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ABSTRACT 
 

Glucocorticoids (GCs) are endogenous steroid hormones that regulate a number 

of critical physiological processes.   Psychological stress increases the level of GCs in the 

circulating system.   The biological effect of elevated GCs on the heart is not well 

understood. We found that GCs induced Cyclooxygenase-1 (COX-1) and COX-2 gene 

expression in cardiomyocytes.  COX-1 or COX-2 encodes the rate-limiting enzyme in the 

biosynthesis of prostanoids, which modulate crucial physiological and pathophysiological 

responses. The present studies aim to elucidate the signaling transduction pathway and 

the mechanism underlying GC induced COX expression.  

 Our data demonstrate that GCs activate COX-1 gene expression through 

transcriptional regulation.  COX-1 gene promoter studies support a role of Sp binding site 

in CT induced COX-1 gene expression.  The nuclear protein binding to this site appears 

to be Sp3 transcription factor.  Co-immunoprecipitation assays indicated a physical 

interaction between GR and Sp3 protein. Silencing of Sp3 transcription factor with small 

interfering RNA suppressed CT-induced COX-1 promoter activation.  These data suggest 

that the activated GR interacts with Sp3 transcription factor that binds to COX-1 

promoter to up-regulate COX-1 gene expression in cardiomyocytes. 

We also found that administration of GC in adult mice increased the level of 

COX-2 in the ventricles.  With isolated neonatal cardiomyocytes, corticosterone (CT) 

induces the transcription of COX-2 gene.  This response appears to be cardiomyocyte cell 

type specific and GC receptor (GR)-dependent.  CT causes activation of p38 MAPK and 
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subsequently CREB phosphorylation that mediates COX-2 gene expression.  

Mifepristone, a GR antagonist, failed to inhibit p38 and CREB activation and p38 

inhibition failed to prevent activation of GR.   These data suggest that two parallel 

signaling pathways, GR and p38 MAPK, act in concert to regulate the expression of 

COX-2 gene in cardiomyocytes. 

In addition to the investigation of mechanism and signaling transduction pathway, 

I have explored pharmacological agents that modulate COX expression. LY294002, a 

commonly used PI3K inhibitor, inhibited COX-2 gene expression via a PI3K-

independent mechanism.  Whereas GSK-3 inhibitors, such as lithium chloride, 

upregulated COX-2 gene expression, but suppressed GC-induced COX-1 expression.  

These data have paved the foundation for pharmacological manipulation of COX-1 and 

COX-2 gene expression in the heart.  
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CHAPTER I    INTRODUCTION 
 

Glucocorticoids 

The historical breakthrough in glucocorticoids (GCs) research can be traced back 

to 1929.   The concept of using cortisone as a treatment for patients with rheumatoid 

arthritis was developed back then by a rheumatologist, Philip S. Hench, at the Mayo 

Clinic.  Before cortisone was identified, Dr. Hench postulated the presence of a substance 

X produced endogenously as an adrenal hormone (Glyn 1998).  Edward Kendall at the 

Mayo Clinic, and Tadeus Reichstein in Switzerland, at that time, worked independently 

on isolation and identification of adrenal hormones.  By 1935, Edward Kendall and his 

co-workers had isolated “compound E”, i.e. 17-hydroxy-11-dehydrocorticosterone, from 

the adrenal cortex. This “compound E” was later named as “cortisone” after the first 

clinical trial in 1949.   From the clinical trial, a striking effect of cortisone was reported in 

healing rheumatoid arthritis (Hench et al. 1949). New York Times described this finding 

as a “modern miracle”. Cortisone is the inactive form of cortisol, a primary endogenous 

form of GC in humans. An enzyme, 11β-hydroxysteroid dehydrogenases (11β-HSD), 

converts cortisone to biologically active cortisol in vivo. In 1950, Philip S. Hench, 

Edward Kendall, and Tadeus Reichstein were awarded the Nobel Prize in Medicine and 

Physiology for the discoveries of structures and biological effects of adrenal cortex 

hormones.  

Synthesis and metabolism 

Corticosteroids define a class of steroid hormones produced by the adrenal glands 

in vertebrates. Based on the functional differences, corticosteroids are comprised of two 
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major groups: GCs and mineralocorticoids. However, the term “corticosteroids” is 

commonly used as a synonym for GCs. Cortisol, also known as hydrocortisone, is the 

principal GC hormone in humans, while its counterpart in rodents is corticosterone. The 

two GCs differ only by one group at position C-17 with cortisol having a hydroxyl group 

and corticosterone having an H atom (Figure 1).  Corticosteroids are synthesized from 

cholesterol in the zona fasciculata of the adrenal glands. In adrenal cortex, cholesterol is 

converted into pregnenolone by a Cytochrome P450 enzyme, CYP11A. This critical step 

occurs in the mitochondria of steroid-producing cells and is regulated by the 

adrenocorticotropic hormone (ACTH) released from the anterior pituitary. Pregnenolone 

can be either dehydrogenated to form progesterone or hydroxylated to form 17-α-

hydroxypregnenolone. 17α-hydroxyprogesterone can also derive from progesterone. 

Cortisol is derived from 17-α-hydroxypregnenolone with 17α-Hydroxyprogesterone and 

11-deoxycortisol as intermediates. In contrast, corticosterone is produced from 

progesterone precursor with 11-deoxycorticosterone as an intermediate (Fig. 1).  

The key enzyme that mediates GC metabolism is 11β-hydroxysteroid 

dehydrogenases (11β-HSD). Two isoforms of 11β-HSD have been discovered: 11β-

HSD1 and 11β-HSD2.   11ß-HSD1 is widely expressed in the liver, lung, adipose tissue, 

vasculature, ovary, and the central nervous system. In vivo, 11ß-HSD1 converts inactive 

GCs into their biologically active forms, for example, from cortisone to cortisol. In 

contrast, 11β-HSD2 converts active GCs, i.e.cortisol or corticosterone, into to inactive 

11-keto analogues, rendering the binding of the steroids to their receptor (Fig. 2). 11β-

HSD2 is expressed in the kidney, colonic mucosa, salivary glands, and placenta. 
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Figure 1. Biosynthesis of glucocorticoids. 
 

Cholesterol is converted into pregnenolone. Pregnenolone can be either dehydrogenated 
to form progesterone or hydroxylated to form 17-α-hydroxypregnenolone. Cortisol is 
derived from 17-α-hydroxypregnenolone with 17α-Hydroxyprogesterone and 11-
deoxycortisol as intermediates. Corticosterone is produced from progesterone precursor 
with 11-deoxycorticosterone as an intermediate. 17α-hydroxyprogesterone can also 
derive from progesterone. 
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Although the kidney is the primary site of inactivating GCs, GC metabolism occurs 

mainly in the liver. The final products of the metabolism, for example 5-α and 5-bβ

tetrahydrocortisol (THF) and 5-β tetrahydrocortisone (THE) from cortisol metabolism 

(Fig. 2), are eliminated through urinary excretion (Tomlinson and Stewart 2001).  

At the cellular level, 11β-HSD1 and 11β-HSD2 regulates GCs availability locally. 

This feature adds to the complexity of cell type or tissue specificity of GC activities. The 

tissue-specific expression of 11ß-HSD has been established as an important mechanism 

in the pathogenesis of various diseases (Tomlinson and Stewart 2001).  While 11ß-HSD2 

expression is extremely low in cardiac cells, 11ßHSD1 levels are high in both cardiac 

myocytes and fibroblasts (Sheppard and Autelitano 2002). This suggests that cardiac cells 

can be highly sensitive to GCs.  However the biological actions of GCs on cardiac cells 

have not been fully explored. 

Diurnal Cycle of GC Levels 
 

As an essential hormone regulating several physiological processes, the 

production of GCs from adrenal gland follows a diurnal cycle. The plasma level of GCs 

peaks in the early morning around 6~8am, followed by a decline throughout the day, and 

reaches the nadir at about midnight. The highest level normally is 10 to 25 µg/dl (~ 0.3- 

0.7 µM), while the lowest level is around 0.05-0.1 µM. (Retana-Marquez et al. 2003). In 

the circulating system, the majority of cortisol is bound to either globulin or albumin, and 

only about 5-10% of total serum cortisol can be found free. The bound steroid is 

biologically inactive due to the fact that they can not dissociate from bound proteins and  
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Figure 2. Metabolism of glucocorticoids. 

11ß-HSD1 converts cortisone into cortisol. 11β-HSD2 converts cortisol into keto 
analogues. 5-α and 5-bβ tetrahydrocortisol (THF) and 5-β tetrahydrocortisone (THE) are 
cortisol metabolism. Adapted from (Tomlinson and Stewart 2001). 
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move out of circulation system to get into cells. Figure 3 demonstrates the circadian 

rhythms of serum cortisol in healthy boys and girls. 

The plasma level of cortisol is tightly regulated via hypothalamo–pituitary–

adrenal (HPA) axis. The anterior pituitary gland produces the peptide hormone 

Adrenocorticotropic Hormone (ACTH or corticotropin). When released into the 

bloodstream, ACTH circulates to the adrenal glands and binds to its receptor on 

adrenalcortical cells to stimulate the GC synthesis. ACTH synthesis and secretion from 

the pituitary is under the control of Corticotropin-Releasing Hormone (CRH) and 

Arginine Vasopressin (AVP), two neuropeptides secreted by the hypothalamus. The 

release of CRH from hypothalamus is regulated by neural, endocrine and cytokine signals 

(Rhen and Cidlowski 2005). Excess GC suppresses its own production through a negative 

feedback loop. GCs suppress CRH secretion from the hypothalamus and ACTH secretion 

from anterior pituitary when their plasma levels rise above a threshold. Without the 

stimulation of ACTH, the adrenal glands cease GC synthesis and secretion.  The 

complete loop consisting positive regulation via HPA axis and negative feed back control 

maintains the diurnal fluctuation of GC levels in the plasma (Figure 4).  
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Figure 3. Serum cortisol profiles for boys and girls of short, normal, and tall stature. 
 
Circadian rhythms of serum cortisol are shown. The plasma level of cortisol peaks in the 
early morning, followed by a decline throughout the day, and reaches the nadir at about 
midnight. Adapted from (Knutsson et al. 1997). 
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Figure 4. Modulation of glucocorticoid level by HPA axis 
The plasma level of glucocorticoids is regulated via hypothalamo–pituitary–adrenal 
(HPA) axis. The anterior pituitary gland produces Adrenocorticotropic Hormone (ACTH 
or corticotropin) to stimulate the GC synthesis in adrenalcortical cells in the adrenal 
glands. ACTH synthesis and secretion from the pituitary is under the control of 
Corticotropin-Releasing Hormone (CRH) and Arginine Vasopressin (AVP) from the 
hypothalamus. The release of CRH from hypothalamus is regulated by neural, endocrine 
and cytokine signals. Excess GCs suppress CRH secretion from the hypothalamus and 
ACTH secretion from anterior pituitary. Without the stimulation of ACTH, the adrenal 
glands cease GC synthesis and secretion.   
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Stress  

Stress is a key excitatory element of increased HPA axis activity. Either physical 

or psychological stress increases the synthesis of GCs.  The long list of various forms of 

stress includes academic examinations, public presentation, divorce, emotional trauma, 

sport competition, job interview, and so on. These forms of stress result in several fold 

elevation of plasma levels of GC.  For this reason, GCs are known as ‘the stress 

hormone’. After a transient stress, the GC level rises within 5–10 min, peak at 30 min, 

and decline to normal within 60–90 min (de Kloet et al. 2005). For example, high-

intensity exercise causes the plasma level of cortisol to reach 1.1uM, higher than the peak 

level of the diurnal cycle (Deuster et al. 2000).  Several animal models have been 

developed to study stress, such as immobilization, forced swimming, cold/heat/electrical 

shock, restraining, all of which dramatically increase the level of GC in the blood.  

Chronic psychosocial stress increases the overall levels of circulating GCs and 

disturbs the diurnal cycle.  In parallel, chronic psychosocial stress has been linked to the 

increased risk of various diseases, including depression, immune suppression, 

hypertension, and neurodegenerative disease (Vanitallie 2002). Several studies have 

documented the consequence of psychosocial stress as an increased  risk of 

cardiovascular diseases in animal models and in humans (Rozanski et al. 1999; Yan et al. 

2003; Rozanski et al. 2005). 
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Physiological Functions 

GCs play a vital role in the regulation of a variety of essential physiological 

functions from body metabolism and biochemical homeostasis to immune response. 

Although the name “glucocorticoid” derives from its function in glucose metabolism, 

GCs regulate the metabolism of amino acid, fatty acid, and carbohydrate in almost all 

tissues.   GCs maintain the plasma concentration of glucose, stimulate gluconeogenesis in 

the liver using amino acids and lipids as substrates, inhibit glucose uptake by muscle and 

adipose tissue, and increase protein or fat breakdown in general.  

At the organ level, GCs regulate central and peripheral nervous, cardiovascular, 

endocrine, and immune systems. It is known that GCs alter mood through its effects on 

CNS. In addition, GCs influence the synthesis of prostaglandin, angiotensinogen, artrial 

natriuretic peptide, and several other factors that modulate vascular tone. GCs have 

multiple effects on fetal lung development and promote gastric acidity. Therefore, with 

the arrays of GC function involving a variety of organ systems, it is expected that the 

disturbance of GC levels can produce numerous deleterious effects.  

The most prevalent disorder is GC excess syndrome or hyperadrenocorticism.  

This disease is commonly known as Cushing’s disease, named after the eminent 

neurosurgeon Harvey W. Cushing (1869-1939). Excessive levels of GCs result from 

hyperactivity of HPA axis, excessive secretion of ACTH, or administration of therapeutic 

GCs. High levels of GCs in the circulating system have widespread effects on 

physiological metabolism and organ function, manifested as delayed wound healing, 

hypertension, obesity, fatigue, muscle wasting, thin skin, diabetes, and weakened bone.  
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Addison’s disease, or hypoadrenocorticism, is caused by insufficient production 

of GCs. The low levels of GCs occur when the adrenal glands do not secrete enough GCs 

due to a disorder of the adrenal glands or inadequate secretion of ACTH by the pituitary 

gland. Clinical signs of Addison's disease include fatigue, weight loss, low blood pressure, 

skin darkening, and diarrhea.  Therefore the balance of GC levels is important for the 

general health of humans. 

 Pharmacology 

Following the ground breaking discovery of cortisone for treatment of rheumatoid 

arthritis (Hench et al. 1949), a variety of synthetic GCs have been made with different 

potency and half-life, such as dexamethasone and prednisone. Nowadays, GCs are among 

the most frequently prescribed medications for their potent immunosuppressive effects 

and have wide implications in dermatology, rheumatology, immunology, and oncology. 

Diseases treated with GCs feature inflammation and/or activation of immune system, 

such as rheumatoid arthritis, asthma, bowel disease, chronic obstructive pulmonary 

disease, lupus, multiple sclerosis, atherosclerosis, and dermititis.  GCs are among the 

essential drugs to suppress immune response or tissue rejection for organ transplant.  

Inflammatory response is initiated with the release of proinflammatory mediators 

at the injury site and increased vasodilation and capillary permeability, promoting 

migration of leukocytes from the blood stream into injured tissues. A variety of cell types, 

including granulocytes, macrophages, eosinophils, mast cells, T lymphocytes, dendritic 

cells, endothelial cells, epithelial cells, and neutrophils, are involved in the inflammatory 
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response. At the molecular level, increased expression of pro-inflammatory factors, such 

as cytokines, chemokines, kinins, growth factors, adhesion molecules, and inflammatory 

enzymes such as iNOS and COX-2, promote the proliferation, maturation, activation, and 

migration of immune cells.  

GCs reduced inflammation through direct or indirect interfering with pro-

inflammatory signaling process at both cellular and molecular levels.  At the molecular 

level, GCs increase the expression of anti-inflammatory proteins and suppress pro-

inflammatory gene expression. For example, biosynthesis and release of eicosanoids, 

including prostaglandins, thromboxanes, prostacyclins, leukotrienes, and lipoxins play 

critical roles in the initiation of inflammation. GCs inhibit prostaglandin synthesis either 

by increasing gene expression of annexin I (also called lipocortin-1), which in turn 

inhibits phospholipase A2, or suppressing gene expression of COX-2. Both 

phospholipase A2 and COX-2 are crucial for prostaglandin synthesis. At the cellular level, 

GCs induce apoptosis in lymphocytes (Distelhorst 2002; Herold et al. 2006). GCs reduce 

T cell proliferation and increased T cell apoptosis partly through inhibition of the T cell 

growth factor and IL-2 expression. GC reduces eosinophilia by directly promoting 

apoptosis of eosinophil and indirectly by suppressing the expression of receptor, 

cytokines or growth factors essential for eosinophil maturation, recruitment, and survival. 

Despite the effectiveness as immunosuppressive and anti-inflammatory therapeutic 

agents, the long term use of GC is limited due to adverse side effects, such as Cushing’s 

disease described above, and development of GC resistance.  
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Mechanisms of Glucocorticoid Action 
 

Most of GCs effects are mediated by an intracellular protein, the ~94KD 

glucocorticoid receptor (GR). The GR belongs to the nuclear receptor superfamily 

(Whitfield et al. 1999). This protein exists in almost all types of cells in animals and 

humans. Without the ligand, GR is inactive and predominantly resides in the cytoplasm 

in association with molecular chaperones, such as HSP90. Following ligand binding, the 

GR suppresses or activates gene expression through at least three means: genomic effect, 

protein-protein interaction, and non-genomic effects (Leung and Bloom 2003) (Necela 

and Cidlowski 2004; Rhen and Cidlowski 2005; Ito et al. 2006).  

 

Genomic Effects 
 

The genomic effects of GC are dependent on direct binding of DNA and GR. As 

steroid hormones, the lipophilic nature of GCs allows them to cross the cell membrane 

freely. After GCs enter cells, they bind to GR with high specificity and affinity. The 

binding promotes dissociation of the GR from molecular chaperones. The ligand bound 

receptor translocates to the nucleus and forms a homodimer. This dimer, as a 

transcription factor, binds to the target genes at the consensus sequences known as 

Glucocorticoid Response Element (GRE), which is consisted of two half-sites (5’-

AGAACA-3’) as inverted repeats with a spacer of three nucleotides, forming a 

palindromic structure. Each receptor monomer binds to one half-site (Figure 5).  

The ligand bound GR also recruits transcriptional coactivator complexes, such as 

SRC-1, p/CAF, and cyclic AMP response element–binding protein (CREB)-binding  
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Figure 5. Classical mode of glucocorticoid receptor mediated transcriptional 
activation. 
 
Glucocorticoids (GCs) cross the cell membrane freely andbind to glucocorticoid receptor 
(GR). The binding promotes dissociation of the GR from molecular chaperones, such as 
SHPs. The ligand bound receptor translocates to the nucleus and forms a homodimer. 
This dimer, as a transcription factor, binds to the promoter or enhancer region of target 
genes at the consensus sequences known as Glucocorticoid Response Element (GRE) to 
start transcription. 
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protein (CBP)/p300. Some of these coactivators have intrinsic histone acetyltransferase 

activity and can acetylate the core histones to induce nucleosomal rearrangement and 

DNA unwinding. Other transcriptional coactivator complexes contributing to chromatin 

remodeling process include ATP-dependent chromatin remodeling enzymes, such as 

switching (SWI) and/or sucrose fermentation. The remodeling of chromatin structure 

leads to an increase of promoter accessibility and recruitment of basal transcriptional 

machinery, resulting in the initiation of target gene transcription (Deroo and Archer 

2001). In spite of the ability of GCs to induce the transcription of a large number of genes, 

GR binding to DNA can also result in transcriptional suppression of selective genes.  

This may occur through at least two mechanisms. First, the binding of GR to GRE 

triggers recruitment of transcriptional corepressor, instead of coactivator. These 

corepressors exhibit histone deacetylase activity and therefore decrease the histone 

acetylation and restore the folding of chromatin structure, making the DNA sequences 

inaccessible to transcriptional machinery. Second, GR may bind to the cis-element called 

the negative glucocorticoid response element (nGRE). Although the nGRE was first 

reported present in pro-opiomelanocortin gene promoter by Drouin and colleagues in 

1993 (Drouin et al. 1993), the precise mechanism of negative GRE action remains largely 

undefined.  

Protein-protein Interaction 

 GR can also activate or suppress gene expression independent of DNA-binding, 

through protein-protein interaction.  Many inflammatory genes are suppressed by GCs 

through this mechanism. Most of these genes do not contain GRE in their promoters.  
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The inhibition of these gene expressions occurs mainly through the interaction between 

ligand bound GR and other transcription factors, such as NFκB, AP-1, and STAT. This 

type of physically interaction blocks the activity of the transcription factors critical to 

induce inflammatory gene expression.  

 The interaction between GR and certain transcription factors can also enhance 

gene expression. Transcription factors binds to the promoter of target genes. The ligand-

bound GR then interacts with transcription factors, instead of DNA, and acts as a 

transcriptional coactivator to initiate gene transcription. These transcription factors 

include STAT, Ets, Oct, Sp1, and C/EBP.  In this way, GR regulates target gene 

expression through indirect binding to the promoter regions.  

Non-genomic effects 

Increasing evidence suggests that GCs and other steroid hormones can produce 

biological effects, unlikely through modulation of gene expression. These effects may or 

may not lead to the change of gene expression (Wehling 1997; Limbourg and Liao 2003; 

Stellato 2004).  

The non-genomic action of GCs initiates signaling transduction rapidly and 

cannot be inhibited by RNA synthesis inhibitor actinomycin D. Recent studies have 

found that steroids can activate several kinase-mediated signal transduction pathways 

within 20 minutes (Hafezi-Moghadam et al. 2002; Limbourg and Liao 2003). In contrast, 

the genomic effect typically takes hours to alter gene expression (Buttgereit and 

Scheffold 2002; Stellato 2004). Several theories have been generated to explain these 

non-genomic effects: 1) non-specific interaction of GCs with the plasma membrane; 2) 
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specific interaction of GCs with a postulated membrane associated GR, and 3) specific 

interaction of GCs with classical intracellular GR (Buttgereit and Scheffold 2002; 

Stellato 2004).  However, the exact mechanism of non-genomic effects of GCs remains 

under the debate.  

A well described non-genomic effect of GCs was published by James K. Liao’s 

group (Hafezi-Moghadam et al. 2002). They found that GCs stimulate the activity of 

phosphatidylinositol 3-kinase and protein kinase Akt in endothelial cells, leading to 

eNOS activation and nitric oxide−dependent vasorelaxation. These effects are 

transcription-independent but instead involving the physical interaction of GR to the p85 

regulatory subunit of phosphatidylinositol 3-kinase.  

 

Glucocorticoids and Heart 

Earlier studies have documented that GCs exert protective effects against acute 

myocardial infarction. It has been reported that pharmacological doses (50mg/kg) of 

hydrocortisone prevent myocardial cells from progressing to ischemic necrosis (Libby et 

al. 1973A) and methylprednisolone, a synthetic GC, protects the hearts against ischemia-

reperfusion injury in the experimental model of cats (Spath et al. 1974). In addition, 

dexamethasone is capable of preventing the developing infarct within the ischemic 

myocardium in cats (Lefer et al. 1980). The mechanism of these protective effects has 

been attributed to induction heat shock proteins (HSPs).  High dose (10-100 µM) of 

dexamethasone increased HSP72 in adult rat cardiomyocytes and overexpression of HSPs 

has been shown to be protective against cardiac injury (Sun et al. 2000).  Recent studies 
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show that high does of dexamethasone  cause the activation of endothelial nitric oxide 

synthase (eNOS), leading to vasodilatation (Hafezi-Moghadam et al. 2002). Furthermore, 

inflammation response contributes at least in part to deterioration of infarction. GCs may 

inhibit inflammatory response by increasing the expression of annexin I and suppressing 

of NFκB activity in leukocytes (La et al. 2001; Zingarelli et al. 2002). Collectively, GCs 

may protect hearts from ischemic injury through activation of eNOS, suppression of 

inflammation, and induction of cytoprotective genes.   

Although short-term therapeutic use of GCs is protective, the effect of long-term, 

high-level of GC on cardiovascular system seems more detrimental than beneficial. 

Increased level of GCs has been linked to a risk of atherosclerosis, hyperglycemia, 

hypertension, dyslipidaemia, and heart failure (Walker et al. 1998; Souverein et al. 2004) 

(Fraser et al. 1999) (Whitworth et al. 2000; Wei et al. 2004). Moreover, prolongation of 

corticosterone treatment increases myocardial infarct size (Scheuer and Mifflin 1997) 

(Hammerman et al. 1984; Mannisi et al. 1987). Experimental evidence also suggested 

that elevated levels of GCs may change the size, structure, and function of the heart 

(Czerwinski et al. 1991) (Ito et al. 1979). Furthermore, studies on neonates suggest that 

GCs induce myocardial hypertrophy in vivo (de Vries et al. 2002) (Savary et al. 1998) 

(Skelton et al. 1998; Muangmingsuk et al. 2000).(Czerwinski et al. 1991; La Mear et al. 

1997). The levels of antioxidant enzymes such as catalase, superoxide dismutase, 

glutathione peroxidase and glutathione S-transferase are significantly decreased in heart 

during GCs administration (Rajashree and Puvanakrishnan 1998). Due to these 
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detrimental effects, GCs have not been a popular drug of prescription for cardiovascular 

disease.  

While the effects of GCs on cardiovascular system have been widely studied in 

vivo, there are only a limited number of reports published on the direct effect of GCs on 

cardiac myocytes or fibroblasts. In addition to reports discussed above, it has been shown 

that GCs regulate calcium channel and potassium channel expression, which may affect 

excitability of cardiomyocytes (Takimoto et al. 1997) (Ito et al. 1979; Wang et al. 1999) 

(Takimoto and Levitan 1994; Levitan et al. 1996). In addition, GCs directly induce 

hypertrophy in rat cardiomyocytes in vitro (Whitehurst et al. 1999; Lister et al. 2006). 

Previous study from our lab showed that corticosteroids protect cardiomyocytes from 

apoptosis induced by doxorubicin, an antineoplastic drug known for its side effect of 

inducing cardiomyopathy (Chen et al. 2005).  Cytoprotection elicited by corticosteroids 

involves induction of bcl-xL gene and reprogramming of the gene expression profile 

(Chen et al. 2005). Cyclooxygenase-1 and -2 are among the genes upregulated by GCs in 

cardiomyocytes. Studies presented in this thesis investigate the mechanism and signaling 

transduction involved in cyclooxygenase gene regulation.  
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Cyclooxygenase 

 
Genes and Proteins 

Cyclooxygenase (COX), also known as prostaglandin H synthase (PGHS) or 

prostaglandin-endoperoxide synthase (PTGS), is a rate-limiting enzyme ((EC 1.14.99.1) 

in the biosynthesis prostaglandins and thromboxanes, collectively called prostanoids.   

In 1971, Vane first observed that nonsteroid anti-inflammatory drugs (NSAIDs) 

suppress inflammation through inhibition of COX enzyme, and thus prostaglandin 

synthesis (Vane 1971). John Vane won 1982 Nobel Prize in medicine for his work on 

prostaglandins. As it turns out, there are two isoforms of COX have been well studied: 

COX-1 and COX-2. The COX-1 enzyme was first isolated from sheep seminal vesicles in 

1976 (Hemler and Lands 1976), while the COX-1 gene was cloned in 1988 by three 

groups independently (DeWitt and Smith 1988) (Yokoyama et al. 1988) (Merlie et al. 

1988). In 1991, COX-2 gene was cloned from three independent studies (Xie et al. 1991) 

(Funk et al. 1991; O'Banion et al. 1992). The discovery of COX-2 initiated a revolution 

in understanding of physiological and pathological roles of prostanoids and elucidating 

the functional difference among COX isoenzymes has been an area of emphasis since 

then.  

Recently, several splice variants of COX have been reported. (Chandrasekharan et 

al. 2002) (Schneider et al. 2005) (Roos and Simmons 2005; Botting 2006) (Warner and 

Mitchell 2004). One of these variants was identified as COX-3 from the canine cerebral 

cortex (Chandrasekharan et al. 2002).   However, it still remains under debate whether 
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this COX-3 is truly a third isoform and whether a functional COX-3 protein is expressed 

in humans (Dinchuk et al. 2003; Hersh et al. 2005). Based on the sequence information of 

putative COX-3, the retention of intron 1, with 94 nucleotides in humans, would lead to a 

shift in the reading frame, thus encoding a protein unrelated to COX-1. This reading 

frame shift makes it questionable whether COX-3 is presence in the humans. 

COX gene sequence is conserved among animals and humans. Approximately

90% sequence homology is found between species for COX-1 or COX-2 gene (Kulkarni

et al. 2000). In the humans, the COX-1 gene is located on chromosome 9q32–q33.3, 

while COX-2 gene is on chromosome 1q25.2–q25.3. The COX-2 gene spans 8.3

kilobasese (kb) in length, while the COX-1 gene captivates a much larger sequence at 22

kb. The COX-2 gene encodes 4.5 kb mRNA and COX-1 mRNA is 2.8 kb (Vane 1998).

Compared to COX-2 gene, human COX-1 gene contains an extra intron in the sequence 

encoding the N-terminal signal peptide of the protein. Other than this difference, the 

structure of the COX-1 gene is very similar to that of the COX-2.  

COX-1 and COX-2 proteins share similarities in structure and enzymatic activity. 

Both are membrane-bound heme-containing proteins with a molecular weight of ~70KD. 

Human COX-1 and COX-2 proteins have roughly the same number of amino acids and

share 63% identical sequence. Both isoenzymes show similar protein domains and three-

dimensional X-ray crystal structure (Picot et al. 1994; Kurumbail et al. 1996; Luong et al.

1996; Vane 1998). The amino acid conformation for the substrate binding sites and 

catalytic regions are nearly identical.  Minor differences in these regions cast the critical 

feature determining the selectivity of the substrates and inhibitors.  
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Both enzymes catalyze the reaction of converting arachidonic acid into 

prostaglandin H2 with similar kinetic constants.  COXs are bifunctional enzymes, i.e. 

they catalyze two reactions: first, cyclooxygnease (bis-oxygenase) reaction in which 

arachidonic acid is converted into prostaglandin G2 after two molecules of oxygen are 

added on the fatty acid. The second reaction is a peroxidase reaction in which the 

prostaglandin hydroperoxidase activity of COX reduces prostaglandin G2 to H2 by two 

electrons. These two reactions occur at two distinct sites on COX.  

The main difference between COX-1 and COX-2 relies on their mode of

expression. COX-1 is constitutively expressed in most tissues and considered as a 

“housekeeping” isoform. In contrast, COX-2 is not detected under normal physiological 

conditions in most tissues, but expression increases in response to pro-inflammatory 

stimuli, mitogens, carcinogens and growth factors in many cell types (Kulkarni et al.

2000; Smith 2000; Hinz and Brune 2002; Turini and DuBois 2002; Warner and Mitchell

2004). Therefore, COX-2 has been referred to as the “inducible” isoform. However, this 

distinction does not apply to all cases. It has been reported that COX-1 can be induced 

under certain conditions (Jackson et al. 1993; Smith et al. 1993; Samet et al. 1995) 

(Brannon et al. 1994), and COX-2 is now known to be expressed constitutively in some 

tissues such as the brain (Breder et al. 1995; Hetu and Riendeau 2005) (Yamagata et al. 

1993), the trachea (Walenga et al. 1996), the lung (Ermert et al. 1998), the kidney (Hetu 

and Riendeau 2005) (Harris et al. 1994), the colon (Bernardini et al. 2006), and the 

reproductive system (Lazarus et al. 2004). 
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The COX-1 gene, resembling other housekeeping genes,  has a TATA box-less 

promoter with few transcription factor binding sites present immediately upstream of the 

transcriptional start site (Kraemer et al. 1992).  In contrast, the COX-2 promoter contains 

a TATA box and multiple transcription factor binding sites (Smith 2000). The cis-

elements in the promoter play an essential role in transcriptional activation of these two 

genes.  Moreover, COX-2 expression is also regulated at the post-transcriptional level via 

mRNA stabilization (Jang et al. 2000; Lasa et al. 2001; Bachelor et al. 2002). 

COX-1 and COX-2 synthetic pathways are separate and seem to serve unique 

physiological functions (Langenbach et al. 1999). This segregation of two pathways is 

supported by several other observations (Reddy and Herschman 1997; Brock et al. 1999; 

Shinohara et al. 1999). The separate biosynthetic pathways may be explained by their 

differential gene expression, subcellular compartmentation, sensitivity to substrate 

concentration, functional coupling of COX and to phospholipase and terminal synthase 

(Smith 2000) (Naraba et al. 1998) (Ueno et al. 2001; Ueno et al. 2005). For example, it 

has been shown that the subcellular localizations of COX-1 and COX-2 are not same. 

Although both isoenzymes are present in the endoplasmic reticulum, COX-2 is also 

function in the nuclear envelop (Morita et al. 1995). Therefore, although COX-1 and 

COX-2 proteins are similar, the two synthetic pathways are separate. 

Prostanoids 

Prostaglandin was first discovered in 1936, when von Euler identified a lipid-

soluble acid that caused contraction of smooth muscle and lowered blood pressure in 
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experimental animals. He named it “prostaglandin” as it appeared to originate from the 

prostate gland (von Euler 1936). Now it is known that prostaglandins and other 

prostanoids can be synthesized in a variety of tissues.  

Prostanoids are a group of lipid mediators produced and released upon stimulation 

of various factors. Arachidonic acid, a polyunsaturated fatty acid present in the 

phospholipids of cell membrane, is the precursor of prostanoids.  There are three major 

steps in the “arachidonic acid cascade”. First, arachidonic acid is released by the enzyme 

phospholipase A2 (PLA2). The free arachidonic acid is then converted to prostaglandin 

G2 and H2 by COX.  PGH2 is further processed by specific isomerases or synthases into 

biologically active prostanoids. Each step can be catalyzed by different enzymes or 

different isoforms of one enzyme. The specificity and production of prostanoids are fine 

tuned by the functional coupling of these enzymes. (Naraba et al. 1998) (Scott et al. 1999; 

Ueno et al. 2001; Ueno et al. 2005). Figure 6 summarizes the process of prostanoid 

biosynthesis.  

At the cellular level, prostanoids act in both autocrine and paracrine manners. 

Prostanoids bind to rhodopsin-like G-protein-coupled receptors (GPCRs) on the surface 

of target cells to initiate a cascade of intracellular signaling events, leading to gene 

transcription. These receptors are termed DP1-2, EP1-4, FP, IP, and TP, corresponding to 

the ligands of PGD2, PGE2, PGF2α, PGI2 and TXA2, respectively. Upon ligand binding, 

these prostanoid receptors initiate different downstream signaling pathways (Jabbour et al. 

2006) (Bos et al. 2004). In addition, prostanoids may also activate PPARγ of the family 

of nuclear receptors. As a transcription factor, PPARγ can bind to the promoter of target 
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Figure 6. Biosynthesis of prostanoids 
 
Arachidonic acid is the precursor of prostanoids. Arachidonic acid is converted to 
prostaglandin G2 and H2 by COX.  PGH2 is further processed by specific isomerases or 
synthases into biologically active prostanoids. Adapted from (Vane 1998). 
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genes, thus altering gene expression (Bos et al. 2004).  These GPCR-dependent and 

independent events eventually result in altered cellular physiology. 

Prostanoids are found in virtually all tissues and organs.  They act on a variety of 

cell types and play important roles in numerous physiologic and pathologic processes, 

such as cardiovascular homeostasis, inflammation, immune response, nociception, 

reproduction, and carcinogenesis (Narumiya 2003; Jabbour et al. 2006; Zeilhofer and 

Brune 2006) (Konturek et al. 2005). The essential roles of prostanoids are reflected in the 

tissue distribution, expression pattern, and function of COX proteins. 

 

Functions of COX and Prostanoids 

COX-1 is constitutively expressed in nearly all cell types and regulates numerous 

physiological functions. Prostanoids derived from COX-1 maintain the integrity of GI 

tract and the vascular tone. Inhibition of COX-1 leads to serious consequence on GI tract, 

lung, and cardiovascular system.  In contrast, COX-2 expression has been associated with 

the pathogenesis of inflammatory diseases, carcinogenesis and neurodegenerative 

diseases and a variety of other diseases (Hinz and Brune 2002; Turini and DuBois 2002; 

Minghetti 2004).  COX-2 inhibition has been widely studies for therapeutic purpose. 

However, COX-2 is also constitutively expressed in CNS, kidney, pancreas, intestine, 

and lung. The biological significance of the constitutive COX-2 expression was not well 

studies yet.  Chemical inhibition of either COX-1 or COX-2 illustrates the functional 

impacts of two isoenzymes in various systems (Fig.7).  
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Figure 7. Functional effects of inhibition of COX-1 and/or COX-2. 
 

Chemical inhibition of either COX-1 or COX-2 with tranditional Non-steroidal Anti-
inflammatroy Drugs (NSAIDs) or COX-2 specific inhibitors influences physiological 
processes in various systems. Adapted from (Warner and Mitchell 2004). 
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Data obtained from COX-1 and COX-2 deficient mice also provide valuable 

information to the understanding of the physiological and pathological roles of COX. 

Intriguingly, it appears that deficiency of COX-2 has more severe consequences than 

does that of COX-1. COX-2 seems to be more important for overall survival (Loftin et al. 

2001). COX-2 deficient mice have impaired kidney function and develop congestive 

heart failure with cardiac fibrosis in at least 50% of animals (Dinchuk 1995; Langenbach 

et al. 1999; Loftin et al. 2002). The main phenotypes of the COX null mice are 

summarized in Figure 8.  COX has been widely studied in the areas of cancer 

development and inflammatory response.  The functional impacts of COX-1 and COX-2 

in these two areas have been spotlighted here.  

Cancer 
 

Several epidemiological studies during the 1990s have reported that consumption 

of NSAIDs reduces the risk of colorectal cancer. The studies with animal models and 

human tissues also suggest that NSAIDs dramatically decrease the size of tumors and the 

incidence of colon cancer (Vane 1998; Turini and DuBois 2002; Warner and Mitchell 

2004).  Moreover, a COX-2 specific inhibitor, celecoxib, has significant antineoplastic 

and anticarcinogenic activity (Alshafie et al. 2000; Reddy et al. 2000). These data 

indicate that COX activity is involved in the progression of colon cancer. This hypothesis  

is further supported by the observation that COX, especially COX-2 expression is 

induced in colon tumors.  Elevated expression of COX-2 has also been observed in other  

epithelial tumors, including breast cancers, lung cancer, gastric tumor, uterine carcinoma, 

and cervix caricinoma (Kutchera et al. 1996; Meric et al. 2006) (Eberhart et al. 1994) 
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Physiological/pathological process         COX-1(-/-) mice         COX-2(-/-) mice 
 
Neonatal mortality                                        Normal                       Increased  
Adult mortality                                              Normal                       Increased 
Spontaneous gastric ulceration                     Normal                        Normal 
Patent ductus arteriosus                                Normal                        Increased 
Postnatal kidney development                      Normal                       Impaired 
Ovulation                                                       Normal                      Impaired 
Implantation                                                   Normal                       Impaired 
Parturition                                                      Delayed                     Unknown 
Wound healing                                              Unknown                   Impaired 
Platelet aggregation                                      Impaired                       Normal 
Tumor development                                      Decreased                   Decreased 
Inflammation                                                 Altered                        Altered 
Peritonitis incidence                                     Normal                        Increased 
Constitutive PG synthesis                            Decreased                    Normal 
Inducible PG synthesis                                Normal                         Decreased 
Autoimmune arthritis                                    Normal                         Decreased 
Bone resorption                                            Normal                         Decreased 
Induced hematopoiesis                                Unknown                      Decreased 
Intestinal stem cell survival                          Decreased                    Normal 
Febrile response                                          Normal                          Decreased 
Colonic inflammation                                   Increased                      Increased 
Induced cerebral blood flow                         Normal                          Decreased 
Resting cerebral blood flow                         Decreased                     Unknown 
Ischemic brain injury                                    Unknown                     Decreased 
Ischemia/reperfusion injury                         Increased                      Increased 

 

Figure 8. Characteristics of mice deficient in either COX-1 or COX-2. 
 
COX-1 and COX-2 deficiency influence various physiological and pathogical processes 
in mice. Adapted from (Loftin et al. 2002). 
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(Kargman et al. 1995) (Sano et al. 1995). Therefore, COX inhibition may reduce of the 

risk of colon cancer as well as other epithelial cells derived tumors.  

Several mechanisms have been proposed for the anti-cancer action of COX 

inhibitors: prevention of angiogenesis, decrease of metastases, induction of apoptosis, 

and inhibition of tumor growth (Mazhar et al. 2005; Furstenberger et al. 2006; Meric et al. 

2006). There are also reports suggesting that celecoxib may exert its anti-tumor effects 

through a COX-2-independent mechanism, such as inhibition of kinase AKT or CDK, 

both are important for cell cycle progression(Grosch et al. 2006). However, it remains 

unclear which of these mechanisms or these mechanisms combined play the critical role 

in cancer prevention by COX inhibitors.  

Inflammation  

Inflammation is defined as a non-specific immune response in which the body 

reacts to infection or injury. It is characterized by local redness, pain, heat and swelling of 

tissue. A complex series of events occur at the inflammatory site, including activation of 

leukocytes, vascular dilation and increased vascular permeability and thus increased 

blood flow, exudation of fluids, migration of immune system components from the 

intravascular compartment into the inflammatory site. The increased blood flow and 

fluids generate tissue swelling, feeling of heat and appearance of redness at the 

inflammatory site.  

Prostanoids are involved in many events of inflammation, such as vasodilatation, 

increasing vascular permeability, activation of eosinophils, B-cell, mast cell and T-cell, 
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and inflammatory pain transmission (Hata and Breyer 2004). Thromboxane, produced by 

the platelets, is a powerful vasoconstrictor and increases platelet aggregation. In contrary, 

prostacyclin derived from vascular endothelial cells causes platelet disaggregation and 

vasodilatation. The study on prostaglandin receptors suggested a direct involvement of 

prostaglandin in immune response via the modulation of lymphocytes functions 

(Narumiya 2003). PGE2 can sensitize the peripheral sensory nerves at the site of 

inflammation and facilitate the transmission of pain throughwithin the spinal cord (Funk 

2001). These functions of prostanoids account for the widespread use of COX inhibitors 

to relieve pain and symptoms associated with arthritis, osteoarthritis, and other 

inflammatory diseases.  

It is now widely accepted that COX-2 gene is up-regulated at inflammatory sites 

and is responsible for the synthesis of proinflammatory prostanoids. Inflammation 

inducers, such as bacterial lipopolysaccharide (LPS), cytokines, and tumor necrosis factor 

alpha (TNFalpha), cause elevated expression of COX-2 gene and corresponding increase 

in prostanoids(Vane 1998).  On the other hand, the anti-inflammatory cytokines, such as 

interleukin 4, 10, 13, decrease COX-2 induction. NSAIDs, such as aspirin, inhibit both 

COX-1 and COX-2 activity, thus inhibit prostanoid synthesis and inflammation. 

Glucocorticoids, one of the most commonly prescribed anti-inflammatory drugs, inhibit 

inflammation by blocking pro-inflammatory gene expression, including COX-2.  
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Non-steroidal anti-inflammatory drugs (NSAIDs) 

NSAIDs consist a diverse group of compounds that share the property of 

inhibiting COX. Despite the fact that aspirin, one of NSAIDs, has been used for many 

centuries, NSAIDs remain one of the most popular classes of drugs today for the 

treatment of inflammation, pain, and fever. It is estimated that about 120 billion aspirin 

tablets are consumed each year world wide (Warner and Mitchell 2002).  In addition to 

aspirin, NSAIDs include ibuprofen (Advil), naproxen (Aleve), oxaprozin (Daypro), 

diclofenac (Voltaren) and more.  

Actions 

There are two classes of NSAIDs:  traditional NSAIDs that inhibit both COX-1 

and -2, and COX-2 selective inhibitors. NSAIDs are often pseudo substrate and compete 

for arachidonic acid binding in the catalytic site of COX. The enzyme inhibition by most 

NSAIDs is reversible, with an exception of aspirin, which induces covalent modification, 

i.e. acetylation of COX, resulting in irreversible COX inactivation (DeWitt 1999).   

 The aspirin-like drugs of NSAIDs have a long history of antipyretic and analgesic 

use. For thousands of years, the willow tree has been the source of drugs to treat common

fever, pain and inflammation in the Babylonian, Chinese and Greek civilizations. The

modern era of aspirin discovery began in the 18th century, when the effect of willow tree

extract was tested experimentally and clinically. But only until 1829, the pure crystalline

form of salicin was obtained from willow tree barks by the French pharmacist Henri

Leroux. Salicin is a compound related to salicylic acid, the precursor of acetylsalicylic
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acid, or aspirin. The Bayer Company started marketing aspirin tablets in 1900 and it soon

became known worldwide (Mahdi et al. 2006). However, the mechanism underlying the

anti-inflammatory effects of aspirin remained unclear until 1971 when Vane

demonstrated that aspirin-like drugs inhibit prostaglandin synthesis (Vane 1971).

Nowadays, it is clear that aspirin exert its anti-inflammatory effect though inhibition of

COX. Following the popularity of aspirin, pharmaceutical industries have developed a

large number of aspirin-like drugs, the NSAID. Although many of the NSAIDs used in

the clinic or over the counter belong to different chemical classes, the major targets of

NSAIDs are COX-1, COX-2, or both (Figure 9).

Figure 9 lists acetaminophen as an NSAID. Indeed, some argue that 

acetaminophen should not be considered as NSAIDs because it does not have anti-

inflammatory function, although acetaminophen shares the antipyretic and analgesic 

properties with other NSAIDs. The antipyretic and analgesic effects of acetaminophen 

might be explained by inhibition of COX, even though it only mildly inhibits COX-1 and 

COX-2 (Ouellet and Percival 2001; Chandrasekharan et al. 2002). However, since 2002, 

plenty of attention has been drawn to COX-3, a splice variant of COX1. In canine, COX3 

is expressed in the central nervous system and can be inhibited by acetaminophen. COX3 

activity is also inhibited by some NSAIDs, such as aspirin, diclofenac, and ibuprofen 

(Chandrasekharan et al. 2002). However, whether a functional COX-3 protein expressed 

in humans and rodents remains questionable (Warner and Mitchell 2002; Kis et al. 2005) 

(Hersh et al. 2005; Simmons et al. 2005). Another model of acetaminophen action is 

commented in detail recently (Aronoff et al. 2006). In this model, the acetaminophen  
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Figure 9. The activities of non-steroidal anti-inflammatory drugs (NSAIDs). 
 
NSAIDs belong to different structural classes. NSAIDs target eithert COX-1 or COX-2,
or both of them. Adapted from (Mitchell and Warner 2006). 
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inhibits COX enzymes at the peroxidase catalytic site which convert PGG2 into PGH2, 

instead of cyclooxygenase activity site that binds to arachidonic acid and convert it into 

PGG2. Such an inhibition is sensitive to surrounding peroxide levels. The high “peroxide 

tone” of activated leukocytes protects this cell type from acetaminophen. But in CNS, 

acetaminophen can exert its analgesic and antipyretic effects via inhibition of COX. Such 

a model appears to explain acetaminophen’s unique pharmacologic profile in humans.  

Side effects of NSAIDs 

Since COX-2 is the primary isoenzyme mediating inflammation and COX-1 is 

critical for the maintenance of homeostasis within normal physiology, it is not surprising 

to find various adverse side effects of traditional NSAIDs, including gastrointestinal (GI) 

toxicity, when administered orally. 

COX-1 is the predominant functional isoenzyme in gastrointestinal tract, although

recent reports suggested that COX-2 level is high in certain normal gastrointestinal tissue 

in animals or human (Radi and Khan 2006) (Kargman et al. 1996) (Gustafson-Svard et al. 

1996). COX-1 produces prostanoids to control the function of GI tract.  Prostaglandin E 

derived from COX-1 reduces gastric acid secretion, regulates GI motility, exerts 

vasodilating action on the vessels of the gastric mucosa and stimulates the secretion of 

mucous and bicarbonate to form a protective barrier against gastric acid (Yokotani et al. 

1996) (Jackson et al. 2000) (Dey et al. 2006). Many NSAIDs inhibit COX-2 at 

inflammatory site as well as COX-1 in GI tract due to oral administration. This COX-1 

inhibition results in the GI tract toxicity, such as gastrointestinal perforations, ulcers, and 

bleeds (Wolfe et al. 1999). In an attempt to overcome the side effects of traditional 
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NSAIDs, pharmaceutical industries developed COX-2–selective inhibitors. COX-2-

selective inhibitors show significant reduction in the incidence of upper gastrointestinal 

adverse effects, such as ulcers and bleeds (Bombardier et al. 2000; Silverstein et al. 2000).  

 

COX-2 Inhibitors 

As discussed previously, COX-1 and COX-2 share similar protein structure and 

the conformation of catalytic sites. There is one important difference: the catalytic pocket 

of COX-2 is about 17% larger and has a slightly different shape than COX-1(Luong et al. 

1996). This difference makes it possible to develop COX-2 specific inhibitors. Indeed, 

the COX2-selective inhibitors, rofecoxib (Vioxx; Merck) and celecoxib (Celebrex; 

Pfizer), entered the market several years later after COX structure difference was 

discovered, although the mechanism of selectivity seems much more complicated than 

just the size difference (DeWitt 1999). 

COX-2 inhibitors have been linked to an increased risk of cardiovascular diseases, 

such as myocardial infarctions and strokes. The intense debate was ignited by a study 

showing high doses of Vioxx (Rofecoxib) cause an increased risk of heart attacks 

(Bombardier et al. 2000). 

Rofecoxib, a NSAID drug developed by Merck & Co and marketed under the 

brand name of Vioxx, was approved by the Food and Drug Administration (FDA) in 

1999.  This drug quickly became billion dollar selling drug until Merck voluntarily 

withdrew it from the market in 2004. Meanwhile, several COX-2 inhibitor drugs have 
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been or are being developed, such as celecoxib (Celebrex), valdecoxib (Bextra), 

parecoxib (Dynastat), etoricoxib (Arcoxia), and Lumiracoxib (Prexige)  

(http://www.fda.gov/ohrms/dockets/ac/05/briefing/2005-4090b1-01.htm).  

An initial concern about the cardiovascular side effects of COX-2 inhibitor was 

raised when studies found that celecoxib and rofecoxib (MK966) inhibited biosynthesis 

of PGI2 but not thromboxane A2 under physiological conditions in healthy individuals 

(Catella-Lawson et al. 1999; McAdam et al. 1999). Prostaglandin I2, or prostacyclin, is 

vasodilative and anti-thrombotic. In contrast, thromboxane A2 is vasoconstrictive and 

pro-thrombotic. The speculation that reduction of prostacyclin may cause cardiovascular 

events was supported by the Vioxx GI Outcomes Research (VIGOR) study and 

Adenomatous Polyp PRevention On Vioxx (APPROVe) study using rofecoxib 

(Bombardier et al. 2000; Bresalier et al. 2005).  

After the publication of VIGOR study, numerous clinical researches, including 

observational studies, randomized controlled trials, and meta-analysis studies, have been 

conducted with COX-2 specific inhibitors(Bombardier et al. 2000; Shinmura et al. 2000; 

Silverstein et al. 2000; Ray et al. 2002; Wilner et al. 2002; White et al. 2003; Mamdani et 

al. 2004; Solomon et al. 2004; Hudson et al. 2005; Caldwell et al. 2006; Hawkey et al. 

2006). A recent Meta-analysis study of 114 randomized trials with 116 094 participants 

shows that Vioxx increases the risk of renal disease   in addition to cardiac arrhythmia 

(Zhang et al. 2006).  

A number of reviews have been published to discuss the side effects of NSAIDs, 

particular the COX-2 specific inhibitors (Chiolero et al. 2002; Howes and Krum 2002; 
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Howard and Delafontaine 2004; Hawkey and Fortun 2005)(Warner 2004, )(Antman et al. 

2005; Fosslien 2005; Fries and Grosser 2005; Krotz et al. 2005; Pratico and Dogne 2005; 

Simon 2005; Wong et al. 2005; James and Cleland 2006). It appears like rofecoxib 

increases cardiovascular events, especially at high doses.  This leads to the speculation 

that all COX-2 inhibitors may produce adverse cardiovascular effects. However, whether 

this postulation is true or not is very difficult to assess. Given the fact that the benefit may 

outweight the risk for many patients, the FDA does not demand the withdraw of COX-2 

specific inhibitor drugs from the market, instead requires these drugs carry "black box" 

warnings in the label highlighting the risk of serious cardiovascular events. The FDA also 

established the contraindication that COX 2 drugs cannot be used for patients with 

ischemic heart disease and/or stroke, and urged doctors and patients to adhere to low 

doses and short duration of treatment and exercise caution for patients with risk factors 

for cardiovascular diseases (Mitchell and Warner 2006). 

The mechanism of potential side effects of COX-2 selective inhibitors has been 

proposed. Prostgcyclin (PGI2) and thromboxane A2 (TxA2) are two principle mediators 

regulating peripheral vascular tone. The COX activity in endothelial cells produces PGI2, 

which promotes vasodilation while inhibits platelet aggregation and adhesion. In contrast, 

COX-1 is the predominant isoform in the platelet and mediates the synthesis of TXA2 

that stimulates platelet aggregation and vasoconstriction. The balance between TxA2 and 

PGI2 is vital to cardiovascular health. Traditional NSAIDs inhibit COX-1 dependent 

TxA2 synthesis and partially COX-2-derived PGI2 formation. However, selective COX-2 

inhibitors inhibit PGI2 production without a concomitant suppression of TxA2 formation. 
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It has been known that COX-2 is the major player controlling the level of  systemic 

prostaglandin I2 in healthy individuals (McAdam et al. 1999). Thus inhibition of COX-2 

alters the thromboxane-prostacyclin balance, and favors the thrombotic events. However, 

there are still questions need to be addressed in this model. For example, although 

celecoxib inhibit systemic PGI2 synthesis, the predominant isoenzyme in endothelial 

cells is more likely COX-1 under physiological conditions (McAdam et al. 1999). Thus, 

how COX-2 inhibitors produce cardiovascular effects remains not fully understood.  

 

Prostanoids, COX and Heart 

The prostanoid receptors and enzymes involved in prostanoid synthesis, such as 

phospholipase, COX, and terminal synthases are expressed in the heart, suggesting a 

significant role of prostanoids and COX in cardiac physiology and pathology.  

Prostanoids and heart 

The effect of prostanoids on cardiac physiology has been studied.  Thromboxane 

A2 and prostaglandin F2α derived from systemic inflammation cause inflammatory 

tachycardia of the heart (Takayama et al. 2005). Prostaglandin F2α decreases the 

contractility of the right ventricle of the rat heart (Jovanovic et al. 2006). PGE2 

administration improved cardiac contractility in healthy sheep, but reduced the 

contractility and relaxation rate of sheep with congestive heart failure (Schutte et al. 

1996). Recent studies found that prostaglandins elicit a protective effectagainst ischemia-

reperfusion injury in experimental rats(Bolli et al. 2002; Calabresi et al. 2003). 
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The effect of prostanoids has been studied at the cellular level. There are data 

suggesting that prostaglandin E2 and F2α regulate tropic growth of cardiomyocytes 

(Mendez and LaPointe 2002) (Adams et al. 1996; Ponicke et al. 2000; Mendez and 

LaPointe 2005), while prostaglandin I2 suppresses the development cardiac hypertrophy 

by inhibition of cardiomyocyte enlargement and cardiac fibrosis (Kunapuli et al. 1998; 

Hara et al. 2005). A recent study suggested that high concentrations of prostaglandin E2 

reduce the baseline intracellular Ca2+ levels in cardiomyocytes (Klein et al. 2004). 

Prostanoids appear to provide a protective effect when cardiac cells are injured. In 

cardiomyocytes, cell injury by oxidants and doxorubicin is limited by an arbitrary 

increase in prostaglandin E family members (Adderley and Fitzgerald 1999; Xiao et al. 

2004; Ma et al. 2005; Shinmura et al. 2005). It has been reported that prostaglandin 

mediates the protective effect of high-density lipoproteins on isolated rat hearts from 

ischemia-reperfusion injury (Calabresi et al. 2003).  Moreover prostaglandin E2 and/or I2 

mediates the protective effects of pre-conditioning against ischemia-reperfusion injury 

(Bolli et al. 2002). 

COX and Heart 

Various forms of heart disease increase COX-2 expression. Elevated levels of 

COX-2 protein have been detected in ischemic and failing human hearts (Wong et al. 

1998; Saito et al. 2003; Abbate et al. 2004; LaPointe et al. 2004).  However the function 

role of COX-2 in heart remains under debate whether it is detrimental or beneficial. 
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In animals, the function of COX was studies primarily in doxorubicin induced 

cardiomyopathy and ischemia-reperfusion injury. COX activity was suppressed either 

through pharmacological intervention or target gene disruption. 

Evidence suggests that COX-2 is cardioprotective and alleviates cell injuries from 

ischemia/reperfusion, doxorubicin, or oxidative stresses. In cardiomyocytes, COX-2 

protects the cells from oxidative stress (Adderley and Fitzgerald 1999). COX-2 induction 

limits doxorubicin-induced cardiac injury in vivo, while COX-2 inhibition aggravates 

doxorubicin-induced injury (Dowd et al. 2001). COX-2 expression and prostaglandins 

production mediate the cardioprotective effects of atorvastatin (Birnbaum et al. 2005) and 

that of adiponectin (Shibata et al. 2005) against ischemia-reperfusion injury. Pre-

conditioning induced COX-2 expression and resulting prostaglandin products mediate the 

protective effects of pre-conditioning (Shinmura et al. 2000; Bolli et al. 2002; Wang et al. 

2004). In these reports, COX-2 plays a beneficial role against various types of cardiac 

injures.  

However, there is also evidence showing an opposite effect of COX-2 in the heart. 

It has been shown that increased levels of COX-2 consequential to myocardial infarction 

contribute to cardiac tissue injury and dysfunction of contractility (Saito et al. 2000; Saito 

et al. 2004). Inhibition of COX-2 improves cardiac function and prevents cardiac 

hypertrophy following myocardial infarction in mice (Saito et al. 2003; LaPointe et al. 

2004). Moreover, inhibition of COX-2 attenuates the progression of doxorubicin-induced 

heart failure in a murine model (Delgado et al. 2004). These reports suggest a detrimental 

role of COX-2 in cardiac function following initial injury.  
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Another source of evidence is derived from COX gene deficient animals.  Genetic 

disruption of COX-1 and COX-2 exacerbated cardiac ischemia/reperfusion injury 

(Camitta et al. 2001), implying that COX is cardioprotective. In addition, genetic 

disruption of COX-2 increases the cardiac dysfunction induced by doxorubicin with an 

increased apoptosis of cardiac cells (Neilan et al. 2006). Deficiency of COX-2 enhances 

myocardial damage in a mouse model of viral myocarditis (Takahashi et al. 2005).  

Furthermore, deletion of the COX-2 gene in health animals results in myocardial fibrosis 

(Dinchuk 1995). Together, these data from genetic approach suggest a cardioprotective 

function of COX, particularly COX-2, in the heart.   

In conclusion, the evidence from COX-2 knockout animals supports that COX-2 

is cardioprotective. However, the data from pharmacological inhibition of COX-2 activity 

failed to reveal a clear role of COX-2 in the heart. Therefore, the biological function of 

COX-2 in the heart still remains controversial.   Few studies have exploited the COX-1 

function in the heart.   
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Statement of the problem 
 

The initial purpose of this study is to define the effects of stress on heart. Stress is 

inevitable in our daily life, but how stress influence the heart has not been well studied. 

Stress increased plasma level of glucocorticoids, the “stress hormone”. Previous study 

from our laboratory demonstrated that glucocorticoids up- and down-regulate the 

expression of hundreds of genes in cardiomyocytes, many of these genes have not been 

reported previously. Both COX-1 and COX-2 gene expression are increased by 

glucocorticoids. To understand how glucocorticoids regulate gene expression in cardiac 

cells, I investigated the mechanism and signaling transduction involved in COX-1 and 

COX-2 gene regulation.   Three specific aims were generated to address these issues.  

 

Specific Aim 1: Characterize COX-1 and COX-2 gene expression. 

 

Specific Aim 2: Reveal the mechanism and signaling transduction pathway underlying 

COX-1 and COX-2 gene regulation. 

 

Specific Aim 3: Identify potential pharmacological approach to manipulate COX gene 

expression. 
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CHAPTER II 

CORTICOSTEROIDS INDUCE COX-2 EXPRESSION IN CARDIOMYOCYTES: 
ROLE OF GLUCOCORTICOID RECEPTOR AND P38 MAP KINASE 

 

Introduction: 
 

Cyclooxygenase (COX), also known as prostaglandin H synthase, is a rate-

limiting enzyme in the biosynthesis of prostaglandins (PGs). The importance of PGs in 

various biological systems has lead to voluminous studies of two isoforms of COX 

enzyme: COX-1 and COX-2.  While the COX-1 gene expresses constitutively in most 

cell types and is responsible for normal physiological functions of PGs, the expression of 

COX-2 gene is rapidly induced by proinflammatory cytokines, carcinogens, mitogens, 

and growth factors in many cell types (Smith 2000; Hinz and Brune 2002; Turini and 

DuBois 2002; Warner and Mitchell 2004).  Dysregulation of COX-2 gene expression has 

been reported in association with the pathogenesis of inflammatory diseases, 

carcinogenesis and neurodegenerative diseases and a variety of other diseases (Hinz and 

Brune 2002; Turini and DuBois 2002; Minghetti 2004).   

In cardiomyocytes, the biological function of COX-2 remains controversial.  

Elevated expression of COX-2 gene has been detected in failing human hearts (Wong et 

al. 1998).  While several studies indicate a detrimental role of COX-2 overexpression in 

the heart, the mainstream literatures suggest that COX-2 serves a protective function 

against cardiac injury (Dinchuk 1995; Bombardier et al. 2000; Silverstein et al. 2000; 

Camitta et al. 2001; Dowd et al. 2001; Delgado et al. 2004; LaPointe et al. 2004; 
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Takahashi et al. 2005).  Prostacyclin attenuates oxidative damage of myocytes (Shinmura 

et al. 2005). Prostacyclin I2 (PGI2) and the PGE family alleviate myocardial injury from 

ischemic reperfusion (Shinmura et al. 2005). PGE1 has been shown to protect 

cardiomyocytes from apoptosis and reduce cardiac injury from oxidative stress (Welling 

et al. 2005).  In human population, recent epidemiological and clinical studies 

demonstrated an increased incidence of myocardial infarction in individuals taking 

prescription drug Vioxx or Celebrex, the specific inhibitors of COX-2 (Antman et al. 

2005; Fosslien 2005; Fries and Grosser 2005).  These lines of evidence support the 

protective function of COX-2 gene in the heart (Antman et al. 2005; Fosslien 2005; Fries 

and Grosser 2005).  

The molecular mechanisms regulating the expression of COX-2 gene have been 

investigated at both transcriptional and post-transcriptional levels (Smith 2000).  The 

transcription of the COX-2 gene is initiated by extracellular stimuli via activating certain 

intracellular signaling pathways, resulting in activation of specific transcription factors, 

which bind to their corresponding cis-elements in the COX-2 promoter and turn on the 

transcription of COX-2 gene.  Several transcription factor binding sites have been 

characterized in the promoter of COX-2 gene, including the cyclic AMP responsive 

element (CRE), nuclear factor-interleukin 6 (NF-IL6) cis element, and nuclear factor-κB

(NF-κB) cis element (Smith 2000).   In parallel to transcriptional activation, COX-2 gene 

expression can be regulated at the post-transcriptional level through mRNA stabilization 

(Jang et al. 2000; Lasa et al. 2001; Bachelor et al. 2002).  The signaling pathways that 

have been shown to regulate the expression of COX-2 gene include mitogen-activated 
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protein kinases (MAPK) (Smith 2000), protein kinase A (PKA) (Choudhary et al. 2004; 

Pino et al. 2005), protein kinase C (PKC) (Xuan et al. 2005), and phosphoinositide 3-

kinase (PI3K) (Tang et al. 2001; Bachelor et al. 2005; Sheu et al. 2005; Wu et al. 2005). 

MAPK pathways transduce the signals among a variety of stimuli, from growth factors to 

cytokines and physical or chemical stress.  

Psychological stress is an inevitable part of our daily life. A link between 

psychosocial stress and a risk of cardiovascular diseases has been documented in animal 

models and in humans (Rozanski et al. 1999; Yan et al. 2003; Rozanski et al. 2005). 

Stress increases adrenal gland synthesis of glucocorticoids (GCs) and causes an increased 

level of GCs in the circulating system. GCs regulate important physiological processes 

from body metabolism and biochemical homeostasis to immune responses.  Synthetic 

GCs are among the most frequently used drugs due to their anti-inflammatory and 

immunosuppressive capability.  The anti-inflammatory action of GCs largely results from 

down-regulation of pro-inflammatory genes in immune cells, including COX-2.  

Suppression of the COX-2 gene expression by dexamethasone involves destabilization of 

the COX-2 mRNA (Jang et al. 2000; Lasa et al. 2001; Lasa et al. 2002) (Bachelor et al. 

2002).  Despite the vast amount of information regarding GC function and wide spread 

pharmacological applications of GCs, the biological action of GCs in the heart or 

cardiomyocytes has not been well studied as evidenced by a limited literature in this area. 

Previous study from our lab showed that corticosteroids protect cardiomyocytes 

from apoptosis induced by doxorubicin, an antineoplastic drug known for its side effect 
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of inducing cardiomyopathy (Chen et al. 2005).  Cytoprotection elicited by 

corticosteroids involves induction of bcl-xL gene and reprogramming of the gene 

expression profile, shown as upregulation of 140 genes and downregulation of 108 genes 

(Chen et al. 2005).  Among the list of corticosterone (CT) induced genes in 

cardiomyocytes, COX-2 mRNA has an average of 3.6 fold elevation by microarray 

analyses (Chen et al. 2005). The well defined cascade of transcriptional regulation of 

COX-2 gene in the literature allow us to use this gene as an example to understand the 

underlying mechanism of how cardiomyocytes respond to CT in elevating the expression 

of many genes. 
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Materials and Methods: 
 

Chemicals: Steroids and chemicals were purchased from Sigma unless otherwise 

indicated. JNK inhibitor I, PD98059, SB203580 and SB202190 were purchased from 

Calbiochem (San Diego, CA), while Actinomycin D was obtained from Biomol 

(Plymouth Meeting, PA). 

Cell Culture and Drug Treatment: Cardiomyocytes and cardiac fibroblasts were 

prepared from 1- to 2-day old neonatal Sprague-Dawley rats (Harlan Sprague-Dawley, 

Indianapolis, IN) as previously described (Coronella-Wood et al. 2004; Purdom and Chen 

2005).  Cardiomyocytes were seeded at a density of 2.5 x 106 cells per 100 mm dish or 

0.3 x 106 cells per well of 6-well plates in low glucose DMEM with 1 mM pyruvate, 

10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 units/ml streptomycin 

(Invitrogen, Carlsbad, CA).  Cardiac fibroblasts were collected by differential plating and 

were seeded in high glucose DMEM medium.  Fibroblasts were subcultured once to 

eliminate contamination of other cell types (Purdom and Chen 2005).  For treatment of 

steroids or H2O2, cardiomyocytes or fibroblasts were placed in fresh DMEM containing 

0 % FBS for 24 h before experiments.  Chemical inhibitors were added to cells 30 - 60 

minutes prior to addition of steroids. 

Western Blot Analysis: To prepare cell lysates, cells were rapidly rinsed with PBS and 

dissolved in a SDS lysis buffer [120 mM Tris-HCl, pH 6.8, 2.4% (w/v) SDS, and 50% 

(v/v) glycerol].  An equal volume of sample buffer [60 mM Tris-HCl, pH 6.8, 2% (w/v) 

SDS, 0.05% (v/v) beta-mercaptoethanol, and 10% (v/v) glycerol] was added to the cell 
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lysates for 10-minutes boiling.  Protein concentration in the cell lysates was measured by 

the Warburg-Christian method (Layne 1957; Chen et al. 1998).  After SDS-PAGE, 

cellular proteins were transferred to a PVDF membrane for incubation with primary 

antibodies against COX-2 (#160106, Cayman Chemical, Ann Arbor, MI), glucocorticoid 

receptor (GR, sc-1004, Santa Cruz Biotechology, Santa Cruz, CA), Ser133 phospho-

CREB (#9191), total CREB (#9192), Thr202/Tyr204 phospho-ERK (#9101), 

Thr183/Tyr185 phospho-JNK (#4671), Thr180/Tyr182 phospho-p38 (#9211), total p38 

(#9212), or phospho HSP27 (#2401, Cell Signaling Technology, Inc. Danvers, MA).  

Horseradish Peroxidase-conjugated secondary antibodies (Zymed, San Francisco, CA) 

bound to the primary antibodies were detected using an Enhanced Chemiluminescence 

reaction.  Equal protein loading between different samples was verified by Western blot 

to detect vinculin (V9131, Sigma-Aldrich, St. Louis, MO) in addition to visual 

examination from Coomassie blue staining of SDS gels after electrophoresis. 

RNA isolation, Semiquantitative RT-PCR and Real Time RT-PCR: Total RNA was 

isolated from intact cells by Trizol following the manufacture’s instruction (Invitrogen, 

Carlsbad, CA).  After quantification by absorption at 260 nm, 2 µg of total RNA was 

converted to cDNA via reverse transcription (RT) using hexanucleotide random primers. 

PCR was carried out by adding 2.5 µl RT products into 22.5 µl of reaction mixture 

containing 4x200 µmol dNTPs, 20 pmol each of two oligonucleotide primers and 0.2 unit 

Taq DNA polymerase for 30 – 35 cycles of 94°C for 30 seconds, 62°C for 30 seconds 

and 72°C for 20 seconds.  PCR primers were designed based on rat DNA sequence of 

COX-2 gene (forward 5'-TACAAGCAGTGGCAAAGGCC, reverse 5'-
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CAGTATTGAGGAGAACAGATGGG).  GAPDH was amplified in parallel PCR as an 

internal loading control using primers of forward 5'-AGACAGCCGCATCTTCTTGT 

and reverse 5'-CCACAGTCTTCTGAGTGGCA.  PCR amplified products were analyzed 

by 1% agarose gel electrophoresis after ethidium bromide staining under UV illumination.  

The intensity of DNA bands were quantified using NIH Image J software. 

For Real Time PCR, hexanucleotide random primers were used for RT reaction 

with 50 ng of total RNA in a 50 µl reaction mixture.  COX-2 cDNA was amplified with a 

TaqMan Universal PCR master mix and a COX-2 specific primer/probe mix set (Applied 

Biosystems, Foster City, CA, COX-2, Rn00568225_m1). According to the 

manufacturer’s instruction, β-glucuronidase was used as a reference gene 

(Rn00566655_m1).  The reporter fluorescence for newly synthesized COX-2 or β-

glucuronidase was detected with a Biosystem 7300 sequencer (Applied Biosystems, 

Foster City, CA) during 40 cycles of 95°C for 15 seconds and 60°C for 1 min after 

10 min denaturation at 95°C.  The relative difference in the level of COX-2 

cDNA/mRNA between samples was calculated based on the equation of 2- C
t as 

described by the manufacturer (Applied Biosystems, Foster City, CA).  

Nuclear run-on assay: A non-radioactive nuclear run-on assay was carried out as 

described previously with minor modifications (Patrone et al. 2000). Nuclei were 

prepared from cardiomyocytes (2x107 cells) and stored at –80°C in glycerol until use.  In 

vitro transcription was carried out with isolated nuclei incubating 1 hour at 30°C in a 

reaction mixture containing 20 mM Tris–HCl (pH 8.0), 5 mM MgCl2, 200 mM KCl, 5 



63

mM dithiothreitol, 4 mM each of ATP, CTP and GTP, 4 mM biotin-16-UTP (Roche, 

Basel, Switzerland), 200 mM sucrose and 20% glycerol. The resulting RNA was 

extracted with Trizol (Invitrogen, Carlsbad, CA) and Biotin-labeled RNA was isolated by 

magnetic Dynabeads M-280 covalently linked to streptavidin (Dynal Biotech, Brown 

Deer, WI).  The beads were then resuspended in reaction mixtures for RT and real time 

PCR as described above. 

COX-2 Promoter Luciferase Construct, Transient Transfection and Luciferase 

Assay: A luciferase reporter construct under the control of human COX-2 gene promoter 

has been described previously by Inoue et al. (Inoue et al. 1995).  To generate rat COX-2 

promoter-luciferase construct, a fragment of the rat COX-2 promoter DNA sequence (-

449 to +24) was amplified by PCR using rat liver genomic DNA as a template.  The 

forward primer (5'-GGG GTA CCA GAG CAG CAA GCA CGT CAG ACT) contains a 

Kpn I restriction site, while the reverse primer (5'-CCT AGC TAG CAG CTC TCC GCT 

CAG TTT GAC AA) has a Nhe I restriction site, allowing restriction digestion of PCR 

products and subcloning of the PCR product into a pGL3 Basic vector at 5’ upstream of 

the firefly luciferase gene (Promega, Madison, WI).  The cloned sequence of rat COX-2 

promoter was verified by DNA sequencing. 

The promoter-luciferase reporter construct was transfected into rat 

cardiomyocytes or HEK293 cells using Fugene 6 liposomes (Roche).  Briefly, DNA of 

the reporter construct was incubated with Fugene 6 in 0.1 ml of serum-free DMEM 

medium for 30 min at room temperature and the mixture was applied to cells in serum-

free DMEM. After 5-hours incubation under tissue culture condition, cells were 
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replenished with fresh DMEM containing 10% FBS for overnight recovery. After 24 

hours serum starvation and experimental treatments, cells were rinsed with cold PBS and 

lysed in a passive lysis buffer provided in a luciferase assay kit for measurements of 

luciferase activity according to the manufacturer’s protocol (Promega). The luciferase 

activity was normalized to the protein content unless indicated otherwise. 

Animal Experiment: Male C57Bl/6 mice (Jackson Lab, ME) weighted 20-26 gram at 

the age of 4-week were injected (i.p.) with vehicle or 20 mg/kg of dexamethasone.  At 20 

hours after the injection, animals were sacrificed for harvesting cardiac ventricular tissues. 

The tissues were ground with a pestle and mortar (VWR) in a liquid nitrogen bath and 

resulting powders were dissolved in the SDS lysis buffer for Western blot analyses.  

Statistics: 

Student's t-test was used to compare the means of CT treated samples to that of control 

samples.  Significant differences (p<0.05) were indicated with asterisks (*). 
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Results: 
 

Corticosteroids induce COX-2 expression in cardiomyocytes in vitro and in vivo 
 

Microarray analyses first identified COX-2 gene induced by CT in primary rat 

cardiomyocytes (Chen et al. 2005).  To characterize this induction, we examined the time 

course and dose response of COX-2 protein following CT treatment. As shown in Figure 

10A, COX-2 protein increased obviously 4 hours after CT treatment and remained 

elevated for at least 24 hours.  The dose response studies found that COX-2 protein can 

be induced with CT at a concentration as low as 10 nM.  CT at 50 nM to 1 µM doses 

induces high levels of COX-2 protein (Fig. 10B).  To test the specificity of COX-2 

induction by corticosteroids, we examined the effect of several steroids.  Three GCs 

tested, i.e. hydrocortisone, corticosterone and dexamethasone, induced COX-2 expression 

(Fig. 10C).   In contrast, estrogen and progesterone, two hormonal steroids that do not 

bind to the glucocorticoid receptor, did not increase COX-2 expression (Fig. 10C).  

Cardiomyocytes are the major cell type within the myocardium.  The in vitro 

finding that CT induces COX-2 in cardiomyocytes suggests the possibility that elevating 

serum levels of GCs may cause an increased expression of COX-2 protein in the 

myocardium.  With C57/BL6 mice, we injected (i.p.) either vehicle or dexamethasone.  

At 20 hours later, the level of COX-2 protein was measured using ventricular tissue 

lysates.  The data indicate an increased level of COX-2 protein in the myocardium of 

animals treated with dexamethasone (Fig .10D). 
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Figure 10. Corticosteroids induce COX-2 protein elevation in vitro and in vivo.

Primary rat cardiomyocytes were treated with corticosterone (CT, 1µM) for indicated 
time (A) or with various concentrations of CT for 4 hours (B).  Alternatively primary rat 
cardiomyocytes were treated with 1 µM each CT, dexamethasone (Dex), hydrocortisone 
(HC), estrogen (ES) or progesterone (PG) for 4 hours (C). Cells were harvested for 
Western blot analyses to measure the level of COX-2 protein (15 µg protein/lane).  For 
animal experiments, 4-week old male mice were injected with vehicle or dexamethasone 
(i.p. 20 mg/kg).  At 20 hours later, the animals were sacrificed for excising the hearts. 
Ventricular tissues were homogenated for preparing tissue lysates and Western blot 
analyses (100 µg protein/lane).  An equal protein loading between the lanes is 
demonstrated by vinculin blotting.   
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CT induces COX-2 gene expression through transcriptional activation 

To demonstrate that CT causes an increase of COX-2 gene expression, the level 

of COX-2 mRNA in cardiomyocytes was analyzed by semi-quantitative RT-PCR and 

real time PCR.  Figure 11A shows a time dependent induction of COX-2 mRNA with CT 

treatment.  An increase of COX-2 mRNA was detected within 30 minutes of CT 

treatment, and remained for at least 12 hours (Fig. 11A).  In agreement with COX-2 

protein data, CT at 50 nM to 1 µM induced COX-2 mRNA (Fig .11B).  Induction of 

COX-2 at mRNA level was confirmed by quantitative real time RT-PCR, which revealed 

4 fold or more COX-2 mRNA in 50 nM to 1 µM CT treated cardiomyocytes compared to 

untreated cells (Fig. 11C).  

The pharmacological inhibitor of RNA synthesis, actinomycin D, serves as a tool 

to test that CT induces transcriptional activation of COX-2 gene.  Pretreatment of 

actinomycin D prevented CT from inducing COX-2 increase at mRNA or protein levels 

(Fig. 12A&B).  To demonstrate that COX-2 induction indeed results from transcriptional 

activation, we performed nuclear run-on assays.  As shown in Figure 12C, the nuclei 

from CT treated cardiomyocytes exhibited an increase synthesis of COX-2 transcript in 

vitro.  Promoter-reporter gene constructs provide an additional assay for transcriptional 

activation of COX-2 gene.  A chimeric construct of luciferase gene under the control of 

rat COX-2 gene promoter was introduced into cardiomyocytes by transient transfection. 

Treatment with CT caused an increase in the activity of COX-2 promoter (Fig. 12D).  

Therefore three methods, pharmacological inhibitor, nuclear run-on and promoter-

reporter gene assay, all indicate that CT causes transcriptional activation of COX-2 gene. 
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Figure 11. CT induces COX-2 mRNA elevation 
 
Primary rat cardiomyocytes were treated with CT (1 µM) for various time points (A) or 
for 4 hrs with various doses of CT (B, C).  The level of COX-2 mRNA was analyzed by 
semi-quantitative RT-PCR (A, B) or quantitative real time PCR (C).  RT-PCR products 
were quantified by the intensities of the bands using NIH Image J software (A, B).  The 
bar graph represents the means ± standard deviations of triplet experiments (B, C).  An 
asterisk (*) indicates significant difference from control (p<0.05) as judged by the 
Student's t test.  
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Figure 12. CT induces COX-2 gene transcription 

Cardiomyocytes were pretreated with actinomycin D (0.5 µM) for 30 minutes and then 
treated with 1µM CT for 2 (A) or 4 hours (B).  Total RNA was used for semi-quantitative 
RT-PCR to detect the mRNA level of COX-2 or the loading control GAPDH (A).  The 
level of COX-2 protein was determined by Western blot using vinculin as a loading 
control (B).  Nuclear run-on assay was performed with nuclei harvested 6 hours after 1 
µM CT  treatment for real time PCR analyses (upper panel, C) to calculate COX-2 
transcription rate (lower panel, C).  COX-2 promoter activity was determined after 
transfecting cardiomyocytes with a luciferase construct under the control of rat COX-2 
promoter sequence (-449 to +24, D).  Cells were treated with various concentrations of 
CT for 12 hours before harvesting for luciferase activity assay (D).  Results are shown 
from one experiment representative of three (A, B, and D).  An asterisk (*) indicates 
significant difference (p<0.05) as judged by the Student's t test when the means of CT 
treated groups from triplet experiments were compared to that of the control (D). 
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CRE cis-element and CREB are critical for CT induced COX-2 expression 

The promoter region of COX-2 gene contains multiple cis-elements. The major 

transcription factor binding sites are indicated in Figure 13A.  Sequential deletion from 5’ 

end or mutation at a specific cis-element site in COX-2 promoter allows us to identify the 

transcription factor regulating CT induced COX-2 gene expression (Fig. 13B).  Figure 

13C shows luciferase activities with or without CT treatment in cardiomyocytes 

transfected with various deletion or mutation constructs.  It appears that 5’ deletion 

upstream of –220 base pair (bp) did not significantly affect CT from activating COX-2 

promoter (Fig. 13C).  Within -220 bp of COX-2 promoter, NF-IL6 and Cyclic AMP 

Response Element (CRE) stand out as well defined cis-elements.  Mutating NF-IL6 or 

CRE consensus sequence alone reduced the response of the promoter to CT stimulation 

(Fig. 13C).  Mutating both NF-IL6 and CRE consensus sequences eliminated COX-2 

promoter activation (Fig. 13C).  The promoter deletion and mutation approaches 

indicated a role of NF-IL6 and CRE binding sites in the CT induced COX-2 expression.  

The transcription factor CRE Binding Protein (CREB) has been shown to regulate 

COX-2 gene transcription with several stimuli, ranging from growth factors to chemical 

stress.  Phosphorylation at Ser133 residue is a signature of CREB activation and is 

essential for DNA binding.  As shown in Figure 13D, CT treatment caused an increase in 

Ser133 phosphorylation of CREB, starting at 30 minutes and remaining detectable 12 

hours of CT treatment.  To verify that CREB indeed regulates CT induced COX-2 

expression, we performed co-transfection experiments to measure COX-2 promoter 

activity with a dominant-negative mutant of CREB, in which Ser133 is replaced with Ala 
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to prevent phosphorylation.  The results show that the dominant-negative mutant of 

CREB prevented CT from activating COX-2 promoter (Fig. 13E).  These data suggest 

that CT induces CREB phosphorylation, resulting in CRE mediated transcriptional 

activation of COX-2 gene. 

Role of p38 MAPK pathway in CT-induced COX-2 expression 

In tumor cells, an important upstream kinase regulating CREB phosphorylation at 

Ser133 is p38 MAPK.  Pharmacological inhibitors of p38, SB202190 and SB203580, 

were used to determine whether p38 participated in the regulation of CT-induced COX-2 

expression in cardiomyocytes.  Both SB202190 and SB203580 inhibited CT from 

inducing COX-2 protein expression in a dose-dependent manner (Fig. 14A).  RT-PCR 

experiments indicate that SB202190 and SB203580 prevented CT from increasing COX-

2 mRNA (Fig. 14B). 

COX-2 promoter activity assays provided additional evidence that p38 regulates 

COX-2 gene expression at the transcriptional level.  As shown in Figure 14C, SB203580 

abolished CT-induced COX-2-promoter activation.  A genetic approach using a 

dominant-negative mutant to inactivate p38 MAPK also demonstrated a role of p38 in 

transcriptional activation of COX-2 gene (Fig .14D). 

The discovery of p38 in regulating CT induced COX-2 transcription leads to the 

question of whether or not CT activates p38 MAPK.  To address this question, we 

measured the level of activated form of p38 by determining dual phosphorylation at 

Thr180 and Tyr182, a signature of p38 activation.  Figure 15A shows that CT induced 
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Figure 13. CRE/CREB is critical for CT-induced transcriptional activation of COX-

2 gene. 

Major cis-elements in human COX-2 gene promoter are shown (A).  The promoter 
deletion and mutation constructs used for transfection experiments are indicated (B).  
Cardiomyocytes were transfected with the luciferase reporter vectors, and incubated with 
or without CT (1µM) for 12 hours before harvesting for measurement of luciferase 
activity (C). Cardiomyocytes were treated with CT (1µM) for indicated time for 
measurement of phosphorylated CREB by Western blot analyses using antibodies against 
Ser133 phospho CREB (upper panel, D) or against total CREB protein (lower panel, D). 
A dominant negative CREB with Ser133 to Ala mutation construct (dnCREB) or empty 
vector was cotransfected with rat COX-2 promoter luciferase for measurements of 
promoter activity after 12-hours treatment of 1 µM CT (E).  The data represent one of 
three independent experiments (D, E) and means + standard deviations from three 
independent experiments (C) or triplet experiments (E).  An asterisk (*) indicates 
significant difference (p<0.05) as judged by the Student's t test when the means of CT 
treated groups were compared to that of the control (C, E). 
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Figure 14. p38 MAPK signaling pathway mediates CT induced COX-2 gene 

expression. 

Cardiomyocytes were pretreated with p38 MAPK inhibitor SB202190 or SB203580 at 
the dose indicated (A) or 10µM (B) 60 mins before treatment of 1 µM CT for 4 hours (A) 
or 2 hours (B).  Cells were harvested for measurement of COX-2 by Western blot (A) or 
RT-PCR (B) with vinculin or GAPDH as loading control (A, B).  Alternatively, 
cardiomyocytes were transfected with rat COX-2 promoter luciferase vector with a 
dominant negative mutant of p38 gene (p38DN) or empty vector (D), or without any 
other construct (C).  Transfected cells with (C) or without (D) 60-mins pretreatment of 10 
µM SB203580 were treated with 1 µM CT for 12 hours before harvesting for 
measurement of luciferase activity (C, D).  The data represent one of three independent 
experiments (A - D) and means + standard deviations of triplet experiments (C, D).  An 
asterisk (*) indicates significant difference (p<0.05) as judged by the Student's t test 
when the means of CT treated groups were compared to that of the control (C, D). 
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p38 phosphorylation at all time points measured, from 1 to 12 hours.   

To demonstrate that p38 regulates CREB phosphorylation at Ser133, we 

measured the level of CREB phosphorylation with cardiomyocytes treated CT in the 

absence or presence of SB203850 or SB202190.  Figure 15B shows that p38 inhibitors 

blocked CT from inducing CREB phosphorylation.  

Heat Shock Protein 27 (HSP27) is a well characterized substrate of p38 MAPK. 

To demonstrate that SB202190 and SB203580 at the doses used in experiments above 

indeed inhibits p38 MAPK, we measured phosphorylation of HSP27 in cardiomyocytes 

treated with CT.  The results indicate that CT increased HSP27 phosphorylation and 

SB202190 or SB203580 inhibited HSP27 phosphorylation at 5 to 20 µM doses (Fig. 

15C), suggesting that these chemical inhibitors at the dose used indeed inactivate p38 

MAPK. 

The p38 belongs to one of three branches of MAPKs (p38, ERKs and JNKs) that 

are activated by cytokines and chemical stress.  To demonstrate CT activating p38 

selectively, we determined the status of ERKs and JNKs by measuring phosphorylation at 

activation signature sites.  The data indicate that CT did not increase phosphorylation of 

ERKs or JNKs during 1 to 24 hours of treatment (Fig .16A).  The negative data of ERK 

or JNK specific inhibitors in CT induced COX-2 expression further exclude a role of 

these two branches of MAPKs in CT induced COX-2 induction (Fig. 16B).  



75

Figure 15. p38 MAPK is activated by CT and mediates CREB phosphorylation.   

Cardiomyocytes were treated with CT (1µM) for indicated time before harvesting for 
measurement of Thr180/Tyr182 phospho p38 or total p38 (A).  SB202190 or SB203580 
was added to cells 60 mins prior to 4 hour treatment of 1 µM CT for measurement of 
Ser133 phospho CREB, total CREB, or Ser82 phospho HSP27 by Western blot (B, C).   
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Figure 16. ERKs or JNKs do not affect CT-induced COX-2 expression.   

Cardiomyocytes were treated with CT (1µM) for indicated time before harvesting for 
measurement of phospho ERK (Thr202/Tyr204) or JNK (Thr183/Tyr185) by Western 
blot analyses (A, B).  Cardiomyocytes were treated 1 µM CT for 4 hours with or without 
60-mins pretreatment of PD98059 (20µM) or peptide JNK inhibitor I (6µM). Cells were 
harvested for measurements of COX-2 protein levels by Western blot analyses (C).  
Vinculin serves as a loading control for Western blot analyses.   
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Role of glucocorticoid receptor (GR) in CT-induced COX-2 expression 
 

Traditionally it is known that GCs enter cells through diffusion and bind to GR in 

the cytosol, causing nuclear translocation of the complex. Activated GR turns on 

transcription of the genes containing a cis-element (GRE).  More recent reports indicate 

that GR participates in chromatin remodeling, resulting in changes in the expression of 

genes that do not have GRE in the promoters (McEwan et al. 1997; Deroo and Archer 

2001; Ito et al. 2006).  GR antagonist, mifepristone, provides a useful tool to test whether 

GR is essential for CT-induced COX-2 expression.  Our results show that pretreatment 

with mifepristone abolished COX-2 protein increases by three GCs (Fig. 17A).  

Mifepristone also prevented CT from inducing COX-2 mRNA or activating COX-2 

promoter (Fig. 17B&C).  These data suggest a role of GR in CT induced transcriptional 

activation of COX-2 gene.  

The inhibitory effect of mifepristone in CT induced COX-2 expression promoted 

us to test whether GR signaling is upstream of p38 MAPK.  Measurements of activated 

forms of p38 or CREB indicate that mifepristone did not prevent CT from inducing the 

p38 or CREB phosphorylation (Fig. 18).  Measurement of HSP27 phosphorylation 

supports the lack of inhibitory effect of mifepristone on CT induced p38 activation (Fig. 

18). 
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Figure 17. Role of glucocorticoid receptor (GR) in CT-induced COX-2 expression. 
 
Cardiomyocytes were treated with 1 µM mifepristone (MF) for 1 hour before 24-hours 
treatment of 1 µM CT, dexamethasone (Dex), or hydrocortisone (HC) (A) or 4-hours 
treatment of 1 µM CT (B).  Cells were harvested for measurement of COX-2 protein 
level by Western blot analyses (A) or for measurements of COX-2 mRNA by RT-PCR 
(B).   Vinculin or GAPDH serves as a loading control (A, B).  The activity of rat COX-2 
promoter was measured after transfecting cardiomyocytes with a rat COX-2 promoter-
controlled Firefly luciferase reporter and a TK-Renilla luciferase reporter vector (C).  
Cells were pretreated with MF (1µM) for 1 hour prior to 12- hours incubation in the 
presence of 1µM CT before dual luciferase activity assay.  The data represent one of 
three independent experiments (A, B, C) or means + standard deviations from triplet 
experiments.  An asterisk (*) indicates significant difference (p<0.05) as judged by the 
Student's t test when the means of CT treated groups were compared to that of the control 
(C). 
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Figure 18. Mifepristone fails to inhibit CT from activating p38 pathway.

Cardiomyocytes were treated with CT (1µM) for 4 hours with or without 1 hour 
pretreatment of 1 µM mifepristone (MF).  Cells were harvested for measurements of total 
or phosphorylated p38 MAPK (Thr180/Tyr182), CREB (Ser133), or HSP27 (Ser82) by 
Western blot.   
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The negative data of mifepristone in CT induced p38 signaling pathway urged us 

to test whether p38 regulates the activity of GR.  Mouse mammary tumor virus (MMTV) 

promoter contains well-characterized GRE and has been widely used to test GR 

transactivity (Archer et al. 1995; Archer et al. 1997).  Activation of MMTV promoter was 

observed in transfected cardiomyocytes following CT treatment as expected (Fig. 19A).  

Mifepristone blocked CT induced MMTV promoter (Fig. 19A).  In contrast, p38 inhibitor 

SB203580 even at a high dose of 20µM did not affect MMTV promoter activation (Fig. 

19B).  This data exclude the possibility that p38 is upstream of GR signaling. 

Cardiac fibroblasts provide an experimental system to illustrate that activation of 

p38 is important for COX-2 gene expression and is perhaps an event unique to 

cardiomyocytes.  The myocardium contains a significant portion of fibroblasts in addition 

to myocytes.  We collected fibroblasts to address whether a different cell type from the 

same origin as cardiomyocytes respond to CT by elevating COX-2 expression. The 

results show that although the basal level of COX-2 protein is lower in fibroblasts 

compared to cardiomyocytes, CT failed to induce COX-2 increase in any time point 

tested, from 1 to 24 hours (Fig. 20A).  Corresponding to this negative data is the failure 

of fibroblasts to activate p38 in response to CT stimulation (Fig. 20B).  As expected, 

fibroblasts express GR protein at a level similar to that of cardiomyocytes (Fig. 20C). 
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Figure 19. Insignificant effect of p38 inhibition on GR transactivity. 

Cardiomyocytes were transfected with a mouse mammary tumor virus promoter 
luciferase vector (MMTV-luc) and a TK-Renilla luciferase vector (Promega).  Cells were 
treated with 1 µM mifepristone (MF, A) or p38 inhibitors (20µM, B) for 1 hour before 24 
hour treatment of 1 µM CT.  Cells were harvested for dual luciferase assay and MMTV 
luciferase activity was normalized to TK-Renilla luciferase activity.  The data represent 
means + standard deviations from triplet experiments.  An asterisk (*) indicates 
significant difference (p<0.05) as judged by the Student's t test when the means of CT 
treated groups were compared to that of the control. Two asterisks (**) indicates the 
significant difference between CT treated groups with MF versus without MF. 
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Figure 20. CT does not activate p38 or induce COX-2 in cardiac fibroblasts.   

Primary cardiac fibroblasts (A-C) and myocytes (A and C) were treated with CT (1µM) 
or hydrogen peroxide (H2O2, 100 µM) for indicated time.  Cells were harvested for 
measurements by Western blot of COX-2 protein (A), total or phosphorylated p38 
(Thr180/Tyr182) (B) or GR protein (C).  
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To gather additional evidence that p38 activation by CT is likely cell type specific, 

we performed GR transfection experiments using human embryonic kidney cell line 293 

(HEK293) that lacks detectable endogenous GR.  HEK293 cells were transfected with 

GR or empty expression vector.  The expression and activation of GR upon CT treatment 

were verified by co-transfection of MMTV promoter-luciferase construct.  As expected, 

CT increased MMTV promoter-luciferase activity in GR-transfected HEK293 cells but 

not in empty vector transfected cells (Fig. 21A).  However, CT did not activate p38 nor 

increased COX-2 protein regardless of functional GR in HEK cells (Fig 21. B&C). 
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Figure 21. CT failed to activate p38 phosphorylation in HEK293 cells with or 
without GR expression.   
 
HEK293 cells were transfected with mouse mammary tumor virus promoter luciferase 
reporter vector (MMTV-luc), TK-Renilla luciferase reporter vector (Promega) with or 
without a GR expression vector or empty vector. Cells were treated with 1 µM CT for 24 
hours before luciferase assay (A) or Western blot to measure COX-2 protein (C).  Cells 
treated with CT (1µM) or hydrogen peroxide (H2O2, 100 µM or 400 µM) for 4hr were 
used for Western blots to detect p38 phosphorylation (Thr180/Tyr182) (B).  The data 
represent means + standard deviations of triplet experiments (A) or from one of three 
independent experiments (B, C).  An asterisk (*) indicates significant difference (p<0.05) 
as judged by the Student's t test when the means of CT treated groups were compared to 
that of the control (A). 
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Discussion: 
 

This study demonstrates that GCs at physiologically relevant doses induce 

elevation of COX-2 gene expression in cardiomyocytes in vitro.  In vivo experiments of 

GC administration in mice found elevation of COX-2 protein in the heart.  Mechanistic 

investigation suggests that GCs activate two pathways: GR and p38 MAPK.  Although 

these two pathways appear to be independent from each other, both are critical for COX-

2 induction.  Our data present a novel finding of COX-2 expression downstream of a 

cascade of GC signaling, perhaps unique to cardiomyocytes.  

Several pieces of evidence indicate that CT activates p38 MAPK and this pathway 

is essential for COX-2 induction in cardiomyocytes.  Measurements of signature 

phosphorylation site indicate that CT activates p38 MAPK.  CT increased 

phosphorylation of HSP27 and CREB, two well-established substrates of p38. The 

pharmacological inhibitors of p38 MAPK prevented CT from inducing CREB or HSP27 

phosphorylation and from elevating COX-2 mRNA or protein.  The data with a dominant 

negative mutant of p38 MAPK are consistent with that from pharmacological inhibitors.  

It appears that activation of p38 MAPK pathway by CT leads to CREB phosphorylation 

at serine 133, which binds to CRE in the promoter region of COX-2 gene, resulting in an 

increase of COX-2 gene transcription.  The p38 MAPK have been shown to mediate 

UVB induced COX-2 expression via phosphorylating CREB in keratinocytes (Tang et al. 

2001).  It appears that CT utilizes a similar signaling mechanism to turn on the expression 

of COX-2 gene in cardiomyocytes. 
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Our data with cardiac fibroblasts point to a cardiomyocyte cell type specific effect 

of CT on p38 activation and COX-2 induction.  In the literature, there is only one other 

cell type responding to GCs by elevating COX-2 gene expression: amnion fibroblasts 

(Zakar et al. 1995; Economopoulos et al. 1996; Sun et al. 2003).  In lymphocytes where 

GCs have been studied extensively, it is well known that GCs suppress the expression of 

COX-2 gene (Crofford et al. 1994; Newton et al. 1996; Ristimaki et al. 1996; Newton et 

al. 1998; Barrios-Rodiles et al. 1999; Lasa et al. 2001; Lasa et al. 2002).  In fact, the anti-

inflammatory function of GCs is largely related to down-regulation of COX-2 and 

inflammatory genes in lymphocytes (Adcock et al. 2004).  Suppression of COX-2 gene 

expression by GCs has also been reported in studies involving the kidney tissue (Zhang et 

al. 1999; Zhang et al. 2003; Madsen et al. 2004). Consistent with the inability of inducing 

COX-2 gene, GCs attenuate p38 activation by cytokines in lymphocytes (Clark and Lasa 

2003; Stellato 2004). Several studies indicate that GCs interfere with MAPK signaling 

pathways through inducing the expression of MAPK phosphatase 1, a negative regulator 

of MAPKs (Lasa et al. 2002; Jeong et al. 2003; Bazuine et al. 2004).  To explain the 

opposite effect of GCs in COX-2 expression, one may consider that cardiomyocytes lack 

the type of phosphatases that suppress p38 MAPK and therefore respond to CT 

differently from lymphocytes and other cell types where CT suppresses the expression of 

COX-2 gene. 

Increasing evidence favors a non-genomic effect of GCs in addition to their well-

established action of binding to GRs.  The genomic effect of GCs is known as GR 

translocating upon ligand binding to the nuclei, where it interacts with chromatin and its 
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consensus response element (GRE) in DNA.  This GR translocation dependent genomic 

effect typically takes hours to altering gene expression (Buttgereit and Scheffold 2002; 

Limbourg and Liao 2003; Stellato 2004).  Contrary to the genomic effect, recent studies 

have found that steroids can activate several kinases-mediated signal transduction 

pathways within 20 minutes {Ali, 2002 #7).  In cardiomyocytes, activation of p38 is 

observed within 30 mins of CT exposure.  This short time frame plus the fact that p38 

activation is insensitive to mifepristone suggest a non-genomic effect of GCs in 

cardiomyocytes.  In neuronal cells, for example PC12 cell line, neonatal hippocampal 

cells or cultured embryonic hippocampal neurons, GCs activate p38 MAPK rapidly 

through nongenomic mechanisms (Li et al. 2001; Qi et al. 2005; Xiao et al. 2005).  

Several theories have been generated to explain the rapid activation of kinases: 1) non-

specific interaction of GCs with the plasma membrane, which usually occurs when cells 

encounter high concentrations of GCs at a level above physiological range; 2) specific 

interaction of GCs with a postulated membrane associated GR (mGR), and 3) specific 

interaction of GCs with classical intracellular GR (cGR) (Buttgereit and Scheffold 2002; 

Stellato 2004).  In our study, we used CT at 50 nM to 1µM, a dose range within the daily 

variation of serum levels of corticosteroids in humans (0.1–1 µM).  Such dose range plus 

the fact that GCs do not activate ERKs or JNKs argue against a non-specific plasma 

membrane interaction of CT.  The lack of clear physical characterization of mGR 

prohibits us to pursue its contribution in CT induced p38 activation.  Cardiomyocytes 

express detectable levels of cGR (Chen et al. 2005).  However our data with mifepristone 

and from GRa transfection experiments fail to support a role of cGR in p38 MAPK 
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activation.  Therefore mechanism mediating p38 MAPK activation by CT remains to be 

determined. 

Mifepristone is a widely used antagonist against cGR.  Mifepristone occupies the 

ligand binding site of cGR, preventing it from binding to GCs {Cadepond, 1997 #494}.  

Unlike GC bound GR, it appears that mifepristone bound cGR undergoes nuclear 

translocation but is incapable of interacting with chromatin or DNA (Cadepond et al. 

1997).  GC bound cGR has been shown to interact with a large number of nuclear 

proteins, including chromatin remodeling factors (Deroo and Archer 2001; Ito et al. 

2006).  Activated cGR has been reported to interact with p300 and c/EBP, resulting in an 

increased accessibility of the transcriptional machinery to the promoter region of target 

genes.  In our experimental system, mifepristone inhibits CT from inducing COX-2 

mRNA or protein in the absence of an effect on p38 activation, indicating the importance 

of cGR in COX-2 gene expression.  We have performed promoter sequence search for a 

potential Glucocorticoid Response Element (GRE) or Hormone Response Element (HRE) 

within 3000 base pair upstream of transcriptional start site and have not found these 

consensus sequences in COX-2 gene promoter.  The fact that c/EBP binds to NF-IL6 

promoter and our promoter mutation studies indicate a role of NF-IL6 in CT induced 

COX-2 gene expression suggest the paradigm where CT bound cGR interacts with p300 

and c/EBP complex to allow phosphorylated CREB to recruit basal transcription factors 

to initiate the transcription of COX-2 gene.  The proposed model of CT induced COX-2 

gene expression is outlined in Figure 22. 
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Figure 22. Proposed scheme of signaling components regulating the expression of 
COX-2 gene expression by CT. 
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CHAPTER III  

LY294002 INHIBITS GLUCOCORICOID-INDUCED COX-2 EXPRESSION IN 
CARDIOMYOCYTES THROUGH A PHOSPHATIDYLINOSITOL 3-KINASE-

INDEPENDENT MECHANISM 
 

Introduction: 
 

LY294002 (2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one) (LY29) is a 

flavonoid-based synthetic compound. This drug was developed based on ATP pocket of 

phosphatidylinositol 3-kinase (PI3K) (Vlahos et al. 1994).  Although LY29 is widely 

used as an experimental tool to inhibit phosphatidylinostol 3-kinase (PI3K), recent 

studies have suggested that this compound might exhibit inhibitory effects on targets 

other than PI3K, such as mammalian Target of Rapamycin (mTOR), DNA-dependent 

Protein Kinase (DNA-PK) and Casein Kinase-2 (CK2) (Vanhaesebroeck et al. 2001). 

LY303511 (2-Piperazinyl-8-phenyl-4H-1-benzopyran-4-one) (LY30), a compound with a 

single atom substitution of oxygen with amine in the morpholine ring, does not inhibit 

PI3K at the doses comparable to LY29 and therefore serves as a negative control for 

PI3K inhibitory effect of LY29 (Vlahos et al. 1994).  

LY29 and LY30 share many common features in perturbing cellular metabolism. 

It has been reported that LY29 and LY30 induced H2O2 production in tumor cells (Poh 

and Pervaiz 2005).  Both compounds block potassium current through direct binding to 

potassium channel in rat pancreatic ß cells (El-Kholy et al. 2003), and inhibit monocyte 

chemoattractant protein-1 expression in endothelial cells (Choi et al. 2004).  These two 
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homologous compounds inhibit LPS-induced NO production in macrophage cell line 

(Kim et al. 2005).  These effects of LY29 and LY30 have not been observed with 

Wortmannin (WM), a cell-permeable fungal metabolite and a potent irreversible PI3K 

inhibitor with structure and inhibition mechanism distinct from that of LY29.  WM binds 

to lysine 802 residue of catalytic subunit p110 of PI3K to inhibit the kinase activity 

(Wymann et al. 1996).  Therefore WM serves as a positive control for finding non-PI3K 

inhibitory effect of LY29.  

COX-2 is the inducible isoform of cyclooxygenase (COX) and its expression can 

be rapidly increased by a diverse range of stimuli in various cell types (Smith 2000; Hinz 

and Brune 2002; Turini and DuBois 2002; Warner and Mitchell 2004). Signaling 

pathways that have been shown to regulate COX-2 expression include mitogen-activated 

protein kinases (MAPK) (Smith 2000), protein kinase A (PKA) (Choudhary et al. 2004; 

Pino et al. 2005), protein kinase C (PKC) (Xuan et al. 2005), and phosphoinositide 3-

kinase (PI3K) (Tang et al. 2001; Bachelor et al. 2005; Sheu et al. 2005; Wu et al. 2005).  

Studies from our laboratory have found that glucocorticoids (GCs) are capable of 

inducing COX-2 in cardiomyocytes (Chen et al. 2005). p38 MAPK signaling pathway is 

found critical for GC induced COX-2 expression in cardiomyocytes. (Sun et al.; Chen et 

al. 2005).  In an attempt to address whether PI3K plays a role in GC induced COX-2 

expression, we found that that LY29 is capable of abolishing COX-2 induction via a 

mechanism independent of PI3K. 
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Materials and Methods: 
 

Chemicals: Steroids, nimodipine, and tetraethylammonium (TEA) were purchased from 

Sigma unless otherwise indicated. LY294002, LY303511, Wortmannin, and 4,5,6,7-

Tetrabromo-2-azabenzimidazole (TBB) were purchased from Calbiochem (San Diego, 

CA).  

Cell Culture and Drug Treatment: Cardiomyocytes were prepared from 1- to 2-day 

old neonatal Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN) as 

previously described (Coronella-Wood et al. 2004; Purdom and Chen 2005).  Cells were 

seeded at a density of 0.5 x 106 per well in 6-well plates with low glucose DMEM 

containing 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA).  Cells were placed 

in fresh FBS-free DMEM for 24 h before experiments.  Pharmacological inhibitors were 

added to cells 30 - 60 minutes prior to addition of steroids.  

Western Blot Analysis: Cells were dissolved in a SDS lysis buffer [120 mM Tris-HCl, 

pH 6.8, 2.4% (w/v) SDS, and 50% (v/v) glycerol].  An equal volume of sample buffer [60 

mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 0.05% (v/v) beta-mercaptoethanol, and 10% (v/v) 

glycerol] was added to the cell lysates for 10-minutes boiling.  Protein concentration in 

the cell lysates was measured by the Warburg-Christian method (Layne 1957; Chen et al. 

1998). Western blots were performed using antibodies against COX-2 (#160106, Cayman 

Chemical, Ann Arbor, MI), total GSK,  or Ser21/9 phospho GSK-3α/β ser21/9, total 

AKT, or Ser473 phospho AKT or Thr308 phospho AKT  (Cell Signaling Technology, 
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Inc. Danvers, MA).  Equal protein loading was verified by Western blot to detect vinculin 

(V9131, Sigma-Aldrich, St. Louis, MO) 

RNA isolation and Semiquantitative RT-PCR: Total RNA was isolated by dissolving 

cells in Trizol and then following the manufacture’s instruction (Invitrogen, Carlsbad, 

CA). RNA was converted to cDNA via reverse transcription (RT) using hexanucleotide 

random primers. PCR primers for COX-2 gene are: forward 5'-

TACAAGCAGTGGCAAAGGCC and reverse 5'-

CAGTATTGAGGAGAACAGATGGG.  GAPDH was amplified in parallel as an internal 

loading control using primers of forward 5'-AGACAGCCGCATCTTCTTGT and reverse 

5'-CCACAGTCTTCTGAGTGGCA.   PCR amplified products were analyzed by agarose 

gel electrophoresis and ethidium bromide staining under UV illumination.   

COX-2 Promoter Luciferase Construct, Transient Transfection and Luciferase 

Assay:  To generate rat COX-2 promoter-luciferase construct, a fragment of the rat COX-

2 promoter DNA sequence (-449 to +24) was subcloned into a pGL3 Basic vector at 5’ 

upstream of the firefly luciferase gene (Promega, Madison, WI) (Sun et al.).The 

promoter-luciferase reporter construct was transfected into rat cardiomyocytes using 

Fugene 6 liposomes (Roche).  After 5-hours incubation, cells were replenished with fresh 

DMEM containing 10% FBS for overnight recovery. After 24 hours serum starvation and 

experimental treatments, cells were lysed for luciferase assay (Promega). The luciferase 

activity was normalized to the protein content unless indicated otherwise. 
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PI3K Activity Assay:  Cardiomyocytes were harvested for PI3K activity assay as 

described (Tu et al. 2002). After immunoprecipation with anti-p85 antibody (Upstate 

Biotechnology, Lake Placid, NY), the kinase reaction took place at 30°C for 20 minutes 

in a mixture containing the Protein A Sepharose beads with p85 complex, 

phosphatidylinositol as a substrate (Avantis Polar-Lipid, Alabaster, AL), and -32P-ATP. 

The resulting 32P-labeled phospholipids were extracted for thin layer chromatography and 

were detected by autoradiography.  

 



95

Results: 
 

LY294002 inhibits CT induced COX-2 expression in cardiomyocytes  
 

LY29 was tested for its effect on CT induced COX-2 expression.  As shown in 

Figure 23A, LY29 prevented CT from inducing COX-2 protein expression in a dose-

dependent manner. CT causes COX-2 protein increase through transcriptional regulation.  

To address whether the effect of LY inhibition is related to transcriptional regulation, we 

measure the level of COX-2 mRNA. As shown in Figure 23B, LY29 prevented CT from 

inducing COX-2 mRNA. 

Transcriptional activation of COX-2 gene by CT can be measured by COX-2 

promoter reporter assay (Sun et al.).  COX-2 promoter activity assay was used to further 

demonstrate the effect of LY29 at the transcriptional level.  As shown in Figure 23C, 

LY29 abolished COX-2-promoter activation by CT, suggesting that LY29 indeed 

inhibited CT induced COX-2 transcription. 
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Figure 23. LY294002 abolished CT-induced COX-2 elevation.   

Cardiomyocytes were pretreated with LY29 at the dose indicated (A) or 10µM (B) 60 
mins before treatment of 1 µM CT for 4 hours (A) or 2 hours (B).  Cells were harvested 
for measurement of COX-2 by Western blot (A) or RT-PCR (B) with vinculin or 
GAPDH as loading control (A, B).  Alternatively, cardiomyocytes were transfected with 
rat COX-2 promoter luciferase vector. Transfected cells with or without 60-mins 
pretreatment of 10 µM LY29 were treated with 1 µM CT for 12 hours before harvesting 
for measurement of luciferase activity (C).  An asterisk (*) indicates significant 
difference (p<0.05) as judged by the Student's t test when the means of CT treated groups 
were compared to that of the control (C).  



97

Wortmannin does not inhibit CT induced COX-2 expression  
 

Although LY29 has been widely used as an inhibitor of PI3K, to address whether 

the inhibitory effect of LY29 in our experimental system is indeed related to PI3K 

inhibition, we test the effect of WM.  WM inhibits PI3K via a mechanism different from 

LY29. Our results show that WM did not prevent CT from inducing COX-2 expression, 

either at protein or mRNA level (Fig. 24A&B). WM also failed to abolish the increase of 

COX-2-promoter activation by CT (Fig. 24C).  

 

LY30 inhibits CT induced COX-2 expression  

 The inability of WM to inhibit CT induced COX-2 expression posts the question 

whether LY29 inhibits CT induced COX-2 expression via PI3K inhibition. LY30 has 

been used as a negative control of LY29 and does not inhibit PI3K at a dose below 100 

µM (Vlahos et al. 1994). When cells were treated with LY30, surprisingly, LY30 within 

the same dose range as LY29 prevented CT from inducing COX-2 protein expression in a 

dose-dependent manner (Fig. 25A). Additionally, LY30 also inhibited COX-2 mRNA 

increase induced by CT (Fig. 25B). 
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Figure 24. Wortmannin failed to abolish CT-induced COX-2 elevation.  

Cardiomyocytes were pretreated with WM at the dose indicated (A) or 2µM (B) 60 mins 
before treatment of 1 µM CT for 4 hours (A) or 2 hours (B).  Cells were harvested for 
measurement of COX-2 by Western blot (A) or RT-PCR (B) with vinculin or GAPDH as 
loading control (A, B).  Alternatively, cardiomyocytes were transfected with rat COX-2 
promoter luciferase vector. Transfected cells with or without 60-mins pretreatment of 2 
µM WM were treated with 1 µM CT for 12 hours before harvesting for measurement of 
luciferase activity (C).  An asterisk (*) indicates significant difference (p<0.05) as judged 
by the Student's t test when the means of CT treated groups were compared to that of the 
control (C). 
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Figure 25. LY303511 abolished CT-induced COX-2 elevation.     

Cardiomyocytes were pretreated with LY30 at the dose indicated (A) or 10µM (B) 60 
mins before treatment of 1 µM CT for 4 hours (A) or 2 hours (B).  Cells were harvested 
for measurement of COX-2 by Western blot (A) or RT-PCR (B) with vinculin (A) or 
GAPDH as loading control (B).   
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Genetic approach showing PI3k signaling pathway is not involved 

A genetic approach using a wild type or dominant-negative mutant of PI3K was 

applied to investigate the role of PI3K in CT-induced COX-2 gene expression (Hara et al. 

1994). PI3K contains p85 regulatory subunit and p110 catalytic subunit.  Transfection of 

p85 dominant negative subunit is capable of inhibiting PI3K activation.   Both dominant-

negative mutant and wild type p85 subunit of PI3K failed to influence significantly CT-

induced COX-2-promoter activation (Fig. 26).  This data, together with the negative 

effect of WM, argue against a role of   PI3K in CT induced COX-2 gene expression. 

 

PI3k/AKT signaling pathway is not activated by CT treatment 

It has been reported that GCs activated PI3K in endothelial cells (Hafezi-

Moghadam et al. 2002). To examine if this event occurs in cardiomyocytes, the activity 

of PI3K was measured. Figure 27A shows a representative experiment indicating that CT 

treatment did not increase PI3K activity, whereas H2O2, a positive control, activated 

PI3K  (Tu et al. 2002). AKT is a well-known downstream target of PI3K and activated by 

PI3K through phosphorylation. Measurements of AKT phosphorylation, a signature of 

activation, indicate that CT treatment did not change AKT phosphorylation, whereas the 

positive control H2O2 increased AKT phosphorylation levels (Fig. 27B).   
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Figure 26. Genetic approach showing PI3K not involved.   

Cardiomyocytes were transfected with rat COX-2 promoter luciferase reporter vector 
only or co-transfected with wild type or dominant-negative p85 of PI3K expression 
vector or its empty vector, and incubated with or without CT (1µM) for 12 hours. An 
asterisk (*) indicates significant difference (p<0.05) as judged by the Student's t test 
when the means of CT treated groups were compared to that of the control. 
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Figure 27. CT failed to activate PI3K/AKT signaling pathway.

Cardiomyocytes were treated with CT (1µM) or hydrogen peroxide (100µM) (H2O2) for 
indicated time before harvesting for measurement of PI3K activity (A) or Thr308 
phospho AKT or total AKT (B).  The data represent one of three similar independent 
experiments. 
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Effects of LY29, LY30 and WM on PI3K/AKT signaling pathway 

To verify that LY29 and WM indeed inhibit PI3K while LY 30 does not at the 

doses used above, we evaluated the effects of these drugs on phosphorylation of AKT 

and GSK-3α/β, the latter is a downstream target of AKT.  LY29 and WM decreased 

basal levels of AKT phosphorylation and GSK3α/β phosphorylation at doses that inhibit 

COX-2 induction and LY30 failed to do so (Fig. 28A).   

Since H2O2 activated PI3K in cardiomyocytes (Tu et al. 2002),  to demonstrate 

the effectiveness of LY29, LY30, and WM on activated PI3K/AKT pathway, we 

examined the levels of AKT phosphorylation in responds to H2O2 in cardiomyocytes 

treated with  these compounds. As shown in Figure 6B, H2O2 (100µM) induced AKT and 

GSK3α/β phosphorylation, which is attenuated or completely abolished by LY29 or WM, 

respectively. On the other hand, LY30 did not affect the phosphorylation (Fig. 28B). 

These data suggest that LY29 and WM indeed inactivate PI3K while LY30 serves well as 

a negative control.  
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Figure 28. Effects of LY294002, LY303511, and Wortmannin on PI3K/AKT 
pathway. 
 
Cardiomyocytes were treated with CT (1µM) for 4hr (A) or hydrogen peroxide (100µM )
(H2O2) for 30 mins (B) before harvesting for measurement of  Ser473 (A) or Thr308 (B) 
phospho AKT or Ser21/9 phospho GSK3α/β or total GSK3α/β. LY29 (20µM for A, 10 
µM for B), LY30 (20µM for A, 10 µM for B) or WM (2µM) was added to cells 60 mins 
prior to CT treatment. The data represent one of three similar independent experiments.  
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CK2 inhibitor does not inhibit COX-2 induction 
 

The inhibitory effect of LY29 and LY30 and the lack of inhibition by WM in CT 

induced COX-2 expression suggest that LY29 may block COX-2 expression via a PI3K 

independent mechanism.  LY29 and LY30 have been reported to inhibit Casein Kinase 2 

(CK2) while WM does not (Davies et al. 2000; Kristof et al. 2005). To test whether 

inhibition of CK2 implicates a mechanism for the observed inhibitory effect on CT 

induced COX-2 expression by LY29 and LY30, the CK2 inhibitor TBB (4,5,6,7-

tetrabromobenzotriazole) was applied to cardiomyocytes to examine if inhibition of CK2 

can prevent CT from inducing COX-2. The data show that TBB had no significant 

inhibitory effect on CT induced COX-2 expression (Fig. 29).  This points out that the 

inhibition of COX-2 expression by LY29 and LY30 may not be related to the inactivation 

of CK2.  

 

LY29 and LY30 do not affect GRE- activation  

Previously we have shown that CT-induced COX-2 expression is dependent on 

the activity of glucocorticoid receptor (GR) (Sun et al.). It has been reported that LY29 

directly binds to estrogen receptor to inhibit transactivation of estrogen-regulated genes 

(Pasapera Limon et al. 2003). To examine whether LY29, LY30 or WM affect GR 

activity, we transfected cardiomyocytes with mouse mammary tumor virus (MMTV) 

promoter luciferase reporter construct. MMTV promoter contains a well-characterized 

Glucocorticoid Response Element (GRE), a cis-element of GR transcription factor. CT 

dramatically increased MMTV-luciferase signal, which was not inhibited by WM, LY29  
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Figure 29. Effects of CK2 inhibitor on COX-2 upregulation. 

Cardiomyocytes were treated with CT (1µM) for 4 hours with or without 1 hour 
pretreatment of TBB at the doses indicated.  Cells were harvested for measurements of 
COX-2 by Western blot.  Vinculin serves as loading control. The data represent one of 
three independent experiments. 
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or LY30 (Fig.30).  This suggests that LY29 and LY30 prevent COX-2 induction via a 

mechanism independent of GR activity.  

 

TEA and nomidipine blocked COX-2 induction 
 

It has been shown that LY29 and LY30 can bind to potassium channel to block 

potassium current, which can not be accomplished by WM (El-Kholy et al. 2003). TEA 

(tetraethylammonium) is a general potassium channel blocker with potency slightly lower 

than that of LY29 in inhibiting voltage-gated potassium currents (Sun et al. 2004) (El-

Kholy et al. 2003). We therefore examined whether TEA can block COX-2 induction and 

found that TEA inhibited COX-2 induction by CT in a dose-dependent manner (Fig. 

31A).  

LY29 has also been shown to influence calcium levels by regulating calcium 

channel (Straube and Parekh 2001; Welling et al. 2005).(Ethier and Madison 2002). The 

effect of nimodipine, a voltage-gated calcium channel blocker, was examined on CT 

induced COX-2 induction. As shown in Figure 31B, nimodipine inhibited COX-2 

induction by CT. 
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Figure 30. Effects of LY29 and LY30 on GR activity. 

Cardiomyocytes were transfected with a mouse mammary tumor virus promoter 
luciferase vector (MMTV-luc) and a TK-Renilla luciferase vector (Promega).  Cells were 
treated with 10 µM LY29 or LY30 for 1 hour before 24 hour treatment of 1 µM CT.  
Cells were harvested for dual luciferase assay and MMTV luciferase activity was 
normalized to TK-Renilla luciferase activity.  The data represent means + standard 
deviations from triplet experiments.  An asterisk (*) indicates significant difference 
(p<0.05) as judged by the Student's t test when the means of CT treated groups were 
compared to that of the control. 
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Figure 31. Effects of TEA and nimodipine on COX-2 expression. 

Cardiomyocytes were pretreated with TEA (A) at the dose indicated or nimodipine (10 
µM) (B) 60 mins before treatment of 1 µM CT for 4 hours.  Cells were harvested for 
measurement of COX-2 by Western blot with vinculin as loading control.   
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Discussion 
 

In the present study, we demonstrated that CT induced COX-2 expression in 

cardiomyocytes is inhibited by LY29 and LY30.  This inhibitory effect is unlikely due to 

PI3-kinase inhibition, since LY30 does not inhibit PI3K activity, while WM, a 

structurally distinct inhibitor of the PI3-kinases, had no effect on COX-2 induction. The 

genetic approach using dominant negative mutant of p85 regulatory subunit of PI3K 

failed to suppress COX-2 expression. Despite of the fact that LY29 or WM inhibits the 

basal and H2O2 induced PI3K/Akt pathway, GCs did not activate PI3K in cardiomyocytes. 

Therefore, our data suggest that LY29 inhibits CT from inducing COX-2 expression via a 

PI3K/AKT independent mechanism.   

As an ATP binding site kinase inhibitor, LY29 was initially derived from 

Quercetin to make it more specific as a PI3K inhibitor (Vlahos et al. 1994).  The oxygen 

of the LY29 morpholino ring forms a hydrogen bond with Val-882 of PI3K, displacing 

ATP from PI3K active site (Walker et al. 2000). LY29 can inhibit other kinases given a 

similar steric structure of ATP binding pocket of these kinases, such as CK2, DNA-PK 

and mTOR. CK2 is also inhibited by LY30 but not WM.   However, our data with TBB 

suggest CK2 may not be the immediate target of LY29 and LY30 in inhibiting COX-2 

expression.  Previous study from our lab demonstrated that COX-2 induction by GC is 

dependent on GR activity (Sun et al.).  However, data in present report suggest that 

neither LY29, LY30 nor WM suppressed GR activity induced by GCs, suggesting that 

GR is not the target of these compounds. LY29 and LY30 has been show to inhibit the 

activation of nuclear factor-κB (NF-κB) in human umbilical vein endothelial cells (Choi 
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et al. 2004).  Although COX-2 promoter contains a NF-kB cis-element, our previous 

promoter study suggested that NF-κB binding site is not critical for the COX-2 induction 

in cardiomyocytes by CT (Sun et al.).  Therefore, several known potential mechanisms 

have been ruled out.  

Ion channels appear to be a potential target of LY29 and LY30. It has been shown 

that GCs can regulate the firing of action potentials in pituitary GH3 cells (Huang et al. 

2006) and modulate potassium channel expression and function in various cell types 

(Levitan et al. 1996; Shipston et al. 1996; Tian et al. 1998; Wang et al. 1999).  LY29 and 

LY30 have been shown to bind to voltage-dependent potassium channel and blocked 

potassium current in pancreatic beta-cells (El-Kholy et al. 2003).  In rat ventricular 

myocytes, LY29 and LY30 also inhibit Kv1.5/2.1 channels and potassium currents (Oudit 

et al. 2004). The direct inhibition of the outward K+ currents by LY29 enhances mouse 

cardiac myocyte cardiac contractility (Sun et al. 2004). The inhibition of potassium 

channel can influence intracellular calcium level indirectly (Doi et al. 2000) (Sah et al. 

2002; Wang et al. 2006).(Tokuno et al. 1999; Tahara et al. 2001).  On the other hand, 

LY29 has been shown to influence calcium levels via regulating calcium channels 

(Straube and Parekh 2001; Ethier and Madison 2002; Welling et al. 2005). Our data 

showed that both TEA, a general potassium channel inhibitor, and nimodipine, a calcium 

channel blocker, produced similar inhibitory effects as that of LY29 and LY30 with 

respect to inhibiting COX-2 expression.  Previous work from our laboratory have shown 

that CREB phosphorylation is critical for CT induced COX-2 expression (Sun et al.). 

Intracellular calcium level has been associated with activation of cAMP response element 
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binding protein (CREB) (Wellman et al. 2001; Leblais et al. 2004; Morales et al. 2004; 

Landa et al. 2005; Borodinsky and Spitzer 2006). Therefore, it is possible that LY29 and 

LY30 treatment may decrease intracellular calcium concentration, which reduces CREB 

activity, thus inhibiting COX-2 gene expression.  

 
The finding that LY29 may abolish GC-induced COX-2 expression through a 

blockade of potassium or calcium channel is potentially important for interpreting studies 

that use LY29 in cardiomyocytes and maybe all excitable tissues. Activity of potassium 

and calcium channels is involved in regulation of muscle contraction, heart rate, 

neurotransmitter release, neuronal excitability, endocrine secretion, and cell proliferation 

and apoptosis.   Abnormalities in potassium or calcium currents contribute to 

pathogenesis of diseases in cardiovascular, neurological, renal, and endocrinal system 

and thus potassium channel has been a therapeutic target of many disciplines  (Snyders 

1999; Shieh et al. 2000; Wickenden 2002; Tamargo et al. 2004; Garcia and Kaczorowski 

2005; Furukawa and Kurokawa 2006). Potassium and calcium channel blocker drugs 

have been developed for various diseases. Our finding suggests that LY29 and its 

analogues may be useful as a precursor for developing novel channel blockers. 
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CHAPTER IV  

GLUCOCORTICOIDS INDUCE COX-1 EXPRESSION IN NEONATAL RAT 
CARDIOMYOCYTES: ROLE OF GLUCOCORTICOID RECEPTOR AND SP3 

 

Introduction: 
 

Prostanoids play an important role in a variety of physiological and pathologic 

responses.  The rate limiting step of prostanoid synthesis is controlled by 

cyclooxygenases (COXs). Two distinct isoforms of COX, COX-1 and COX-2, have been 

extensively studied. While COX-2 is an enzyme inducible by pro-inflammatory cytokines, 

growth factors, carcinogens and chemical or physical stress (Smith 2000; Warner and 

Mitchell 2004), COX-1 is generally considered as a constitutively expressed isoform.  

However, emerging evidence has revealed that COX-1 gene expression can also be 

regulated.  Several reports indicate that female hormones estrogen and progesterone 

induce COX-1 expression (Jun et al. 1998; Ospina et al. 2002; Gibson et al. 2005) 

(Rupnow et al. 2002; Hermenegildo et al. 2005). Among reported inducers of COX-1 

expression are the Nerve Growth Factor, Fibroblast Growth Factor, Vascular Endothelial 

Growth Factor, tobacco carcinogen, phorbol ester, retinoic acid and TNF-α Related 

Apoptosis Inducing Ligand (TRAIL)(Smith et al. 1993; Kawaguchi et al. 1995; Xu et al. 

1996; Kaplan et al. 1997; Bryant et al. 1998; Rioux and Castonguay 2000; Schneider et al. 

2001; Secchiero et al. 2002). On the other hand, glucocorticoids (GCs) down regulate 

COX-1 gene expression in fetal pulmonary artery endothelial cells (Jun et al. 1999). 
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Therefore, accumulating evidence has argued against the traditional view of COX-1 as a 

housekeeping gene. 

Unlike COX-2, the molecular mechanisms underlying the regulation of COX-1 

gene have not been fully investigated.  Estrogen induced COX-1 expression in 

endothelial cells appears to be estrogen receptor (ER)-dependent and involve AP2 

transcription factor binding at a proximal GC-rich regulatory element of COX-1 promoter, 

implying a possible interaction between ER and AP2 (Gibson et al. 2005).  In histone 

deacetylase (HDAC) inhibitors induced COX-1 expression in normal human astrocyte 

cells and glioma cell lines, a Sp1 binding site in COX-1 promoter is the critical 

responsive element (Taniura et al. 2002). These studies indicate the GC-rich elements in 

COX-1 promoter within the close proximity of transcription start site play a critical role 

in regulating COX-1 gene expression.  

GC-rich elements are important cis-acting elements in promoters of many 

mammalian genes. Sp proteins are highly related zinc-finger transcription factors that 

bind to GC-rich elements (Philipsen and Suske 1999). Sp proteins interact with basal 

transcription machinery and other nuclear proteins, such as histone deacetylases 

(HDACs), other Sp proteins, hormone receptors, cyclic AMP response element-binding 

protein binding protein (CBP) and related p300 protein, etc., to up- or down-regulate 

gene expression (Safe and Abdelrahim 2005; Zhao and Meng 2005). Nine Sp proteins 

comprise one subfamily of Sp/XKLF superfamily of transcription factors and Sp1, Sp2, 

Sp3, and Sp4 are the best characterized members (Zhao and Meng 2005) (Suske et al. 

2005). By regulating the expression of a large number of genes that have GC-rich 
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promoters, Sp transcription factors play important roles in a variety of physiological 

processes including cell proliferation, apoptosis, differentiation, hormonal activation, 

angiogenesis, and neoplastic transformation (Philipsen and Suske 1999; Kaczynski et al. 

2003; Safe and Abdelrahim 2005; Zhao and Meng 2005). 

Glucocorticoids (GCs) belong to a group of steroid hormones that regulate vital 

physiological processes, including metabolism, biochemical homeostasis, and immune 

responses.  While elevated levels of GCs occur in association with psychological stress, 

synthetic GCs have been used frequently as anti-inflammatory and immunosuppressive 

drugs. Little is known about the biological impact of GCs on cardiac cells.  Previous 

study from our lab showed that GCs induced both COX-1 and COX-2 expression in 

cardiomyocytes (Chen et al. 2005). In this study, we investigated the mechanism 

underlying GCs induced COX-1 expression.  
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Materials and Methods: 

Chemicals: Steroids and chemicals were purchased from Sigma unless otherwise 

indicated. Actinomycin D was obtained from Biomol (Plymouth Meeting, PA). 

Mithramycin and Protein G agarose beads were purchased from Sigma (St. Louis, MO).  

Cell Culture and Drug Treatment: Cardiomyocytes and cardiac fibroblasts were 

prepared from 1- to 2-days old neonatal Sprague-Dawley rats (Harlan, Indianapolis, IN) 

as previously described (Coronella-Wood et al. 2004; Chen et al. 2005).  Cardiomyocytes 

were seeded at a density of 2.5 x 106 cells per 100 mm dish or 0.5 x 106 cells per well of 

6-well plates in low glucose DMEM containing 10% FBS (Invitrogen, Carlsbad, CA).  

Cardiac fibroblasts were plated in high glucose DMEM medium with 10% FBS (Purdom 

and Chen 2005).  Both types of cells were serum starved for 24 h before experiments.  

Chemical inhibitors were added 60 minutes prior to addition of steroids. 

Western Blot Analysis and Co-Immunoprecipitation: Whole cell lysates were 

prepared using a SDS lysis buffer [120 mM Tris-HCl, pH 6.8, 2.4% (w/v) SDS, and 50% 

(v/v) glycerol].  Protein concentration was measured by the Warburg-Christian method 

(Layne 1957; Chen et al. 1998).  Western blots were performed using primary antibodies 

against COX-1 (#160109 or 160110, Cayman Chemical, Ann Arbor, MI), Sp1 (Upstate, 

Lake Placid, NY), or Sp3 (Upstate, Lake Placid, NY).  Equal protein loading between 

different samples was verified by detecting vinculin (V9131, Sigma-Aldrich, St. Louis, 

MO). 
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Co-immunoprecipitation experiments were performed using a commercially 

available kit (Active Motif). Nuclear proteins were extracted and immunoprecipitated 

with appropriate antibodies. The immunocomplexes were collected using protein A/G-

agarose beads and the proteins in the complexes were recognized by Western blot. 

RNA isolation, Semiquantitative RT-PCR and Real Time RT-PCR: Total RNA was 

isolated using Trizol (Invitrogen, Carlsbad, CA).  After quantification by absorption at 

260 nm, RNA was converted to cDNA via reverse transcription (RT). COX-1 mRNA 

was amplified using PCR primer pair of forward 5'-TAAGTACCAGGTGCTGGATGG-

3' and reverse 5'-GGTTTCCCCTATAAGGATGAG-3'.  GAPDH was amplified in 

parallel PCR as an internal control using primers of forward 5'-

AGACAGCCGCATCTTCTTGT-3' and reverse 5'-CCACAGTCTTCTGAGTGGCA-3'.  

The conditions were optimized for linear reaction.  PCR products were analyzed by 

agarose gel electrophoresis followed by ethidium bromide staining under UV illumination.  

The intensities of DNA bands were quantified using NIH Image J software. The real time 

PCR was carried out as previously described (Sun et al.), using a rat COX-1 specific 

primer/probe mix set (Applied Biosystems, Foster City, CA, COX-1, Rn00566881_m1). 

Nuclear run-on assay: A non-radioactive nuclear run-on assay was carried out as 

described previously (Sun et al.) (Patrone et al. 2000). Briefly, nuclei were prepared from 

cardiomyocytes.  In vitro transcription was carried out using a mixture of NTP containing 

biotin-16-UTP.  Biotin-labeled RNA was isolated by streptavidin covalently linked to 
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magnetic Dynabeads M-280 (Dynal Biotech, Brown Deer, WI).  The beads were then 

resuspended for reverse transcription and real time PCR. 

Cloning of COX-1 Promoter Reporter Constructs: To generate rat COX-1 promoter-

luciferase constructs, a series of fragments containing the rat COX-1 promoter sequence 

were amplified by PCR using rat liver genomic DNA as a template with the forward 

primers of 5'-GAGGTACCAGTCACCCCTCCCACAATC-3', 5'-

GAGGTACCCACTGAGGACCAGCAAAGTCT-3' 5'-

GAGGTACCTTCTCACCTCCTTGCTTCTCA-3', 5'-

GAGGTACCGAGTGATGGTCTTAGCGGTCA-3', 5'-

GGTACCTAAGGCTGGAGCAGAGGAAGTTG-3', 5'-

ATGGTACCCTCTCCGAGGTGACAACTAG-3', 5'-

ATGGTACCAACTAGAGGGAGGAGTGG-3'. The reverse primer was 5'-

CTAGCTAGCTGGTGTTACTCCAGCACTGC-3'.  These primers anneal at -703, -580, 

-354, -172, -123, -90, -77 bp upstream of COX-1 transcription start site, respectively.  

The forward primers contain a Kpn I restriction site, while the reverse primers has a Nhe I 

restriction site, allowing restriction digestion of PCR products and subcloning of the PCR 

product into a pGL3 Basic vector at 5’ upstream of the firefly luciferase coding sequence 

(Promega, Madison, WI) to generate COX-1-703, COX-1-580, COX-1-354, COX-1-172, 

COX-1-123, COX-1-90, COX-1-77 constructs.  The cloned promoter fragments were 

verified by DNA sequencing.  
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Mutations in COX-1-172 were generated using a QuickChange site directed 

mutagenesis kit (Stratagene, La Jolla, CA) . The following sequences were used: -59 Sp 

bindin site: forward 5'-GAGGGAGGAGTGGTTGTGGAGCCGAGGG-3', reverse 

CCCTCGGCTCCACAACCACTCCTCCCTC-3', -37 Sp binding site:  forward 5'-

GGATGGGTGGGAGGTTACCCGCCGGTGC-3', reverse 5'-

GCACCGGCGGGTAACCTCCCACCCATCC-3'. The mutations were confirmed by 

DNA sequencing.  

Transient Transfection and Luciferase Assay: The luciferase reporter constructs were 

transfected into rat cardiomyocytes using Fugene 6 liposomes (Roche).  DNA of the 

COX-1 promoter reporter construct together with pRL-TK-Rnailla luciferase construct 

was incubated with Fugene 6 in serum-free DMEM medium before adding to cells. After 

5-hours incubation, cells were placed in fresh DMEM containing 10% FBS for overnight 

recovery. Cells were serum starved for 24 hours before experimental treatments and were 

lysed for dual luciferase assay according to the manufacturer’s protocol (Promega). The 

pRL-TK-Rnailla luciferase reporter serves to correct for transfection efficiency. 

Rat Sp3 small interfering RNA (siRNA) was purchased from Ambion (Austin, 

Tex) for co-transfection with 30 nM Sp3 siRNA and COX-1-172 using Oligofectamine 

(Invitrogen, Carlsbad, CA). Scrambled siRNA was used as a control. 

Nuclear Extract Preparation and Electrophoretic Mobility Shift Assay (EMSA): A

Nuclear Extract Kit (Active Motif) was used following manufacture’s protocol. Cells 

were washed and pelleted before being resuspended in hypotonic buffer and incubated on 
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ice. The cells were lysed by addition of detergent. The nuclei were collected by 

centrifugation and were resuspended in extraction buffer. The supernatants were 

collected as nuclear extract.  

To perform EMSA, oligonucleotides corresponding to  -67 to-41 region of  wild 

type rat COX-1  promoter (5’-GAGGAGTGGGGGTGGAGCCGAGGGATG-3’ and 5’-

CATCCCTCGGCTCCACCCCCACTCCTC-3’) or -59 Sp binding mutant (5’-

GAGGAGTGGTTGTGGAGCCGAGGGATG-3’ and 5’-

CATCCCTCGGCTCCACAACCACTCCTC-3’) were synthesized, annealed, and end-

labeled with γ-32P-ATP.  The nuclear extract was incubated with 32P-labeled probe in a 

binding buffer containing 0.05 µg/µl of poly (dI/dC), 10 mM HEPES, pH 7.9, 0.5 mM 

EDTA, 1 mM DTT, and 2.5% glycerol. DNA- protein complexes were separated from 

free DNA probe by electrophoresis across a non-denaturing polyacrylamide gel. The gel 

was then dried for autoradiography and exposed to film. In the competition assay, a 50-

fold molar excess of unlabeled wild type nucleotide or mutant was added during the 

binding reaction. For supershift assay, nuclear extract was incubated with Sp1 or Sp3 

antibodies (Upstate Biotechnology, Lake Placid, NY) in the binding buffer for 60 minutes 

before the addition of labeled probe and poly dI/dC.  

Chromatin Immunoprecipitation (CHIP) Assay: CHIP assay was carried out using 

enzymatic shearing CHIP assay kit according to the manufacturer's instruction (Active 

Motif).  Antibodies used in the CHIP against Sp1 and Sp3 were purchased from Upstate 

Biotechnology (Lake Placid, NY). Antibody against GR (BuGR2) was purchased from 

Abcam (Cambridge, MA). The immunoprecipitated DNA was analyzed by PCR using the 
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following primers: 5'-GAGGTACCGAGTGATGGTCTTAGCGGTCA-3' (forward) and 

5'-CTAGCTAGCTGGTGTTACTCCAGCACTGC-3' (reverse). The PCR products were 

separated by on agarose gel electrophoresis and visualized by ethidium bromide staining.  
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Results: 
 

Glucocorticoids induced COX-1 protein expression in cardiomyocytes  
 

Previous work of microarray analyses first identified elevated COX-1 mRNA in 

rat cardiomyocytes 24 hours after CT treatment (Chen et al. 2005).  To characterize this 

induction, we examined the time course and dose response of COX-1 protein following 

CT treatment. At the protein level, COX-1 showed a clear elevation 18 hours after CT 

treatment and remained elevated for at least 72 hours (Fig. 32A).  The dose response 

study demonstrated that COX-1 protein was induced with CT at a concentration as low as 

50 nM (Fig. 32B).  To address the specificity of COX-1 induction, we examined the 

effect of several steroid hormones on COX-1 protein expression.  All three GCs tested, 

i.e. hydrocortisone, corticosterone and dexamethasone, induced COX-1 expression (Fig. 

32C).   In contrast, estrogen and progesterone, two hormonal steroids that do not bind to 

the glucocorticoid receptor, failed to increase COX-1 expression (Fig. 32C).  
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Figure 32. GCs induce COX-1 protein elevation in cardiomyocytes. 

Primary rat cardiomyocytes were treated with CT (1µM) for indicated time (A) or with 
various concentrations of CT for 24 hours (B).  Alternatively primary rat cardiomyocytes 
were treated with 1 µM each of CT, dexamethasone (Dex), hydrocortisone (HC), 
estrogen (ES), progesterone (PG), or vehicle for 24 hours (C). Cells were harvested for 
Western blot analyses to measure the level of COX-1 protein.  An equal protein loading 
between the lanes is demonstrated by vinculin blotting.   
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Glucocorticoids induced COX-1 mRNA expression in cardiomyocytes  

To demonstrate that CT causes an increase of COX-1 gene expression, the level 

of COX-1 mRNA in cardiomyocytes was analyzed by semi-quantitative RT-PCR and 

real time PCR.  Figure 33A shows a time dependent induction of COX-1 mRNA with CT 

treatment examined by RT-PCR.  This time-dependent induction of COX-1 mRNA was 

confirmed by quantitative real time RT-PCR, which revealed detectable COX-1 mRNA 

elevation starting at 4 hrs and reaching approximately 4 folds increase at 24hr after CT 

treatment (Fig. 33B).  No significantly increase of COX-1 mRNA was observed at 1 and  

2 hour of CT treatment. Taken together, the time course studies show that elevation of 

COX-1 mRNA precedes protein increases in CT treated cardiomyocytes.   
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Figure 33. CT induces COX-1 mRNA elevation.   

Primary rat cardiomyocytes were treated with CT (1 µM) for various time points.  The 
level of COX-1 mRNA was analyzed by semi-quantitative RT-PCR (A) or quantitative 
real time PCR (B).  RT-PCR products were quantified by the intensities of the bands 
using NIH Image J software (A). For real time PCR, the amount of COX-1 mRNA was 
normalized to that of β-glucuronidase and the results were expressed as fold changes.  
The bar graph represents the means ± standard deviations of three independent 
experiments (B). For each experiment, COX-1 mRNA in CT samples was quantified 
relative to that of control sample.  An asterisk (*) indicates significant difference from 
control (p<0.05) as judged by the Student's t test. #, no significance calculated due to one 
missing time point.  
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CT induced COX-1 gene expression through transcriptional activation 

To determine whether CT-induced COX-1 elevation results from transcriptional 

activation of the gene, experiments were carried using pharmacological inhibitors of 

RNA synthesis, nuclear run-on assay and promoter activity assay. Pretreatment of 

actinomycin D, an inhibitor of RNA synthesis, prevented CT from inducing COX-1 

mRNA increase (Fig. 34A), indicating that CT increased COX-1 transcription.  We 

performed nuclear run-on assays to measure the transcription efficiency of COX-1 gene.  

As shown in Figure 34B, the nucleus of CT treated cardiomyocytes exhibited an 

increased rate of COX1 transcription, about 4 fold faster than controls.  Promoter-driving 

reporter constructs provide an additional approach to evaluate transcriptional activation 

of COX-1 gene.  A reporter construct of luciferase gene under the control of rat COX-1 

gene promoter (-172/+8) was introduced into cardiomyocytes by transient transfection. 

Treatment with CT caused an increase in the luciferase activity, suggesting the activation 

of COX-1 promoter (Fig. 34C).  Together, these approaches all indicate that CT treatment 

results in transcriptional activation of COX-1 gene. 

 

Role of glucocorticoid receptor (GR) in CT-induced COX-1 expression 
 

GCs exert many effects of their transcriptional regulation by binding to GRs 

localized in the cytoplasm, causing nuclear translocation and activation of GR 

transcription factor. Mifepristone, a GR antagonist, compete with GC to bind to GR, thus 

inhibiting GC activity.  Mifepristone was applied to examine whether GR is essential for 

CT-induced COX-1 expression.  We found that pretreatment with mifepristone abolished  
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Figure 34. CT induces COX-1 gene transcription.   

Cardiomyocytes were pretreated with actinomycin D (0.5 µM) for 30 minutes and then 
treated with 1µM CT for 6 hours (A).  Total RNA was used for semi-quantitative RT-
PCR to detect the mRNA level of COX-1 or the loading control GAPDH (A).  Nuclear 
run-on assay was performed with nuclei harvested 6 hours after 1 µM CT  treatment for 
real time PCR analyses (upper panel, B) to calculate COX-1 transcription rate (lower 
panel, B).  COX-1 promoter activity was determined after transfecting cardiomyocytes 
with a luciferase construct under the control of rat COX-1 promoter sequence (-172/ +8 
relative to transcription start site, C).  Cells were treated with various concentrations of 
CT for 24 hours before harvesting for luciferase activity assay (C).  An asterisk (*) 
indicates significant difference (p<0.05) as judged by the Student's t test when the means 
of CT treated groups from triplet experiments were compared to that of the control (C). 
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COX-1 protein increases induced by three GCs (Fig. 35A).  Mifepristone also prevented 

CT from inducing COX-1 mRNA or activating COX-1 promoter (Fig. 35B&C).  These 

data suggest that CT-induced COX-1 gene expression is GR-dependent.   

 

-77/+8 GC-rich region in COX-1 promoter is critical for CT induced COX-1 

expression 

The primary mechanism underlying GC/GR-regulated gene expression is the 

binding of GC/GR to a cis-element, glucocorticoid response element (GRE), in the 

promoter of a target gene. However, the proximal region of rat COX-1 promoter does not 

contain a GRE based on the prediction of TRANSFAC program (http://www.gene-

regulation.com/pub/databases.html).  To determine which region of COX-1 promoter is 

crucial to CT-induced gene expression, seven sequential sequence deletion mutants of 

COX-1 promoter were cloned into a reporter construct (Fig. 36A). The constructs were 

transiently transfected into cardiomyocytes and luciferase activity was examined after CT 

treatment (Fig. 36B).  The data show that 5’ deletion of sequences upstream of –77 base  

pair (bp) did not significantly affect CT from activating COX-1 promoter, suggesting that 

the region of –77 to +8 contains key regulatory element for CT induced COX-1 gene. 
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Figure 35. Role of glucocorticoid receptor (GR) in CT-induced COX-1 expression. 

Cardiomyocytes were treated with 1 µM mifepristone (MF) for 1 hour before 24-hours 
treatment of 1 µM CT, dexamethasone (Dex), or hydrocortisone (HC) (A).  Cells were 
harvested for measurement of COX-1 protein level by Western blot analyses (A). 
Cardiomyocytes were treated with 1 µM mifepristone (MF) for 1 hour before 24-hours 
treatment of 1 µM CT for measurements of COX-1 mRNA by RT-PCR (B).   Vinculin 
(A) or GAPDH (B) serves as a loading control.  The activity of rat COX-1 promoter was 
measured after transfecting cardiomyocytes with a rat COX-1 promoter-controlled firefly 
luciferase reporter sequence (-172/ +8 relative to transcription start site) (C).  Cells were 
pretreated with MF (1µM) for 1 hour prior to 24 hours incubation in the presence of 1µM
CT before luciferase activity assay.  An asterisk (*) indicates significant difference 
(p<0.05) as judged by the Student's t test when the means of CT treated groups were 
compared to that of the control (C). 
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Figure 36. -77/+8 GC-rich region in COX-1 promoter is critical for CT-induced 

transcriptional activation.   

Proximal rat COX-1 promoter sequence is shown with transcription start site as +1. Italic 
ATG at the end of sequence is the translation start codon. 5’ untranslated region is bold 
text. Primers used for cloning is underlined with two overlapped for -90 and -77 fragment 
(A). COX-1 promoter was cloned and insert into reporter construct to drive firefly 
luciferase gene expression, as described in Materials and Methods. Cardiomyocytes were 
transfected with promoter deletion mutant constructs or pGL3-basic vector, and 
incubated with or without CT (1µM) for 24 hours before harvesting for measurement of 
luciferase activity (B). The data represent one of three independent experiments and 
means + standard deviations from triplet experiments (B).  An asterisk (*) indicates 
significant difference (p<0.05) as judged by the Student's t test when the means of CT 
treated groups were compared to that of the control. 
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Role of Sp binding sites in CT-induced COX-1 expression 

 
Two Sp binding sites have been located in rat COX-1 promoter:  -59 and –37.  

With human COX-1 gene, two Sp binding sites upstream of translation start codon at -

111 and –89 have been shown important in regulating COX-1 gene expression (Taniura 

et al. 2002; Gibson et al. 2005). Mithramycin is an aureolic acid antibiotic and selectively 

interacts with GC-rich DNA sequences, thus blocking binding of proteins, such as Sp1 

transcription factors, to GC-rich elements in gene promoters (Albertini et al. 2006). In 

order to demonstrate that COX-1 upregulation is depending on Sp binding sites, 

mithramycin was applied. Mithramycin abolished CT from elevating COX-1 expression 

and promoter activation in a dose-dependent manner (Fig. 37A, B). 

 
To confirm that Sp binding sites are responsible for elevated COX-1 gene 

expression, we created substitution mutants to eliminate Sp binding sites (Fig. 38A). 

Mutation of –59 Sp binding site reduced the ability of CT in activating COX-1 promoter.  

Interestingly mutation of –37 Sp binding site does not appear to affect CT induced COX-

1 (Fig. 38B).   
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Figure 37. Mithramycin abolishes CT-induced COX-1 expression. 

Cardiomyocytes were pretreated with mithramycin at the dose indicated 60 mins before 
treatment of 1 µM CT for 24 hours (A, B).  Cells were harvested for measurement of 
COX-1 by Western blot with vinculin as loading control (A) or for luciferase activity 
assay (B).  Cardiomyocytes were transfected with COX-1-172 reporter construct (B). The 
data represent one of three independent experiments (A, B)  and means + standard 
deviations of triplet experiments (B).  An asterisk (*) indicates significant difference 
(p<0.05) as judged by the Student's t test when the means of CT treated groups were 
compared to that of the control (B). 
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Figure 38. -59 Sp binding site in COX-1 promoter is critical for CT-induced 
transcriptional activation.   
 
Putative Sp binding sites in rat COX-1 gene promoter and the mutant sequences for each 
putative Sp binding site are shown (A).  Cardiomyocytes were transfected with wild type 
or Sp mutant COX-1-172 reporter constructs, and incubated with or without CT (1µM) 
for 24 hours before harvesting for measurement of luciferase activity (B). The data 
represent one of three independent experiments and means + standard deviations from 
triplet experiments (B).  An asterisk (*) indicates significant difference (p<0.05) as 
judged by the Student's t test when the means of CT treated groups were compared to that 
of the control. The fold differences between the means of CT treated and control groups 
are labeled.  
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Sp3 binds to COX-1 promoter and mediates COX-1 transcription activation 

 Electrophoretic Mobility Shift Asaay (EMSA) was used to identify the 

transcription factors binding to Sp cis-element in COX-1 promoter using the nuclear 

extract from vehicle and CT-treated cardiomyocytes.  An oligonucleotide spanning the -

67/-41 region upstream of transcription start site of COX-1 promoter and containing the 

wild type or mutant sequence of -59 putative Sp cis-element was used as a probe (Fig. 

39A). EMSA revealed that wild type probe binds to two major protein complexes (Fig. 

39A, lane 1). These bands were not observed with probe containing Sp site mutation (Fig. 

39A, lane 2).  Competition analysis using excess cold wild type or mutant probe 

suggested these two bands are specific complexes of nuclear protein binding to wild type 

Sp probe (Figure 39A, lane 3, 4 and 5).   

Sp1 and Sp3 transcription factors are known to bind to Sp cis-element.  With 

supershift assay, Sp1 antibody slightly decreased the density of top band and produced a 

shift in the band (Fig. 39B, lane 1-4). Sp3 antibody abolished completely the bottom band 

and partially the top band (Fig. 39B, lane 5-8). CT treatment did not change the binding 

pattern (Fig. 39B).  These data suggest that the top band results from the binding of 

Sp1/Sp3 complex, whereas the bottom band reflects the binding of Sp3 transcription 

factor. Therefore in vitro, Sp1 and Sp3 transcription factors are capable of binding to Sp 

cis-element in the COX-1 promoter region. However, CT did not change their binding 

activity. 

To examine whether CT treatment induces Sp1/Sp3 binding to COX-1 promoter 

in vivo, CHIP assay was carried out. As shown in figure 39C, the results suggested that 
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Sp3 is the major transcription factor binding to COX-1 promoter in vivo and this binding 

was likely not changed by CT treatment. Consistent with in vitro binding assay by EMSA, 

CHIP assay suggested that Sp3 is the primary transcription factor that binds to COX-1 

promoter in vivo. (Fig. 39C) 

To test whether Sp3 transcription factor indeed plays a functional role in COX-1 

induction, the siRNA technology was applied to silence the Sp3 gene. Chemically 

synthesized double strand siRNA of Sp3 or scramble siRNA was co-transfected with 

COX-1 luciferase reporter construct into cardiomyocytes. As shown in Figure 40, Sp3 

siRNA abolished CT-stimulated COX-1 promoter activity.  
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Figure 39. Identification of nuclear proteins interacting with -59 Sp binding site.   

Nuclear proteins were extracted from cardiomyocytes and EMSA assays were performed 
as described in Materials and Methods. A, following radiolabeled probes (-67/-41 region  
of  rat COX-1  promoter) were applied : wild type (lane 1, 3, 4, 5) and -59 Sp mutant 
(lane 2); following cold probes are used for competition assay: wild type (lane 4) and -59 
Sp mutant (lane 5). B, cardiomyocytes were treated with vehicle (lane 1,3,5,7) or 1µM
CT (lane 2,4,6,8) for 8 hours (lane 1,2,3,4) or 12 hours (lane 5,6,7,8). Nuclear extracts 
were used for EMSA and supershift assay. Following antibodies (1µg/20µl) were applied: 
Sp1 (lane 3, 4) and Sp3 (lane 7, 8). C, CHIP assay was performed. Cardiomyocytes were 
treated with vehicle or CT (1µM) for 12 hours. The immunoprecipitated DNA was 
applied to PCR as template using primers to generate fragment of COX-1 promoter (-
172/+8 relative to transcription start site). COX-1-172 construct or water was used as 
template for positive (+) or negative (-) PCR control.  
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Figure 40. Sp3 is critical for CT-induced transcriptional activation.   

Cardiomyocytes were co-transfected with COX-1-172 reporter construct and Sp3 siRNA 
or negative control siRNA (30nM) as described in Materials and Methods, and incubated 
with or without CT (1µM) for 24 hours before harvesting for measurement of luciferase 
activity. An asterisk (*) indicates significant difference (p<0.05) as judged by the 
Student's t test when the means of CT treated groups were compared to that of the control.  
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GR binds to COX-1 promoter and interacts with Sp3 

CHIP assay was carried out to address whether CT treatment induces GR binding 

to COX-1 promoter within the region containing Sp cis-elment.  As shown in figure 41, 

GR binds to COX-1 promoter in vivo and this binding is increased by CT treatment. 

Since Sp3 transcription factor binds to the same region of COX-1 promoter, our data 

suggest that GR may interact with Sp3 transcription factor.  

Co-immunoprecipitation assay was used to examine whether there is direct 

interaction between GR and Sp3 in nucleus. As shown in Figure 42, immunoblotting with 

Sp3 antibody detect the presence of Sp3 in the immunoprecipitated complex using GR 

antibody and nuclear extract from CT-treated cells, suggesting a direct interaction 

between GR and Sp3.  
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Figure 41. GR binds to COX-1 promoter endogenously.    

CHIP assay was performed as described in Materials and Methods. Cardiomyocytes were 
treated with vehicle or CT (1µM) for 12 hours. The immunoprecipitated DNA was 
applied to PCR as template using primers to generate fragment of COX-1 promoter (-
172/+8 relative to transcription start site).  
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Figure 42. Interaction between GR and Sp3.   

Cardiomyocytes were treated with vehicle or CT (1µM) for 4 hours. Nuclear proteins 
were extracted from cardiomyocytes and Co-immunoprecipitation was performed as 
described in Materials and Methods. Cytosol and nuclear proteins were loaded to test 
antibody specificity.  
 



141

Discussion: 
 

This study presents a novel finding that GCs induce transcriptional activation of 

COX-1 gene in rat cardiomyocytes. COX-1 expression is induced by CT at a 

concentration as low as 50 nM, relevant to physiological concentration of this hormone.  

Dexamethasone, a synthetic GC, and two endogenous GC, hydrocortisone (i.e. cortisol) 

and corticosterone, all induced COX-1 expression, but not progesterone or estrogen, 

suggesting that the COX-1 upregulation is a specific effect of GC.  While the promoter of 

the COX-1 gene lacks GRE, our data suggested that GC-induced COX-1 expression is 

GR-dependent.  Mechanism studies suggested that Sp3 transcription factor binds to –59 

Sp cis-element in the COX-1 promoter and GR interacting with Sp3 transcription factor, 

resulting in transcriptional activation of COX-1 gene.  

COX-1 has generally considered as housekeeping gene with constitutively 

expression in various cell types. However, emerging evidence has shown that COX-1 

gene respond to certain stimuli by changing expression.  Estrogen up-regulates COX-1 in 

endothelial cells from various tissues (Jun et al. 1998; Ospina et al. 2002; Gibson et al. 

2005).  Progesterone increased COX-1 and COX-2 expression and therefore prostacyclin 

production in human endothelial cells (Hermenegildo et al. 2005). Progesterone and 

estrogen together increased COX-1 in uterine artery endothelium (Rupnow et al. 2002). 

In addtion, nerve growth factor, fibroblast growth factor, vascular endothelial growth 

factor, tobacco carcinogen , phorbol ester, retinoic acid and TRAIL also upregulated 

COX-1 in various cell types (Smith et al. 1993; Kawaguchi et al. 1995; Xu et al. 1996; 
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Kaplan et al. 1997; Bryant et al. 1998; Rioux and Castonguay 2000; Schneider et al. 2001; 

Secchiero et al. 2002). COX-1 expression increased in the spinal cord after the paw 

incision (Zhu et al. 2003) or injection of formalin (Zhang et al. 2006). Furthermore, 

COX-1 level is increased in some tumor cells (Sales et al. 2002; Daikoku et al. 2005).  

The only report studying the effect of GCs on COX-1 gene expression showed that GCs 

down regulate COX-1 expression and prostacyclin synthesis in fetal pulmonary artery 

endothelial cells (Jun et al. 1999).  The present study is the first report showing that, in 

cardiomyocytes, COX-1 is also inducible and GC, at physiological relevant concentration, 

increases COX-1 expression.  

Our current results suggested that Sp3 transcription factor play crucial role in the 

COX-1 gene expression in response to GC treatment. Sequential deletion and substitution 

mutants of COX-1 promoter luciferase assays illustrated a role of a putative Sp binding 

site at -59 in mediating GCs effects. This result is consistent with recent reports showing 

that this Sp binding site is the key cis-element for the regulation of COX-1 gene 

expression by estrogen or histone deacetylase inhibitors (Taniura et al. 2002; Gibson et al. 

2005). To further identify the nuclear proteins which bind to this putative Sp binding site, 

electrophoretic mobility shift assay and CHIP assay were performed and the results 

suggested that Sp3, instead of Sp1, is the primary transcription factor binding to this site 

both in vivo and in vitro. Sp1 and Sp3 are members of the Sp zinc-finger family of 

transcription factors and share similar expression pattern, structure and DNA binding 

capability. Both proteins bind to the same consensus sequences with similar affinities 

while their functions are rather different (Bouwman and Philipsen 2002). However, GC 
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treatment did not change Sp3 DNA binding capability as measured by EMSA or the 

binding to COX-1 promoter endogenously shown by CHIP assay. This phenomena is 

similar to recent finding that lipopolysaccharide induced IL-10 expression without 

affecting Sp1 or Sp3 binding in macrophages (Brightbill et al. 2000). Thus, Sp3 binding 

to COX-1 promoter contributes to gene expression induced by CT through a mechanism 

irrelevant to the change of DNA binding activity.  

Sp transcription factors interact with a wide variety of proteins to regulate gene 

expression (Safe and Abdelrahim 2005). Among these is the nuclear receptor family. Sp1 

has been shown capable of binding to most nuclear receptors if not all, such as estrogen 

receptor, progesterone receptor, androgen receptor, retinoic acid receptor, retinoic X 

receptor, peroxisome proliferator-activated receptor γ, and vitamin D receptor (Safe and 

Kim 2004). Several studies have suggested the cooperation between GR and Sp proteins, 

but no physical interaction in regulating gene expression (Marinovic et al. 2002) (Manoli 

et al. 2005; Tran et al. 2005; Marinovic et al. 2006; Ou et al. 2006). Otherwise, estrogen 

receptor has been reported to bind to several Sp transcription factors, including Sp3 

(Stoner et al. 2000; Stoner et al. 2004).  In this study, we observed the physical 

interaction between GR and Sp3 using nuclear protein for co-immunoprecipitation 

(Figure 42). Furthermore, Sp3 siRNA suppressed COX-1 promoter responsitivity to CT 

treatment (Figure 40) Taken together, these results suggested that GR binds to Sp3 which 

consistently binds to COX-1 promoter and the GR binding initiated transcription. 

However, considering the results that the mutation of -59 Sp binding site did not 

completely abolish CT-induced COX-1 promoter responsitivity (Figure 38B) and that 
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there are more than two GC-rich clusters in COX-1 promoter (Figure 38A), the roles of 

various Sp binding sites for CT induced COX-1 expression remains to be determined.  

 In conclusion, the present study demonstrated that GCs induced COX-1 gene 

expression transcriptionally in neonatal cardiomyocytes by a unique mechanism 

associated with the interaction involving GR and Sp3, the latter binds to COX-1 promoter 

directly. COX-1, as a 'housekeeping' enzyme, plays critical roles in a variety of 

physiological and pathophysiological processes. However, little is known about the 

biological function and regulation of COX-1 gene expression in cardiomyocytes. The 

unique phenomena and mechanism presented here provide new insights into the 

complicated nature of GC actions and COX-1 regulation. 
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CHAPTER V  

INHIBITION OF GSK-3 PREVENTS GLUCOCORTICOID FROM INDUCING 
COX-1 EXPRESSION IN CARDIOMYOCYTES 

 

Introduction:  
 

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine protein kinase. In 

humans, two genes encode two isoforms, GSK-3α and GSK-3β, which share 84% 

sequence homology.  Despite the sequence homology, the biochemical functions of the 

two isoforms are not interchangeable. Although initially identified as a kinase regulating 

glycogen synthase, it is now known that GSK-3 plays a central role in many 

physiological processes, including cell proliferation, cell differentiation, cell death, 

insulin action, neuronal functions, hair growth, and circadian rhythm control. A number 

of transcription factors have been shown as substrates of GSK-3, such as c-jun, CREB, 

NFATs, and C/EBPs (Coghlan et al. 2000).  Phosphorylation of these transcription 

factors controls their activities. 

GSK-3 is constitutively active in cells generally. Multiple mechanisms have been 

reported to regulate GSK-3 activity. Phosphorylation of Ser9 of GSK-3β or Ser21 of 

GSK-3α inhibits their activities.  An important upstream regulator of this inhibitory 

phosphorylation is Akt, a serine/threonine kinase.  Phosphorylation of Tyr216 of GSK-3β

or Tyr279 of GSK-3α is stimulatory although Tyr phosphorylation does not occur as 

commonly as Ser phosphorylation.  In addition to phosphorylation, GSK-3 activity is also 

regulated by intracellular distribution and protein-protein interaction (Meijer et al. 2004).  
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GSK-3 inhibition has been studies for many years mainly as a therapeutic target.  

At least 30 small molecules of GSK-3 inhibitors have been reported (Meijer et al. 2004). 

Among those, Lithium Chloride (LiCl), BIO [(2′Z,3′E)-6-Bromoindirubin-3′-oxime] and 

SB216763 have been often used for research purposes.   Clinically, lithium salts are used 

primarily for treatment of bipolar disorders, as well as depression and mania. While 

decades have passed since the introduction of lithium salts for the treatment of bipolar 

disorders in 1949 by John Cade (Walter 1999), the mechanism of its therapeutic action 

has thus far been elusive. Various molecular targets of lithium have been identified (Phiel 

and Klein 2001), including inositol monophosphatase and related phosphomonoesterases,

as well glycogen synthase kinase-3â (GSK(GSK-3â ). GSK). GSK-3â was firstly identified as a targetwas firstly identified as a target

of LiCl in 1996 (Klein and Melton 1996). At least two distinct mechanisms contribute to 

the inhibition of GSK-3β by lithium:  competing with Mg2+ , an essential cofactor for 

GSK-3 activity, and increasing an inhibitory phosphorylation of GSK-3 (Jope 2003; 

Gould and Manji 2005).  

Previous studies from our laboratory showed that glucocorticoids (GCs) induce 

COX-1 and COX-2 expression in cardiomyocytes (Chen et al. 2005).  While studying the 

mechanism of COX-1 and COX-2 induction, we found that inhibitors of GSK-3 are 

capable of increasing COX-2 expression, while abolishing COX-1 induction by GCs. 

Materials and Methods: 
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Chemcals and antibodies: Steroids were purchased from Sigma. GSK-3 inhibitors were 

obtained from different companies: LiCl (Sigma), SB216763 (BIOMOL), and BIO (GSK 

inhibitor IX, Calbiochem). We used antibodies against COX-1 or COX-2 (Cayman 

Chemical), total GSK-3α and β (Biosource), or Tyr 279/216  phospho GSK-3α and  β

(Biosource), or Ser21/9 phospho GSK-3α and β (Cell Signaling Technology),  vinculin 

(V9131, Sigma-Aldrich), and GR (Santa Cruz) for Western blots.   

Cell Culture and Drug Treatment: Cardiomyocytes were prepared from 1- to 2-days 

old neonatal Sprague-Dawley rats (Harlan, Indianapolis, IN) as previously described 

(Coronella-Wood et al. 2004; Chen et al. 2005).  Cardiomyocytes were seeded at a 

density of 2.5 x 106 cells per 100 mm dish or 0.5 x 106 cells per well of 6-well plates in 

low glucose DMEM containing 10% FBS (Invitrogen, Carlsbad, CA).  Cells were serum 

starved for 24 h before experiments.  Chemical inhibitors were added 60 minutes prior to 

addition of steroids. 

Western Blot Analysis: Whole cell lysates were prepared using a SDS lysis buffer [120 

mM Tris-HCl, pH 6.8, 2.4% (w/v) SDS, and 50% (v/v) glycerol].  Protein concentration 

was measured by the Warburg-Christian method (Layne 1957; Chen et al. 1998).  After 

SDS-PAGE, cellular proteins were transferred to a PVDF membrane for incubation with 

appropriate antibodies. Horseradish Peroxidase-conjugated secondary antibodies (Zymed, 

San Francisco, CA) bound to the primary antibodies were detected using an Enhanced 

Chemiluminescence reaction.   
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RNA isolation and Semiquantitative RT-PCR: Total RNA was isolated using Trizol 

(Invitrogen, Carlsbad, CA).  After quantification by absorption at 260 nm, RNA was 

converted to cDNA via reverse transcription (RT). COX-1 mRNA was amplified using 

PCR primer pair of forward 5'-TAAGTACCAGGTGCTGGATGG-3' and reverse 5'-

GGTTTCCCCTATAAGGATGAG-3'.  PCR primers for COX-2 gene were: forward 5'-

TACAAGCAGTGGCAAAGGCC-3’,  and reverse 5'-

CAGTATTGAGGAGAACAGATGGG-3’.  GAPDH was amplified in parallel PCR as an 

internal control using primers of forward 5'-AGACAGCCGCATCTTCTTGT-3' and 

reverse 5'-CCACAGTCTTCTGAGTGGCA-3'.  The conditions were optimized for linear 

reaction.  PCR products were analyzed by agarose gel electrophoresis followed by 

ethidium bromide staining under UV illumination.   

Transient Transfection and Luciferase Assay: The COX-1-172 luciferase reporter 

construct (Sun and Chen)were transfected into rat cardiomyocytes using Fugene 6 

liposomes (Roche). With or without appropriate other plasmids, DNA of the COX-1 

promoter reporter construct together with pRL-TK-Rnailla luciferase construct was 

incubated with Fugene 6 in serum-free DMEM medium before adding to cells. After 5-

hours incubation, cells were placed in fresh DMEM containing 10% FBS for overnight 

recovery. Cells were serum starved for 24 hours before experimental treatments and were 

lysed for dual luciferase assay according to the manufacturer’s protocol (Promega). The 

pRL-TK-Rnailla luciferase reporter serves to correct for transfection efficiency. 
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Cytosol and Nuclear Extract Preparation: A Nuclear Extract Kit (Active Motif) was 

used following manufacture’s protocol. Cells were washed and pelleted before being 

resuspended in hypotonic buffer and incubated on ice. The cells were lysed by addition of 

detergent. The lysates were centrifuged and the supernatant was collected as cytosl. The 

pellets were resuspended in extraction buffer and centrifuged again. The supernatants 

were collected as nuclear extract. Protein concentration was measured by the Bradford 

method according to the manufacturer's instruction (Bio-Rad). An equal amount of 

proteins was loaded for Western blot analsis.  
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Results: 
 

GSK-3 inhibitors abolished corticosterone (CT) induced COX-1 expression in 
cardiomyocytes  
 

LiCl, SB216763 and BIO were tested for their effect on CT induced COX-1 

expression.  As shown in Figure 43A, GSK-3 inhibitors prevented CT from inducing 

COX-1 protein expression. CT causes COX-1 protein increase through transcriptional 

regulation (Fig.34).  To address whether the effects of these inhibitors are related to 

transcriptional regulation, we measure the level of COX-2 mRNA and found that they 

prevented CT from inducing COX-1 mRNA (Fig. 43B). 

Transcriptional activation of COX-1 gene by CT can be measured by COX-1 

promoter activation.  COX-1promoter activity assay was used to further demonstrate the 

effect of GSK-3 inhibitors at the transcriptional level.  The results show that LiCl, 

SB216763, and BIO abolished COX-1-promoter activation by CT (Fig. 43C), suggesting 

that these inhibitors indeed prevented CT induced COX-1 transcription.   
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Figure 43. GSK-3 inhibition abolished CT-induced COX-1 elevation.   

A, Cardiomyocytes were pretreated with LiCl (30mM), NaCl (30mM), BIO (2µM), and 
SB216763 (5µM) 60 mins before treatment of 1 µM CT for 4 hours (A) and 2 hours (B).  
Cells were harvested for measurement of COX-1 by Western blot with vinculin as 
loading control (A) and for measurement of COX-1 mRNA by RT-PCR with GAPDH as 
loading control (B).  C, Cardiomyocytes were transfected with rat COX-1 promoter 
luciferase vector (COX-1-172). Transfected cells with or without 60-mins pretreatment of 
GSK-3 inhibitors or NaCl were treated with 1 µM CT for 12 hours before harvesting for 
measurement of luciferase activity (C).  The data represent one of three independent 
experiments and means + standard deviations of triplet experiments.  An asterisk (*) 
indicates significant difference (p<0.05) as judged by the Student's t test when the means 
of CT treated groups were compared to that of the control (C). 
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Effects of CT, LiCl, SB216763 and BIO on GSK-3 activity 

The observed effect of GSK-3 inhibitors suggests the possibility that CT may 

activate GSK-3 to turn on the transcription of COX-1. We measured the phosphorylation 

of signature sites to determine whether CT induces GSK-3 activity and the 

pharmacological inhibitors indeed inhibit GSK-3α/β activation. Previous studies from 

our laboratory demonstrated that that GCs failed to activate PI3K/AKT pathway (Sun and 

Chen).  GSK is a well-known downstream target of PI3K/AKT pathway. Measurements 

of GSK phosphorylation, a signature of activation or inhibition, indicate that CT 

treatment did not change GSK-3 activity (Fig. 44).   LiCl increased GSK-3α/β

phosphorylation at ser 21/9. SB216763 and BIO decreased basal levels of GSK-3α/β

phosphorylation at tyrosine 279/216 (Fig. 45).   
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Figure 44. CT failed to activate GSK-3.   

Cardiomyocytes were treated with CT (1µM) for indicated time before harvesting for 
measurement of phospho Ser21/9 of GSK-3α/β (A) or phospho Tyr279/216 of GSK-3α/β
(B) or total GSK-3α/β by Western blot.  The data represent one of three similar 
independent experiments. 
 



154

Figure 45. Effects of GSK-3 inhibitors on GSK-3 phosphorylation.   

Cardiomyocytes were pretreated with vehicles, LiCl (30mM), NaCl (30mM), BIO (2µM), 
and SB216763 (5µM) 60 mins before treatment of 1 µM CT for 24 hours.  Cytosol and 
nuclear section were harvested for measurement of phospho Ser21/9 of GSK-3α/β or
phospho Tyr279/216 of GSK-3α/β, or total GSK-3α/β by Western blot with vinculin as 
loading control 
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Genetic approach showing GSK-3 is involved 

The lack of GSK-3 activation yet a clear inhibition of CT induced COX-1 by CT 

question whether GSK-3 plays a role in COX-1 expression. To verify that GSK-3 activity 

is essential for COX-1 expression, a genetic approach was used with a wild type GSK-3β

expression construct (Stambolic and Woodgett 1994). Overexpression of GSK-3β with 

constitutive activity is capable of increasing COX-1 promoter activity, which is sensitive 

to LiCl (Fig. 46).    This data, together with the results from chemical inhibitors, suggest 

that the activity of GSK-3 mediates CT induced COX-1 transcription. 

 

LiCl does not affect GR translocation and activity  

Previously we have shown that CT-induced COX-1 expression is dependent on 

the activity of glucocorticoid receptor (GR) (Sun and Chen). It has been reported that 

GSK-3 phosphorylates GR to inhibit GR transactivation in rodents (Rogatsky et al. 1998). 

To examine whether GSK-3 inhibition affects GR activity, we examined GR 

translocation. LiCl did not prevent GR translocation induced by GC (Fig. 47A). To 

further examine the GR transactivity, we transfected cardiomyocytes with mouse 

mammary tumor virus (MMTV) promoter luciferase reporter construct. MMTV promoter 

contains a well-characterized Glucocorticoid Response Element (GRE), a cis-element of 

GR transcription factor. CT dramatically increased MMTV-luciferase signal (Fig. 47B), 

which was not inhibited by LiCl.  This suggests that GSK-3 inhibition prevents COX-1 

induction via a mechanism independent of GR activity.  
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Figure 46. Genetic approach showing GSK-3beta involved.   

Cardiomyocytes were transfected with rat COX-1-172 construct only or co-transfected 
with wild type GSK-3beta expression vector or its empty vector, and incubated with or 
without CT (1µM) for 24 hours. LiCl (30mM) pretreated cells for 60 min before CT 
treatment. The data represent means + standard deviations from triplet experiments.  An 
asterisk (*) indicates significant difference (p<0.05) as judged by the Student's t test 
when the means of CT treated groups were compared to that of the control. 
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Figure 47. Effects of LiCl on GR translocation and activity. 

A, Cardiomyocytes were pretreated with LiCl (30mM) or vehicle 60 mins before 
treatment of 1 µM CT for 4 hours.  Cytosol and nuclear section were harvested for 
measurement of GR by Western blot.  B, Cardiomyocytes were transfected with a mouse 
mammary tumor virus promoter luciferase vector (MMTV-luc) and a TK-Renilla 
luciferase vector (Promega).  Cells were treated with 1 µM mifepristone (MF), 30mM 
LiCl or NaCl for 1 hour before 24 hour treatment of 1 µM CT.  Cells were harvested for 
dual luciferase assay and MMTV luciferase activity was normalized to TK-Renilla 
luciferase activity.  The data represent means + standard deviations from triplet 
experiments.  An asterisk (*) indicates significant difference (p<0.05) as judged by the 
Student's t test when the means of CT treated groups were compared to that of the control. 
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GSK-3 inhibition increased COX-2 expression 
 

COX-2 is an inducible isoform of COX with functions distinct from that of COX-

1. We have shown that GCs induce COX-2 expression in cardiomyocytes. To exclude the 

possibility that GSK-3 inhibitors prevent GC-induced COX-1 upregulation through the 

general inhibition of gene expression in cardiomyocytes, we tested the effects of LiCl, 

SB216763, and BIO on COX-2 expression.  Interestingly, GSK-3 inhibitors were capable 

of inducing COX-2 protein and mRNA expression and did not prevent CT from inducing 

COX-2 (Fig. 48 A and B).  
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Figure 48. GSK inhibition increased COX-2 expression. 

A, Cardiomyocytes were pretreated with vehicle, LiCl (30mM), NaCl (30mM) or CT 
(1µM) for 6 hours (A, upper panel) or SB216763 (5µM) for indicated time (A, lower 
panel).  Cells were harvested for measurement of COX-2 by Western blot. B, 
cardiomyocytes were pretreated with vehicle, LiCl (30mM), NaCl (30mM), or BIO (2 
µM) 60 mins before treatment of 1 µM CT for 2 hours.  Cells were harvested for 
measurement of COX-2 mRNA by RT-PCR with GAPDH as loading control.   
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Discussion 
 

In the present study, we demonstrate that GSK-3 inhibitors induced COX-2 

expression, while suppressed CT- induced COX-1 expression in cardiomyocytes. 

It has been reported that lithium increases and GSK-3β inhibits CREB activity (Grimes 

and Jope 2001). COX-2 gene contains a cis-element in the promoter region for the 

binding of CREB transcription factor.   In kidney, lithium treatment inhibits GSK-3 

activity and induces COX-2 gene expression (Rao et al. 2005). Moreover, 

PI3K/AKT/GSK-3 pathway has been shown to regulate COX-2 expression, in which 

GSK-3 activity is inhibited by AKT (Tang et al. 2001). Previously, we have shown that 

CREB is critical for CT induced COX-2 expression in cardiomyocytes (Sun et al.). These 

lines of evidence suggest that GSK-3 inhibition leads to upregulation of COX-2 via 

increasing CREB activity.  

 The effect of GSK-3 inhibition on COX-1 induction may involve Sp transcription 

factors. Our previous study suggested that GR interacts with Sp3 transcription factor in 

regulating COX-1 transcription (Sun and Chen) . In present study, it appears that GR 

translocation and transactivity is not affected by GSK-3 inhibition.  This leads to the 

postulation that GSK-3 may regulate Sp3 or the interaction between GR and Sp3. Sp1 is 

best characterized member of Sp family. The phosphorylation state of Sp1 plays a critical 

role in the regulation of target genes. The kinases that phosphorylate Sp1 includes DNA-

PK, PKA, PKC-ζ, casein kinase II, ERK, cyclin-dependent kinase, p38 MAPK, etc. The 

phosphorylation of Sp1 regulates the activity of Sp1 binding to DNA and promoter of 
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target genes either positively or negatively (Chu and Ferro 2005; D'Addario et al. 2006). 

GSK-3 recognizes substrate motifs characterized by two Ser/Thr sites with three amino 

acids space [(S/T)XXX(S/T); S and T are Ser and Thr].  GSK-3 phophorylates the N-

terminal Ser/Thr site. Multiple substrate motifs of GSK-3 can be found in rat Sp3 protein. 

Therefore, it is possible that GSK-3 phosphorylates Sp3 and the phosphorylated form of 

Sp3 is essential for turning on COX-1 transcription.  Otherwise, we have observed that 

LiCl increased Sp1 protein level in cardiomyocytes (data not shown). Sp family of 

transcription factors can interact with each other to regulate transcription. Previous work 

from our laboratory found that the both Sp1 and Sp3 bind to COX-1 promoter region.  

Thus GSK-3 may control COX-1 gene through altering the interaction between Sp1 and 

Sp3. More experiments are expected to elucidate the precise mechanism of COX-1 

suppression by GSK-3 inhibition. 
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CHAPTER VI    SUMMARY STATEMENT 
 

The work from my thesis research has demonstrated that GCs at physiologically 

relevant doses induce transcriptional activation of COX-1 and COX-2 gene in 

cardiomyocytes.  Both genes increase transcription in a GR-dependent but GRE-

independent manner. GR regulates COX-1 gene expression through interacting with Sp3 

transcription factor in the binding to COX-1 promoter. In contrast, p38 MAPK/CREB 

pathway is activated by GCs and mediates COX-2 induction.  I have also investigated the 

role of PI3K/AKT pathway in COX-2 expression and GSK-3 in COX-1 expression.  

Although GCs induce both COX-1 and COX-2, the pattern of induction exhibits 

distinct characteristics. COX-2 induction by GCs is likely cardiomyocyte cell type 

specific, since GCs failed to induce COX-2 expression in cardiac fibroblasts. In the 

literature, there is only one cell type responding to GCs by elevating COX-2 gene 

expression: amnion fibroblasts (Sun et al. 2003).  For most cell types studied, it has been 

reported that GCs suppress the expression of COX-2 gene  (Barrios-Rodiles et al. 1999) 

(Crofford et al. 1994; Newton et al. 1996; Ristimaki et al. 1996; Newton et al. 1998; Lasa 

et al. 2001; Lasa et al. 2002) (Zhang et al. 1999; Zhang et al. 2003; Madsen et al. 2004).  

However, COX-1 gene expression is induced by GCs in both cardiac myocytes and 

fibroblasts (fibroblasts data not shown). In addition to the difference in cell type 

specificity, the time frame of COX-2 induction differs from that of COX-1.  GCs induce 

COX-2 expression rapidly in cardiomyocytes. The increase of mRNA of COX-2 can be 

detected within 30 minutes of CT exposure while significant elevation at the protein level 
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occurs in 4 hours. In contrast, COX-1 mRNA level did not increase until 4 hours after CT 

treatment and changes at the protein level  were not visible until 18 hours later. Moreover, 

the amplitudes of protein induction (Fig. 10 and Fig. 32) are different albeit changes of 

mRNA appear similar, both showed 4-5 folds elevation based on real time PCR result. 

These data suggest translation efficiency or protein degradation rate may need to be taken 

into consideration when the protein products are measured. The difference in cell type 

specificity, time course and amplitudes at the protein level of COX-1 versus COX-2 

induction may indicate the different functional roles of these two isoenzymes.    

Most experiments presented here were performed with primary cardiomyocytes 

isolated from neonatal rats, whereas pharmacological dose of dexamethasone increased 

COX-2 protein level in the ventricles in adult mice. Future studies will elucidate whether 

endogenous GCs influence COX-1 and COX-2 expression in the myocardium. Stress 

elevates GC level in the circulating system. The effect of stress or depletion of 

endogenous GCs by antagonists or adrenalectomy can be determined by examining the 

COX mRNA or protein level from the cardiac tissue of experimental animals, such as rats 

or mice.  

 Additional studies can focus on identifying prostanoids associated with COX-1 

and COX-2 expression. Measurements of prostaniods, the type and level, are feasible 

with commercial kits using the conditioned medium of GC treated cells. Moreover, in 

prostanoids synthetic pathway, COX is the rate-limiting enzyme, but the type of 

prostanoids is determined by specific isomerases or synthases (Figure 6). Prostaglandin D 
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synthase, one of the isomerases, has been shown to be up-regulated by GCs in 

cardiomyocytes (Komamura et al. 2003; Chen et al. 2005). Study of prostaglandin D 

synthase expression will help to identify the prostanoids synthesized in cardiomyocyte in 

response to GCs. Furthermore, the commercially available COX-1 and COX-2 specific 

inhibitors and the difference in COX-1 versus COX-2 expression pattern may contribute 

to find out the final products of prostanoids. The identification of prostanoids is critical to 

understand the functional impact of GC-induced COX expression in heart.  

Prostanoids play vital roles in the modulation of vascular tone (Hinz and Brune 

2002).  Depending on the actual molecule, some prostaglandins cause vascular 

constriction, while others cause vascular dilation. 17β-estradiol has been shown to 

decrease cerebrovascular tone by shifting the end product of the COX pathway from the 

constrictive prostaglandin H2 to the vasodilative prostaglandin I2, through induction of 

COX-1 and prostaglandin I2 synthase (Ospina et al. 2003).  Thus, the GC-induced 

expression of COX-1, COX-2, and specific synthase may lead to a shift of prostanoids 

profile in the heart. Future experiments will elucidate whether the altered prostanoids 

profile contributes to the modulation of vascular tone in the heart and whether 

contraction/relaxation of cardiac muscle is influenced. 

Prostanoids may also contribute to cell survival in heart. It has been shown that 

prostanoids play important roles in cell survival and proliferation in various cell types 

(Konturek et al. 2005; Wang and Dubois 2006). COX-2 deficiency has been associated 

with increased risk of cardiac fibrosis in animals (Dinchuk 1995; Langenbach et al. 1999; 
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Loftin et al. 2002). Previous study from our lab demonstrated that glucocorticoids 

protected cardiomyocytes from the doxorubicin-induced apoptosis (Chen et al. 2005). 

These evidences indicate that prostanoids associated with GC-induced COX expression 

may participate in the determination of cardiac cell fate. Additional studies will reveal the 

effects of COX induction on survival and proliferation of cardiac myocytes and 

fibroblasts.  

 
One aim of the studies presented in this dissertation is to investigate the 

mechanisms underlying GC induced COX-1 and COX-2 gene expression. Although both 

COX-1 and COX-2 inductions are dependent on GR, the promoters of these two genes do 

not contain GRE based on sequence information and the prediction of TRANSFACT 

algorism. GR has been shown to regulate transcription via interaction with a large 

number of proteins, including chromatin remodeling factors CBP/p300, 

CCAAT/enhancer binding proteins (C/EBP), cAMP response element binding protein 

(CREB)(Imai et al. 1993; Newton 2000; Deroo and Archer 2001; Ito et al. 2006).  The 

fact that C/EBP binding site NF-IL6 in COX-2 promoter is critical for CT induced gene 

expression suggest that GR interacts with p300 and C/EBP complex to allow activated 

CREB to recruit basal transcription factors in initiating the transcription of COX-2 gene.  

On the other hand, several studies have suggested the co-operation between GR and Sp 

proteins (Marinovic et al. 2002) (Marinovic et al. 2006) (Roth et al. 2004; Manoli et al. 

2005; Tran et al. 2005; Ou et al. 2006). I have demonstrated the physical interaction 

between GR and Sp3 in regulating COX-1 expression. Therefore the ability of GR to 
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interact with transcription factors is essential in COX-1 and COX-2 induction in 

cardiomyocytes.  

It is not clear yet which C/EBP isoform binds to COX-2 promoter. C/EBPβ

expression is induced by GCs in cardiomyocytes (data not shown). However, the protein 

level change is not seen until 4 hour CT treatment. Therefore, this time course is not 

consistent with COX-2 mRNA expression, which occurs within 30 minutes of CT 

exposure. It is known that C/EBP activity is regulated in various ways. In cardiomyocytes, 

however, it remains unclear whether CT treatment influences C/EBP phosphorylation or 

any other regulatory elements of transcription feeding through C/EBP. CREB and C/EBP 

belong to the b-ZIP family of transcription factors and often interact with each other in 

regulating transcription of target genes (Yeagley and Quinn 2005). Future experiments 

need to demonstrate the interaction between GR and C/EBP or CREB.   

For COX-1 induction, the GR binds to Sp3 in the COX-1 promoter, thus leading 

to initiation of transcription. However, the -59 Sp binding site seems not the only Sp site 

contributing to CT-induced COX-1 expression. There are several GC-rich clusters in 

COX-1 promoter. Further experiments are expected to reveal additional transcription 

factors and cis-elements participating in COX-1 gene regulation. LiCl, an inhibitor of 

COX-1 induction, induced Sp1 expression (data not shown). Sp1 transcription factor 

binds to COX-1 promoter with less abundance compared to that of Sp3.  Further 

experiments need to elucidate the role of Sp1 in CT induced COX-1 induction.  

The role of MAPK pathways in CT-induced COX expression was investigated. 

The data suggest that GCs activate p38, but not ERK and JNK MAPK pathways, and p38 
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MAPK pathway mediates COX-2, but not COX-1 induction. The activation of p38 

MAPK by CT may be unique to cardiomyocytes since this does not occur in cardiac 

fibroblasts.  This unique activation may explain why COX-2 is induced only in 

cardiomyocytes, but not in cardiac fibroblasts.  However, it remains unclear how CT 

activates p38 MAPK in cardiomyocytes.  Typically, activation of the p38 MAPK is 

achieved by a cascade of phosphorylation events involving upstream MKK3/6 kinases 

and further upstream kinases. Measurements of MKK3/6 phosphorylation indicate that 

CT treatment did not activate MKK3/6 (data not shown), suggesting p38 MAPK is not 

activated by the typical MAPK cascades. Recently, an alternative pathway was identified, 

showing TAK-1-binding protein (TAB-1) can directly bind to p38 MAPK to promote 

autophosphorylation and activation (Ge et al. 2002). Moreover, TAB-1-mediated p38 

MAPK activation has been implicated in ischemic heart and cultured cardiomyocytes 

(Tanno et al. 2003) (Li et al. 2005; Lu et al. 2006). Therefore the MKK-independent 

pathway may play critical roles in regulation of p38 MAPK activity in cardiac cells. CT-

induced p38 MAPK activation in cardiomyocyte is a non-genomic effect of GCs. 

Although there is no evidence yet showing a relationship between GCs and TAB-1, it is 

possible that TAB-1 is a target of non-genomic effects of GCs.  Future investigations on 

the effects of GCs on TAB-1 may reveal mechanisms underlying the unique GC effects, 

including p38 MAPK activation and COX-2 induction, in cardiomyocytes.  

 Besides the studies mentioned above, several pharmacological approaches to 

modulate the expression of COX-1 and COX-2 have been identified. Both LY29 and 

LY30 abolished COX-2 induction, while GSK-3 inhibitors, such as LiCl, increase COX-2 



168

expression per se, but decreased GC-induced COX-1 expression. Although the precise 

mechanisms of these pharmacological inhibitors are not clear, these studies point out a 

new avenue for developing therapeutic compounds to manipulate COX expression in the 

heart.  

Prior to this work, little is known about the biological consequence of GCs in the 

heart at the cellular and molecular level and the mechanisms of GC induced gene 

expression had not been explored in cardiomyocytes.   The findings presented here 

contribute to a better understanding of the molecular biology of stress hormone. These 

studies also provide new insights into the regulation of COX genes and potential 

functional impact of COX on the heart.  This work not only extends our knowledge in the 

basic science research but also will ultimately lead to improvements in the clinical 

application of GC and COX related drugs.  
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