

protein expression in indomethacin (100 µM) treated cells to determine if reduced HO-1 

protein causes less reduction in iNOS protein. C6 216-3L3/2T cells were transfected with 

HO-1 siRNA for 48 hours. Afterwards, cells were treated with indomethacin followed by 

cytokine stimulation for 24 hours. The protein bands comigrating as iNOS protein were 

measured and the IDVs were normalized to stimulated cells transfected with scrambled 

siRNA. Indomethacin (100 µM) reduced iNOS protein expression by 72% in random 

siRNA transfected C6 216-3L3/2T cells (Figure 39). When HO-1 siRNA transfected cells 

were treated with indomethacin and stimulated with cytokines, there was only a 45% 

inhibition of iNOS protein expression. This inhibition of iNOS protein expression is 

significantly different from random siRNA transfected and indomethacin treated cells. 

Therefore, there was a reversal of the inhibition of iNOS protein expression by 

indomethacin in C6 216-3L3/2T cells with HO-1 siRNA transfection.  

 After determining that HO-1 was involved in the reduction of iNOS expression in 

C6 216-3L3/2T cells by indomethacin, it was of interest to evaluate the effect of HO-1 

siRNA on the inhibition of iNOS expression by ibuprofen. C6 216-3L3/2T cells were 

transfected with HO-1 siRNA for 48 hours. Cells were pretreated with ibuprofen (1.0 

mM) followed by cytokine stimulation for 24 hours. iNOS protein bands were measured 

and the densitometry values were normalized to the stimulated cells transfected with 

random siRNA. HO-1 siRNA did not affect the stimulated iNOS protein expression in C6 
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216-3L3/2T cells. Ibuprofen (1.0 mM) inhibited the iNOS protein expression in C6 216-

3L3/2T cells by 80% in random siRNA transfected C6 216-3L3/2T cells (Figure 40). 

Suprisingly, when HO-1 siRNA transfected cells were treated with ibuprofen (1.0 mM) 

and stimulated with cytokines, there was no change in the level of inhibition of  iNOS 

protein  by ibuprofen.  
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Figure 39: Reversal of the inhibition of iNOS protein expression by HO-1 siRNA 
(100 nM) in indomethacin (100 µM) treated and cytokine stimulated C6 216-3L3/2T 
cells:  HO-1 or random (R) siRNA transfected cells were pretreated with 
indomethacin (indo) for one hour. After pretreatment, cells were stimulated with 
cytokines (st) or not stimulated (unst).  After 24 hours, cell lysates were collected 
and were used for iNOS western blot analysis: example of chemiluminescent signal 
(top) from cell lysate protein (20 μg) and normalized IDV values (bottom) from 3 
independent experiments. (* p < 0.05) indicates significant differences between the 
random siRNA transfected cells with DMSO pretreatment and the indomethacin 
treated cells. (#  p < 0.5) indicates statistical significance between HO-1 siRNA and 
random siRNA transfected cells. (n=3) 
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       Figure 40: Lack of reversal of the inhibition of iNOS protein expression by HO-1 

siRNA (100 nM) in ibuprofen (1.0 mM) treated and cytokine stimulated C6 216-
3L3/2T cells:  HO-1 or random (R) siRNA transfected cells were pretreated with 
ibuprofen (ibu) for one hour. After pretreatment, cells were stimulated with 
cytokines (st) or not stimulated (unst).  After 24 hours, cell lysates were collected 
and were used for iNOS western blot analysis: example of chemiluminescent signal 
(top) from cell lysate protein (20 μg) and normalized IDV values (bottom) from 3 
independent experiments. (* p < 0.05) indicates significant differences between the 
random siRNA transfected cells with DMSO pretreatment and the ibuprofen 
treated cells. (ns = p > 0.05) (n=3) 
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3.25 Reversal of the inhibition of Nos2 promoter activity by HO-1 siRNA in 

indomethacin treated, but not in ibuprofen treated and cytokine-stimulated C6 216-

3L3/2T cells:  Since HO-1 is involved in the reduction of iNOS protein expression by 

indomethacin, the effect of HO-1 siRNA on Nos2 promoter activity was determined as 

well. C6 216-3L3/2T cells were transfected with HO-1 siRNA for 48 hours. Cells were 

pretreated with indomethacin (100 µM) followed by cytokine stimulation for 16 hours. 

Nos2 promoter activity was measured by luciferase assay and values were standardized to 

protein levels. Nos2 promoter activity in HO-1 siRNA transfected cells with cytokine 

stimulation was not significantly different compared to the cytokine stimulated and 

random siRNA transfected (100 nM) C6 cells (Figure 41).  Indomethacin (100 µM) 

inhibited cytokine stimulated Nos2 promoter activity by 48% in random siRNA 

transfected C6 216-3L3/2T cells.  However, there was only a 23% inhibition of Nos2 

promoter activity by indomethacin in HO-1 siRNA transfected cells. Thus, HO-1 siRNA 

transfected cells treated with indomethacin and stimulated with cytokines showed less 

inhibition of Nos2 promoter activity by indomethacin (Figure 41). Therefore, HO-1 

protein is involved in the inhibition of Nos2 promoter activity in indomethacin treated 

and cytokine stimulated C6 216-3L3/2T cells. 

 It was of interest to determine the effect of HO-1 siRNA on Nos2 promoter 

activity in ibuprofen treated cells since this treatment did not affect iNOS protein levels. 

C6 cells were transfected with HO-1 siRNA for 48 hours. Cells were pretreated with 

ibuprofen followed by cytokine stimulation for 16 hours. Ibuprofen (1.0 mM) inhibited 

Nos2 promoter activity by 61% in random siRNA transfected C6 216-3L3/2T cells 

(Figure 42). When HO-1 siRNA transfected cells were treated with ibuprofen and 
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stimulated with cytokines, Nos2 promoter activity reduced in comparison to stimulated 

C6 216-3L3/2T cells, without any change in inhibition, compared to random siRNA 

transfected C6 216-3L3/2T cells. Therefore, HO-1 is not involved in the inhibition of 

Nos2 promoter activity in ibuprofen treated and cytokine stimulated C6 216-3L3/2T 

cells. 

 

 
 
 
 
 

       Figure 41: Reversal of the inhibition of Nos2 promoter activity by HO-1 siRNA (100 
nM) in indomethacin (100 µM) treated and cytokine stimulated C6 216-3L3/2T 
cells: HO-1 or random (R) siRNA transfected cells were pretreated with 
indomethacin (indo) for one hour. After pretreatment, cells were stimulated with 
cytokines (st) or not stimulated (unst). After 16 hours, cell lysates were prepared 
and were used for luciferase activity (* p < 0.05) indicates significant differences 
between the random siRNA transfected cells with DMSO pretreatment and 
indomethacin treated cells. (* p < 0.05) indicates significant differences between the 
random siRNA transfected cells with DMSO pretreatment and the indomethacin 
treated cells. (#  p < 0.5) indicates statistical significance between HO-1 siRNA and 
random siRNA transfected cells. (n=3) 
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        Figure 42: Lack of  reversal of the inhibition of Nos2 promoter activity by HO-1 
siRNA (100 nM) in ibuprofen (1.0 mM) treated and cytokine stimulated C6 216-
3L3/2T cells: HO-1 or random (R) siRNA transfected cells were pretreated with 
ibuprofen (ibu) for one hour. After pretreatment, cells were stimulated with 
cytokines (st) or not stimulated (unst). After 16 hours, cell lysates were prepared 
and were used for luciferase activity. (* p < 0.05) indicates significant differences 
between the random siRNA transfected cells with DMSO pretreatment and the 
ibuprofen treated cells. (ns = p > 0.05)  (n=3) 
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gene activity was studied in C6 119-17NF cells. Previous study showed NF-κB is 

involved in Nos2 expression (Davis et al. 2005). In a previous study, it was shown that 

ibuprofen inhibits NF-κB activation (Takada et al. 2004).  Thus, C6 cells with an NF-κB 

reporter gene construct (119-17NF cells) were used to test the level of NF-κB activity in 

ibuprofen treated cells.  IL-1β stimulated C6 119-17NF cells showed an increase in NF-

κB reporter gene activity. Ibuprofen (1.0 mM) reduced NF-κB reporter gene activity by 

30% (Figure 44). Therefore, ibuprofen had an inhibitory effect on NF-κB promoter 

activity in C6 119-17NF cells. Since HO-1 did not inhibit iNOS expression in ibuprofen 

treated C6 119-17NF cells, this inhibition of NF-κB promoter activity may be involved in 

the reduction of iNOS expression by ibuprofen in C6 119-17NF cells. In contrast, when 

C6 119-17NF cells were treated with indomethacin (100 µM), there was no change in the 

level of NF-κB reporter gene activity (Figure 43). Therefore, indomethacin does not 

affect NF-κB activation in C6 119-17NF cells and suggests that indomethacin is not 

altering iNOS expression through this pathway.  
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       Figure 43: Inhibition of NF-κB promoter activity in ibuprofen (1.0 mM) treated and 
cytokine stimulated C6 119-17NF cells: Cells were pretreated with ibuprofen (ibu) 
for one hour, after pretreatment, cells were stimulated with IL-1β (st) or not 
stimulated (unst). After 4 hours, the luciferase assay was done on cell lysates. (* p < 
0.05) indicates significant differences between stimulated cells and unstimulated or 
ibuprofen treated cells. (n=3) 
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Figure 44: Lack of inhibition of NF-κB promoter activity in indomethacin (100 µM) 
treated and cytokine stimulated C6 119-17NF cells: Cells were pretreated with 
indomethacin (indo) for one hour. After pretreatment, cells were stimulated with 
IL-1β (st) or not stimulated (unst). After 4 hours, a luciferase assay was done on cell 
lysates. (* p < 0.05) indicates significant differences between unstimulated and 
stimulated cells. (ns = p > 0.05) (n=3) 
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cells (Figure 45). AICAR (0.25-1.0 mM) did not affect the inhibition by ibuprofen in C6 

cells. Therefore, activation of AMP kinase pathway did not affect the inhibition of nitrite 

production in ibuprofen treated C6 cells. 

  Furthermore, it was of interest to determine if the activation of the AMP kinase 

pathway affected the inhibition of nitrite production by indomethacin (100 μM) in C6 

cells. AICAR (0.25-1.0 mM) alone did not significantly affect nitrite production in 

stimulated C6 cell (Figure 46). When C6 cells were treated with indomethacin (100 µM), 

there was a 70% inhibition in nitrite production. In AICAR and indomethacin treated 

cells, there was a 77% inhibition of nitrite production. Therefore, activation of the AMP 

kinase pathway did not affect the inhibition of nitrite production in C6 cells by 

indomethacin treatment. 
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      Figure 45: Lack of inhibition of nitrite production by 5-aminoimidazole-4-
carboxaide1-β-D-ribofuranoside (AICAR) in ibuprofen (1.0 mM) in cytokine 
stimulated C6 cells: Cells were pretreated with AICAR (0-1.0 mM) for 30 minutes. 
After AICAR pretreatment, cells were pretreated with ibuprofen (ibu) for one hour. 
After one hour of incubation, cells were stimulated with cytokines. After 24 hours, 
culture media were assayed for nitrite production. All ibuprofen treated cells 
produced no nitrite in these experiments. (* p < 0.05) indicates significant 
differences between treated cells and stimulated cells with DMSO vehicle 
pretreatment. (n=3) 
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Figure 46: Lack of inhibition of nitrite production by 5-aminoimidazole-4-
carboxaide1-β-D-ribofuranoside (AICAR) in indomethacin (100 µM) treated and 
cytokine stimulated C6 cells: Cells were pretreated with AICAR (0-1.0 mM) for 30 
minutes. After AICAR pretreatment, cells were pretreated with indomethacin 
(indo) for one hour. After one hour of incubation, cells were stimulated with 
cytokines. After 24 hours, culture media were assayed for nitrite production. (* p < 
0.05) indicates significant differences between treated cells and stimulated cells with 
DMSO vehicle pretreatment. (n=3) 
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CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

4.1 General considerations:  The iNOS protein knockout protects mice from premature 

mortality in an AD mouse model (Nathan et al. 2005). This is consistent with the clinical 

observations that AD is associated with iNOS-positive glial cells (Ishii et al. 2000). 

Indomethacin, as well as other NSAIDs, have been shown to inhibit iNOS expression in 

vitro. These findings point out that inhibition of iNOS induction could prevent or lessen 

the pathogenesis of AD in humans. Long-term NSAID use reduces the risk for AD (in’ 

tVeld et al. 2001). However, the exact mechanisms that indomethacin and ibuprofen use 

to reduce the level of iNOS expression in glial cells had not been previously studied, 

leaving a gap in our knowledge.  We chose to use the C6 glial cell culture model to study 

the mechanism of action of NSAID inhibition of glial cell iNOS expression, because 

iNOS regulation is so well characterized in these cells that utilization of brain cells in 

vitro should be relevant to the action of NSAIDs in the brain.  In this dissertation, the C6 

cell line (Benda et al. 1968) was used as a model for astroglial cells, because it is 

accepted by neurobiologists to function similar to glial cells isolated from intact brain 

(reviewed in Auer et al. 1981). This study tested the hypothesis that HO-1 mediates the 

inhibition of iNOS expression by NSAIDs in C6 cells.   

 A role for HO-1 expression in NSAID inhibition of iNOS expression was selected 

as the most likely mechanism after consideration of other possible pathways that might 

mediate the NSAID effect. Since NSAIDs inhibit prostaglandin formation, the 

expectation might be that NSAIDs reduce iNOS expression by inhibition of prostaglandin 

formation. In fact, it is reported that 1-10 μM PGE2 increases nitrite production in C6 
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cells (Seo et al. 2006). However, it is unlikely that prostaglandins are involved in the 

NSAID mediated inhibition of iNOS expression for two reasons.  First, C6 cells produce 

about 4 ng/ml PGE2 under unstimulated conditions (Nakatani et al. 2002) and about 55 

ng/ml under cytokine stimulated conditions (Liu et al. 1998). This is well below the 350-

3500 ng/ml (1-10 μM) found to inhibit nitrite production by Seo et al. (2006).  Second, 

PGE2 synthesis by C6 cells was inhibited by 2-8 µM indomethacin (Hwang et al. 2004), 

concentrations that are below that required for inhibition of nitrite production in C6 cells 

(Figure 2). Thus, pathways related to prostaglandins were not considered relevant for 

study. 

 Another pathway that was considered to possibly play a role in the NSAID 

inhibition of iNOS protein expression in C6 cells was the PPAR-γ pathway. PPAR-γ 

activators also inhibit iNOS protein expression in glial cells (Kitamura et al. 1999). In 

macrophages, PPAR-γ has a direct effect on the inhibition of iNOS protein expression 

(Maggi et al. 2000). However, the inhibition of iNOS expression in murine microglial 

cells is independent of PPAR-γ (Petrova et al. 1999).  While, the PPAR-γ agonist 15d-

PGJ2 also inhibited nitrite production in C6 cells, the inhibition was not reversed by 

GW9662, a PPAR-γ antagonist (data not shown). Likewise, GW9662 did not reverse the 

inhibition of nitrite production by indomethacin (data not shown). Thus, pathways related 

to PPAR-γ were not considered for study.  

 

4.2 Specific aim 1:  To show that the C6 cells are an appropriate model system for these 

studies, it was necessary to show that indomethacin did inhibit iNOS expression in C6 

cells.  C6 cells were compared to other glial cells, such as rat primary astrocytes and 
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murine N9 microglia cells. Indomethacin inhibited nitrite production in C6 and rat 

primary astrocytes at 100 µM, thus these cells had similar sensitivity in terms of 

inhibition of nitrite production (Figures 2 and 3). In this dissertation, indomethacin (75 

µM) inhibited nitrite production and iNOS expression in N9 cells (Figures 4 and 7), in 

contrast to C6 cells (Figures 2 and 6). Thus, the minimal inhibitory concentration for the 

inhibition of nitrite production by indomethacin is lower in murine N9 cells compared to 

rat C6 cells. Thus, N9 cells are more sensitive to C6 cells in indomethacin inhibition of 

iNOS expression. This difference in minimal inhibitory concentration of indomethacin in 

N9 and C6 cells could be due to stimulation with IFN-γ, TNF-α, and IL-1β for C6 cells 

versus IFN-γ and LPS for N9 cells. The above stimuli contribute to the induction of iNOS 

expression through different pathways leading to the different effects of NSAIDs on 

nitrite production in C6 and N9 cells.  There is a possibility that the inhibition of a 

pathway by NSAID occurs in N9 cells, but that same pathway might not be involved in 

the induction of iNOS in C6 cells. 

 Although, N9 cells were slightly more sensitive to indomethacin, C6 cells were 

used as the model to study the pathway of NSAID inhibition, because C6 cells are better 

characterized and more reagents are available. Our laboratory has stably transfected C6 

clones, such as C6 216-3L3/2T and C6 119-17NF, for testing the hypothesis of this 

dissertation. The reason that N9 cells are more difficult to work with is that the cells are 

not transfected easily so useful reagents are not available.  

 Indomethacin is used clinically results in a low blood concentration of 10 μM  

(Pareja et al. 2001) compared to 100 μM indomethacin used in this dissertation. 

Indomethacin is 90% protein bound in plasma and is not free to cross the brain blood 



 99

membrane (reviewed in Goodman and Gilman. 2006). Thus, indomethacin needs to be 

taken over a long-term in order to have an effect on the brain as it has been shown that 

long-term use of indomethacin lowers the risk of AD (in’ tVeld et al. 2001). This 

suggests that a novel therapeutic drug may be useful clinically for AD if it inhibited 

iNOS expression at a lower concentration and taken during short-term in contrast to 

indomethacin. 

 Ibuprofen inhibits iNOS protein and Nos2 expression at 1.0 mM (Figures 8 and 

10) in contrast to the absence of significant difference at the 1.0 mM for nitrite 

production in C6 cells (Figure 5). This lack of significance at 1.0 mM ibuprofen could be 

due to higher iNOS protein turn over in one set of data that led to the variation in the 

inhibition level of nitrite production when compared to the other sets. Thus, C6 cells are 

sensitive to indomethacin and ibuprofen. 

 iNOS is not the only protein induced with cytokine stimulation. COX-2 protein 

was induced also with cytokine stimulation of C6 cells. In rat microglial cells, there is an 

induction of COX-2 expression by indomethacin (Minghetti et al. 1997). However, 

indomethacin did not change the stimulated COX-2 protein expression levels in cytokine 

stimulated C6 and N9 cells (Figures 11 and 12). The results from this dissertation and 

Minghetti et al. 1997 suggest that a change in COX-2 expression by indomethacin 

depends on the cell type.  

 

4.3 Specific aim 2:  Since we hypothesized that HO-1 has a role in NSAID inhibition of 

iNOS expression in C6 cells, based on the literature, it was important to determine 

whether or not NSAID induced HO-1 protein in C6 cells. There was a low basal HO-1 
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protein expression in unstimulated cells, which was increased by cytokine stimulation 

(data not shown). NSAID did not affect the basal HO-1 expression, but it enhanced HO-1 

expression in cytokine stimulated cells (data not shown). HO-1 expression was induced 

in NSAID treated C6 cells (Figures 13 and 15). These findings support the hypothesis, 

because the induction of HO-1 occurs along with the inhibition of nitrite production. The 

work of Abuarqoub et al. (2006) also found that that hemeoxygenase-1 expression 

correlates with reduced nitrite production in RAW 264.7 cells. 

 

4.4 Specific aim 3:  Based on the hypothesis that HO-1 has a role in NSAID inhibition of 

iNOS expression in C6 cells, it was important to determine whether or not inhibition of 

HO-1 enzyme activity led to reversal of inhibition of nitrite production. Tin 

protoporphyrin, a HO-1 inhibitor, did not reverse the inhibition of the nitrite production 

(Figure 30) and Nos2 promoter activity (Figure 31) by indomethacin in C6 cells. These 

results have led to the speculation that tin protoporphyrin may be inhibiting the 

expression of ferritin, an iron binding protein, in C6 cells that may lead to an increase in 

the availability of iron, which contributes to the inhibition of iNOS expression by 

indomethacin (Figure 22). Tin protoporphyrin did not explain the effect of HO-1 on 

iNOS expression.  

 Since tin protoporphyrin did not explain the role of HO-1 in NSAID inhibition of 

iNOS expression, it led to the utilizations of chemicals that were able to either chelate 

iron or scavenge CO. These chemicals enabled the study to determine effects of HO-1 

enzyme products on NSAID inhibition of iNOS expression.  There is an increase in the 

induction of Nos2 gene expression with deferoxamine treatment in cytokine-stimulated 
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mouse macrophage cell line ANA-1 (Melillo et al. 1997). In J774A.1 mouse macrophage 

cell line, there is also an increase in Nos2 gene expression by deferoxamine (Weiss et al. 

1994). In contrast, deferoxamine did not induce Nos2 expression in unstimulated and 

stimulated C6 216-3L3/2T cells (Figure 20). However, deferoxamine reversed the 

inhibition of Nos2 gene expression in indomethacin-treated and cytokine-stimulated C6 

216-3L3/2T cells (Figure 20). Thus, iron has a role in the inhibition of Nos2 gene 

expression in indomethacin treatment. However, deferoxamine inhibited nitrite 

production in the absence and presence of indomethacin in stimulated C6 216-3L3/2T 

cells (Figure 18). This result suggests that deferoxamine could have an NO scavenging 

effect that led to the inhibition of nitrite production. The lack of reversal of the inhibition 

of Nos2 expression by deferoxamine in ibuprofen treated cells (Figure 21) could be due 

to lower induction of HO-1 by ibuprofen (Figure 15) compared to indomethacin (Figure 

13) treated C6 cells. These findings support the hypothesis, because iron is involved in 

the inhibition of Nos2 expression by indomethacin. 

 In addition to iron, CO is also involved in regulation of Nos2 gene expression. In 

the work of Lee et al. (2005), carbon monoxide inhibits Nos2 gene expression in mouse 

macrophages and microglia. Since iron chelation reversed the inhibition in iNOS 

expression by indomethacin-treated C6 216-3L3/2T cells, it was expected that the 

inhibition of iNOS expression may be reversed by hemoglobin, a CO scavenger. 

However, there was no reversal of the inhibition of Nos2 promoter activity by 

hemoglobin in indomethacin (Figures 24 and 26) or ibuprofen-treated (Figure 25) and 

cytokine-stimulated C6 216-3L3/2T cells. A previous study showed that hemoglobin 

induces HO-1 protein expression (Chen-Roetling et al. 2006), which could lead to an 
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increase in CO production.  Since hemoglobin also induced HO-1 protein expression in 

C6 cells (data not shown), there might be a possibility that hemoglobin increased the 

level of CO in addition to the levels induced by indomethacin leading to the absence of 

the reversal of the inhibition of Nos2 expression. The role of CO in the inhibition of 

iNOS expression by indomethacin might be studied with a synthesized protein that has a 

high affinity for CO only, but to date this protein has not been developed and synthesized 

commercially.  

 Since hemoglobin did not reveal the effect of CO on Nos2 expression in 

indomethacin treated cells, there was a need to determine if CO could inhibit iNOS 

expression in C6 216-3L3/2T cells. Tricarbonyldicholoruthenium (10, 50, and 100 μM), a 

CO releaser, reduced nitrite production in C6 216-3L3/2T cells (Figure 27). In this study, 

tricarbonyldicholoruthenium-treated C6 216-3L3/2T cells were pretreated with ferrous 

hemoglobin, a carbon monoxide scavenger. Ferrous hemoglobin did not reverse the 

inhibition of Nos2 expression by tricarbonyldicholoruthenium (75 µM and 100 µM) 

(Figures 28 and 29). One possible explanation for the lack of effect might be that ferrous 

hemoglobin is a large molecule and is not able to scavenge CO that is present inside the 

cell. In addition, CO might not be involved in the inhibition of Nos2 expression by 

indomethacin in C6 216-3L3/2T cells. Finally, the lower nontoxic 20 μM ferrous 

hemoglobin concentration, compared to the 75 μM concentration of 

tricarbonyldicholoruthenium, might be responsible for the lack of effect by hemoglobin.    

 

4.5 Specific aim 4: Since iron, a product of heme degradation, was important in the 

inhibition of iNOS expression, it was important to determine whether or not inhibition of 
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HO-1 protein expression led to reversal of inhibition of nitrite production. Since the HO-

1 enzyme product iron was involved in indomethacin inhibition of iNOS expression, HO-

1 protein could have been involved in this inhibition.  In order to study the function of 

HO-1 protein in NSAID inhibition of iNOS expression, there was a need for 

manipulation of HO-1 protein in C6 cells. A technique for manipulating gene expression 

is intracellular expression of selective small interfering RNA (siRNA), which was 

discovered in 1998 by Mellon and Fire. siRNA are present in normal cells and function as 

genetic regulators, in order to suppress expressions of specific genes in cells. siRNAs 

were used by Mellon and Fire to manipulate genes in Caenorhabditis elegans. The 

oligonucleotide enters the cells after transfection and afterward the oligonucleotide is cut 

into smaller nucleotides by an enzyme called dicer. Gene are manipulated through 

binding of the siRNA to specific mRNA sequences, which get degraded in the cell by the 

RISC complex (Montgomery et al. 1998). This method is utilized for evaluation of 

protein function in vitro as well as in vivo.  

 In order to evaluate the effect of HO-1 induction on Nos2 gene expression, 

transfection of siRNA was utilized in C6 216-3L3/2T cells. In cobalt protoporphyrin 

treated cells (Figure 36), HO-1 siRNA completely inhibited HO-1 protein expression in 

contrast to the indomethacin treated cells (Figure 37). The possibility for the differences 

in the level of HO-1 protein after siRNA transfection could be that indomethacin is 

expressing HO-1 mRNA at a greater rate than cobalt protoporphyrin and 100 nM HO-1 

siRNA concentration is not high enough to completely block the HO-1 protein expression 

in indomethacin treated C6 216-3L3/2T cells. 
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  It was expected that the inhibition of iNOS expression with NSAID treatment 

would be reversed when HO-1 protein expression was suppressed in C6 216-3L3/2T 

cells. C6 216-3L3/2T cells transfected with HO-1 siRNA showed the reversal of the 

inhibition of iNOS protein expression (Figure 39) and Nos2 promoter activity (Figure 41) 

caused by indomethacin (100 µM). In contrast, C6 216-3L3/2T cells transfected with 

HO-1 siRNA did not show any reversal of the inhibition of iNOS protein expression 

(Figure 40) and Nos2 promoter activity (Figure 42) caused by ibuprofen (1.0 mM). A 

lack of reversal of the inhibition of Nos2 expression by HO-1 siRNA may be due to HO-

1 independent effects of ibuprofen on Nos2 gene expression. HO-1 siRNA reversed the 

induction of HO-1 protein expression to basal levels in ibuprofen-treated cells (Figure 

38), but the reversal of HO-1 protein did not reach the basal level in indomethacin-treated 

cells (Figure 37). Thus, there may be a threshold level in the induction of HO-1 protein 

that needs to be reached before an HO-1 dependent effect becomes apparent in C6 216-

3L3/2T cells.  These results point out that indomethacin and ibuprofen are different even 

though they are nonselective COX inhibitors. In addition, these findings support the 

hypothesis, because inhibition of the HO-1 protein induction by siRNA led to the reversal 

of the inhibition of nitrite production in indomethacin treated C6 216-3L3/2T cells. Even 

though ibuprofen, in contrast to indomethacin, did not inhibit iNOS expression through 

HO-1, the reason for the induction of HO-1 by ibuprofen might be that the antioxidative 

molecules including iron, carbon monoxide, bilirubin released by the enzymatic action of 

HO-1 protein protect cells from oxidative damages.  

  



 105

4.6 Additional studies:  Since ibuprofen did not inhibit iNOS expression through HO-1, 

there were other possible pathways that were explored in this dissertation. NF-κB is one 

of the regulators of the Nos2 gene expression in C6 cells (Sanchez et al. 2003; Davis et 

al. 2005). In previous study, ibuprofen inhibited NF-κB activity in mouse microglial cells 

(Lo et al. 1998). Furthermore, ibuprofen reduced NF-κB reporter gene activity in C6 119-

17 NF cells transfected with a NF-κB reporter gene construct (Figure 44). Ibuprofen 

might be inhibiting Nos2 gene expression through another pathway in addition to the NF-

κB pathway since the level of inhibition of the reporter activity was less in C6 119-17 NF 

cells compared to C6 216-3L3/2T cells. This difference in the inhibitory level could be 

due to stimulation with IL-1β in C6 119-17 NF cells instead of IL-1β, IFN-γ, and TNF-α 

in C6 cells. However, indomethacin did not affect NF-κB activity in C6 cells (Figure 44) 

and this result shows drug selectivity for the inhibition of NF-κB activity. 

 In order to understand how ibuprofen inhibits iNOS expression in C6 cells, there 

was interest in the possible involvement of AMP-activated protein kinase. AICAR (a 

potent activator of AMP-activated protein kinase) also blocks pro-

oxidant/proinflammatory responses (Ayasolla et al. 2005). However, AICAR did not 

affect the inhibition of nitrite production in ibuprofen-treated and cytokine-stimulated C6 

cells (Figure 45). Surprisingly, ibuprofen completely inhibited iNOS expression in 

cytokine stimulated C6 cells in these experiments, which was not seen before. This 

finding with ibuprofen could be due to the different passages of cells leading to the 

variation seen in the nitrite production.  
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4.7 Conclusions: In summary, indomethacin and ibuprofen affected Nos2 expression 

transcriptionally. This change in gene expression is in accord with the effects of 

indomethacin and ibuprofen on iNOS protein expression, as well as nitrite production in 

C6 glial cells. On the other hand, indomethacin and ibuprofen induced HO-1 protein in 

C6 glial cells. Iron, a product of HO-1 enzyme activity, was involved in the inhibition of 

iNOS expression by indomethacin since chelation of iron reversed the inhibition of iNOS 

expression. Curiously, iron was not involved in iNOS inhibition by ibuprofen. In contrast 

to iron, CO could not be shown to be involved in the inhibition of Nos2 promoter activity 

in C6 cells. In addition, HO-1 protein was shown to be involved in the change of Nos2 

expression by indomethacin, but not the change caused by ibuprofen, when studied using 

HO-1 siRNA. Therefore, indomethacin inhibits iNOS expression through HO-1 protein in 

contrast to ibuprofen. Ibuprofen may be inhibiting iNOS expression through inhibition of 

NF-κB activity in C6 cells, since ibuprofen inhibits NF-κB activity in C6 cells. The 

mechanism of action of indomethacin and the possible mechanism of action of ibuprofen 

for the inhibition of iNOS expression in C6 glial cells is depicted in figure 47.  

 This dissertation has narrowed the gap about the mechanism of action of 

indomethacin on the inhibition of iNOS expression, which contributes to neuronal cell 

death in neurodegenerative diseases. There are still gaps on how ibuprofen inhibits iNOS 

expression in glial cells that needs to be researched in the future. The studies in this 

dissertation might be eventually useful in deriving new therapies in the future that may 

prevent the neuronal cell deaths due to iNOS expression that is prevalent in 

neurodegenerative diseases.   
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Figure 47: Differential mechanisms for the inhibition of iNOS expression by 
indomethacin and ibuprofen in C6 cells: Nitrite production from glial cells causes 
neuronal cell death. Indomethacin (white) and ibuprofen (red) inhibit prostaglandin 
formation by inhibiting COX enzyme and induce HO-1 protein expression in C6 
cells. Hemeoxygenase-1 degrades heme and produces iron, carbon monoxide, and 
biliverdin, which is reduced to bilirubin via biliverdin reductase. Iron inhibits Nos2 
mRNA transcription, iNOS protein expression, and nitrite production in C6 cells. 
Iron is involved in the inhibition of Nos2 mRNA transcription, and iNOS protein 
expression in indomethacin treated C6 cells. Carbon monoxide inhibits Nos2 mRNA 
transcription, but unknown effects on Nos2 mRNA transcription, iNOS expression, 
and nitrite production in indomethacin treated C6 cells. Ibuprofen inhibits Nos2 
mRNA transcription, iNOS expression, and nitrite production in C6 cells. Ibuprofen 
inhibits NF-κB promoter activity in C6 cells. (arrows represent signaling pathways) 
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