
 

 

 

 

 

 

 

An evaluation of Glucocorticoid Receptors in A549 cells and cardiac 

fibroblasts: Potential in vitro models of COPD and Heart Failure 

 

 

Mr. Julian Lang-Lemckert 

(BBiomedSci) 

 

Griffith University Health Group 

School of Medical Science 

 

Griffith University 

 

Primary Research Supervisor: Dr. Roselyn Rose’Meyer 
Secondary Research Supervisor: Dr. Joss du Toit 

 

Submitted in fulfilment of the requirements of the degree of 

Masters of Medical Research 
 

20th October 2018 



P a g e  | 2 
 

Julian Lang-Lemckert (s2890397)  
An evaluation of Glucocorticoid Receptors in A549 cells and cardiac fibroblasts: Potential in vitro models of 

COPD and Heart Failure. 

Acknowledgements 
I would like to take the opportunity to personally thank my supervisor Dr. Roselyn Rose’Meyer 

for all the guidance and help you have provided me with through my masters. Her tireless 

support and consistent encouragement has allowed me to grow both as a researcher and a 

person, and for that I will always be thankful.  

 

Secondly, I would also like to express my thanks to Dr. Joss du Toit who has consistently 

provided me with support throughout the thesis writing process and within weekly within 

laboratory group meetings, which have ultimately allowed me to grow insurmountably as a 

researcher. 

 

Thirdly, I would like to express my thanks to Dr. Jelena Vider who has consistently provided 

me with fantastical technical support both in and outside of the laboratory environment. The 

level of commitment she has showed to improving my experimental accuracy over the past 

year and a half cannot go understated, and I am incredibly fortunate to have had the 

opportunity to learn from you. 

 

Fourthly, I would like to express my deepest thanks to Mr. Prajwal Timalsena, Ms. Tamara 

Palmer and Ms. Emiri Tarbit who took the time to teach me various analytical techniques 

throughout my degree, and for providing some very much needed emotional support 

throughout the year.  

 

I would also like to thank the Griffith University School of Medical Science Administration and 

Staff for their aid in resolving any issues that came up throughout the year. Their continuous 

support allowed me to solve many issues throughout my candidature, and for that I am 

incredibly thankful.  

 

Finally, thank you to all of my friends, family, peers and particularly the students of the G05 

HDR office (3.30), you have all been fantastic in your support for me over the past year and a 

half, and have been truly amazing. 



P a g e  | 3 
 

Julian Lang-Lemckert (s2890397)  
An evaluation of Glucocorticoid Receptors in A549 cells and cardiac fibroblasts: Potential in vitro models of 

COPD and Heart Failure. 

Abstract 
Introduction  

Chronic Obstructive Pulmonary Disease (COPD) and Heart Failure (HF) are two diseases that 

contribute significantly to disease morbidity and mortality within Australia. Both conditions 

exhibit excessive inflammation of the pulmonary tissue and cardiac tissue respectively which 

plays a significant role in disease onset and progression. Recent clinical and in vitro studies 

have begun to focus upon glucocorticoid receptor (GR) function associated with these 

conditions, as the GRs produce anti-inflammatory responses when activated. Studies using 

pulmonary and cardiac cells, in vitro, have observed that decreases within GR signalling (i.e. 

GR resistance) may accelerate the progression of the disease and worsen prognosis. 

Additionally, recent studies have also shown that the administration of mineralocorticoid 

receptor (MR) antagonists to cardiac and pulmonary cells are capable of reducing 

inflammation. Therefore understanding the changes occurring in GR and MR populations 

associated with COPD and HF may provide further insight into the inflammatory pathways 

underlying these diseases; therefore allowing for the development of more effective 

treatments for both conditions.  

Experimental Aims 

The aim of this study was to investigate the effect of 24 hours incubation with the GR  agonist 

dexamethasone in both adenocarcinoma cell lines (A549 cells) and primary Human Cardiac 

Fibroblasts (HCF), in order to identify whether GR resistance could be induced in these cells 

lines (simulating the decreased GR signalling noted within COPD and HF patients). Following 

treatment, Western blotting analysis of GR and MR populations, as well as fluorescent 

proliferation assays were utilized to determine if GR resistance could be accurately measured 

within these cells.  

Methods 

The cellular viability (as measured via MTT and LDH assays) of A549 and HCF cells in response 

to 24 hours treatment with concentrations of the GR agonist dexamethasone in the presence 

or absence of the GR inhibitor mifepristone (and vehicle controls) was measured in order to 

determine optimum concentrations of these drugs for the 24 hour study period. Following 

viability studies, cells were then exposed to dexamethasone (100nM) and/or mifepristone 

(10nM) for 24 hours. The A549 and HCF cell proliferation rates were then measured using the 
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fluorescence-based 2-deoxybromouridine (BRDU) proliferation assay to determine if any 

changes in dexamethasone responsiveness (as measured via a ratio between dexamethasone 

: vehicle control absorbance) could be detected. Further, A549 and HCF cells were then 

treated for 24 hours with dexamethasone (100nM) in the presence or absence of 

mifepristone (10nM) then lysed with 2X RIPA lysis buffer supplemented with protease and 

phosphatase inhibitors in order to form protein lysates for Western blotting. Western blotting 

analysis was then conducted in order to determine the expression of the three GR gene 

variants GRα-A, GRβ and GRγ, as well as MR. All Western blots were normalized to both an 

internal standard and housekeeping protein (cofilin). All data was presented as mean ± SEM 

and one-way ANOVA performed using GraphPad Prism, with a p value of 0.05 utilized to 

register statistical significance.  

Results 

MTT and LDH cellular viability assays confirmed that dexamethasone (100nM) and 

mifepristone (10nM) did not have any significant impact upon the cellular viability of A549 

and HCF cells over a 24 hour period (p>0.05). Subsequent BRDU proliferation assays on A549 

cells revealed only a significant difference in cell proliferation rates between the 

dexamethasone (100nM) only treated and the combined dexamethasone (100nM) and 

mifepristone (10nM) treatment groups (p<0.05). These results were not repeated in the HCF 

cell experiments, which showed no significant difference in proliferation rates between any 

of the treatment groups (p>0.05). Subsequent protein analysis via Western blotting revealed 

that all treatments significantly reduced the protein expression of GRα-A within A549 cells 

relative to control (p<0.05). In contrast, protein analysis of HCF cells revealed only a significant 

decrease in GRα-A protein expression in HCF cells treated with dexamethasone (100nM, 

p<0.01). GRβ and GRγ protein expression was found to be significantly decreased in A549 cells 

treated with the combined treatment of dexamethasone (100nM) and mifepristone (10nM) 

only when compared to protein levels in untreated cells (p<0.05). Alternatively, GRγ protein 

expression did not differ significantly differ between HCF treatment groups (p>0.05) and GRβ 

protein was not expressed within measurable concentrations within any of the HCF treatment 

groups. Finally, both A549 and HCF cells did not express MR within measurable quantities.   
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Conclusion 

This research is the first project to investigate the effects of dexamethasone treatment on 

both the development of GR resistance (as measured via BRDU fluorescence assays) and GR 

and MR protein expression in both A549 and HCF cells. Novel findings include the BRDU 

analysis within A549 cells, which indicated the method was capable of detecting some 

changes in proliferation rates which correlated well with changes within GRβ and GRγ protein 

expression changes measured using Western blot procedures. This method was also found to 

be ineffective in measuring GR resistance within HCF cells, as the decrease in GRα-A protein 

expression observed in the Western blots produced no change in BRDU cell proliferation 

results. Overall, further studies should be conducted into developing the BRDU method as a 

measurement of GR resistance for use in primary cells, in vitro. Due to the inconsistencies 

noted between the findings this study and those presented in literature, further investigations 

on the impact of dexamethasone and mifepristone on GR regulation in A549 and HCF cells 

should be conducted.  
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Chapter 1: Literature Review 
1.1 - Introduction 
In Australia, 73% of all deaths annually can be attributed directly to a chronic inflammatory 

condition (8). As a result of this, investigating the underlying mechanisms that underpin 

chronic inflammatory conditions is a high priority. Currently, it is known that these conditions 

are largely due to dysregulated immune responses (9), which are characterized by altered 

immune signalling brought about by a range of genetic and environmental factors (10). Two 

diseases in particular: Chronic Obstructive Pulmonary Disease (COPD) and Heart Failure (HF) 

are of particular importance, due to their large contribution to the burden of disease in the 

aging population in Australia (8). Recently, researchers have begun to investigate altered 

immune signalling in these diseases, with glucocorticoids (which are potent immune-

suppressants, such as the endogenously-produced glucocorticoid cortisol) being implicated in 

the pathogenesis of these diseases (11) (12). As highlighted in a recent review by Jiang, Zhu 

and collegues (13), COPD patients appear to develop a resistance to glucocorticoids following 

chronic inhalation of synthetic glucocorticoids. This observation has been consistently linked 

within clinical and animal models to a heightened pro-inflammatory response within the 

airway due to increased T cell and macrophage infiltration and enhanced cytokine signalling 

and a lowered anti-inflammatory response, which is typified by reduced anti-inflammatory 

cytokines and regulatory T-cells. Similarly, these trends have also been observed in the 

myocardium, whereby genetic ablation of the glucocorticoid receptor (GR) in 42 mice resulted 

in myocardial hypertrophy, fibrosis and subsequent heart failure (14), potentially implicating 

reduced GR responsiveness (i.e. resistance) in the promotion of heart failure in vivo. In 

addition to this, as the identification of GR resistance within chronic inflammation is a new 

finding, few in-vitro methods have been developed to accurately identify and assess the 

condition. Therefore this study seeks to assess the accuracy of utilizing previously-published 

fluorescence-based methods in the identification of GR resistance within in-vitro human 

bronchial epithelial and human cardiac fibroblast cell lines. We also aim to further elucidate 

the mechanisms behind the development of chronic inflammatory diseases such as COPD and 

HF. 
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1.2 - Chronic Obstructive Pulmonary Disease  
Chronic Obstructive Pulmonary Disease (COPD) is the 3rd leading cause of mortality in 

Australians aged 65-74 (8), and is estimated to currently effect up to one in seven Australians 

(15). COPD is a general clinical term used to define any pulmonary disease characterized by a 

reduction in expiratory airflow, such as chronic bronchitis and emphysema (16). Emphysema 

is characterized by both a narrowing of smaller airways in the lungs, and an enlargement of 

the alveolar airspace due to destruction of the elastic tissue within the lungs, limiting elastic 

recoil thus intra-alveolar pressure generation during expiration leading to breathlessness 

(17). In contrast, chronic bronchitis is caused by excessive inflammation of the airways which 

results in hyperplasia of mucus-secreting goblet cells lining the airway (18). This hyperplasia 

leads to an in increase in mucus production within the airway, which in addition to being 

linked to reduced airflow through the airways (19), has also been shown in a longitudinal 

cohort study by Prescott, Lange (20) to be associated with a significantly higher risk of 

pulmonary infection.  Clinically, both diseases are typified by dyspnoea and fatigue and are 

diagnosed via a FEV1 (Forced Expiratory Capacity within one second) to FVC (Forced Vital 

Capacity; total expired capacity) ratio of <0.70, following the administration of a 

bronchodilator (21). The disease normally worsens with time due to an ongoing pro-

inflammatory response within the airway (16), which leads to small airway destruction, 

excessive mucus production (with subsequent bacterial infection) and the subsequent 

inability to adequately saturate the blood with oxygen (21).  

1.2.1 - Inflammatory Response 
Overall, there are many risk factors that have been linked to the pathogenesis of COPD (21), 

however arguably the largest contributor to the development  of COPD is cigarette smoke 

(22). Cigarette smoke is capable of inducing a potent immune response, whereby 

macrophages (23), CD8+ cytotoxic lymphocytic cells (24) and neutrophils (25) are recruited to 

the lungs.  These findings have been confirmed via the analysis of bronchial lavages from 

smoking and non-smoking cohorts, with Kuschner, D'Alessandro and collegues (26) finding an 

significant increase in neutrophils, macrophages and the pro-inflammatory cytokines 

Interleukin-1B, 6 and 8 in smokers, when compared to non-smokers. These findings have also 

been replicated by a cohort study conducted by Karimi, Tornling (27), who found an increased 

percentage of lymphocytes, macrophages and neutrophils in the bronchial lavages of smokers 
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when compared to non-smokers and ex-smokers. Overall, it is recognised that the 

recruitment of immune cells leads to enhanced pro-inflammatory signalling within the lungs, 

leading to the secretion of neutrophil elastase, which is capable of causing both elastic tissue 

destruction within the lungs (28) and mucus production within the airways (29) thereby 

accounting for the pathogenesis of both diseases.  

1.2.2 - Current Treatment for COPD 
As COPD results in continued destruction and deterioration of the airways in response to a 

heightened inflammatory response, there are many pharmacological interventions that are 

currently utilized in order to manage or slow the progression of the condition. First and 

foremost, due to the airways becoming smaller, and occluded in bronchitis, bronchodilators 

(such as β2 adrenoceptor agonists or muscarinic receptor antagonists) are used to treat the 

condition and to overcome airway obstruction (21). Secondly, antibiotic regimes are used 

frequently in cases of bacterial infection which are often observed within COPD patients. A 

review of 11 studies by Ram, Rodriguez-Roisin and colleagues (30) reported that 

administering antibiotics to COPD patients presenting with increase in cough and purulent 

sputum resulted in a 77% reduction in mortality. Finally, due to the hyper-activation of the 

immune system that occurs COPD, the third and final therapy often administered to patients 

are oral or inhaled glucocorticoids (21). Glucocorticoids (such as dexamethasone) are potent 

anti-inflammatory agents that are capable of attenuating the hyper-reactive immune 

response observed in COPD. A meta-analysis conducted using eight clinical case-control trials 

found a significant reduction in FEV1 decline with inhaled corticosteroid therapy, which 

displayed a dose-dependent effect (31). This is likely due to the inhibition of the pro-

inflammatory immune cells within the lungs, preventing further progression of the disease. 

Whilst these improvements may be beneficial within the short term, a study conducted by 

Suissa, Patenaude and collegues (32) in a cohort of 163,514 patients showed an increased risk 

in the incidence of serious pneumonia within COPD patients treated with inhaled 

corticosteroids as a result of excessive immune inhibition within the lungs. Furthermore, a 

recent review conducted by Ariel, Altraja and colleagues (33) of current COPD treatments, 

noted that inhaled glucocorticoids often display a reduced efficacy within COPD patients 

compared to those described previously, which is believed to be due to a level of 

glucocorticoid resistance. Overall, there are many theories related to the development of 
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resistance including: the inhibition of GRs via oxidative stress, reduced intracellular histone 

deacetylase (HDAC) recruitment and GR inhibition via post-translational modification (11). 

Although existing studies have been unable to completely elucidate the pathways responsible 

for this response, and therefore further studies within the field are required. 

1.3 - Heart Failure 
Similar to COPD, Heart Failure (HF) is a major contributor to morbidity and mortality within 

Australia, with an estimated 1 in 50 Australians being affected by the disease (34). Most 

notably these statistics demonstrate that it is an age-related problem as for those aged >75 

years, up to 1 in 10 people are estimated to be affected by the disease. Therefore with a rise 

in the aging population both globally and domestically, investigating the underlying 

mechanisms which result in heart failure is of importance to prevent excessive morbidity and 

mortality, as well as decreasing the rising burden of heart failure on the medical system.  

Heart Failure (HF) is a chronic, incurable and progressive condition, characterized by damage 

to the myocardium, which results in an inability of the heart to properly fill with, or eject, 

blood (35). Specifically, it can be separated into two different groups: heart failure with 

reduced ejection fraction (i.e. reduced percentage of total myocardial blood volume pumped 

during ventricular systole) and HF with preserved ejection fraction (36). Clinically, patients 

present with the symptoms of dyspnoea, fatigue, weakness and oedema (all due to the 

reduction in cardiac output caused by the condition). Diagnosis is often challenging, as it 

requires a multifactorial assessment of medical history (such as prior myocardial infarction), 

symptoms, biomarkers and chest x-rays. Specifically, the most common test administered to 

test for heart failure is the measurement of plasma brain natriuretic peptide (BNP) (a 

hormone released from the heart during volume overload) (35). A recent review by Maries 

and Manitiu (37) reported that by utilizing a threshold value of 500 pg/mL for blood levels of 

BNP, a positive diagnostic accuracy of 81% can be produced; indicating the high effectiveness 

of using BNP as a biomarker for HF. Furthermore, other biomarkers of myocardial injury (i.e. 

troponin), inflammation (i.e. C-Reactive protein) and hormones (i.e. renin) can be utilized in 

order to assess patients for HF diagnosis. Finally, chest X-rays and transthoracic 

echocardiocardiography (TTE) are often used in the diagnosis of heart failure, as these 

methods allow for the estimation of both myocardial hypertrophy and myocardial ejection 
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fraction (the percentage of total end-diastolic intraventricular blood volume pumped during 

ventricular systole).   

1.3.1 - Inflammatory Response  
HF is known to have a broad range of aetiological origins, with Johnson (38) citing up to 18 

distinct causes of HF, highlighting the complex nature of the condition. Ziaeian and Fonarow 

(39) later indicated that 2/3 of the HF cases could be classified into 4 distinct origins: COPD, 

Hypertensive Heart Disease, Ischaemic Heart Disease and Rheumatic Fever. Irrespective of  

the etiological origin , all forms of heart failure are typified by an excessive amount of pro-

inflammatory cytokines within the myocardium, which lead to the precipitation of cardiac 

hypertrophy, myocardial fibrosis and myocardial cell death (36). Overall, this is brought about 

through initial inflammatory insults to the heart (i.e. myocardial infarction or rheumatic fever) 

which leads to cellular necrosis, myocardial remodelling and a subsequent decline in cardiac 

function (40). Interestingly, there is also mounting evidence to suggest that chronic low-grade 

inflammation associated with co-morbidities such as diabetes mellitus and obesity is also 

capable of inducing cardiac remodelling and subsequent heart failure in the absence of a 

traumatic cardiac event (41). Following significant cardiac insults or low-grade inflammation, 

it is recognised that the myocardium enters into a pro-inflammatory state. This was first 

identified in a study conducted by Torre-Amione, Kapadia and colleagues (42) in a cohort of 

HF patients who displayed increasing levels of the pro-inflammatory cytokines IL-6, IL-1B and 

TNF-α within blood plasma. Many studies conducted since have managed to replicate these 

findings, with a recent meta-analysis of 30 HF studies by Liu, Chen and colleagues (43) finding 

highly significant, and consistent increases in all three cytokines. Other studies have shown 

that that these cytokines are capable of having an effect on the local myocardium, where TNF-

α has been demonstrated to induce both cardiac hypertrophy and cardiomyocyte apoptosis 

(41), whereas IL-6 decreases the elasticity of titin (a protein that provides muscle with 

elasticity) via phosphorylation (44). Furthermore, these cytokines are also capable of 

recruiting inflammatory cells to the local site (45) as previously described for COPD. In 

addition to all of these effects, cytokines stimulate increased fibroblast deposition and cross-

linking of collagen, a strong, poorly elastic structural protein to alter the contractile capacity 

of cardiac tissue (41). This mechanism becomes self-propagating, forming a state of positive 

inflammatory feedback as these cytokines also stimulate the transformation of fibroblasts 
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into pro-inflammatory myofibroblasts which secrete excessive amounts of collagen and 

cytokines, further worsening the cycle and leading to cardiac fibrosis, remodelling and 

dysfunction.  

Overall, the pro-inflammatory immune-mediated mechanisms leading to the development of 

HF appear very similar to those observed with COPD, with a loss of adequate immune-

regulatory mechanisms occurring with these conditions. Therefore, it can be reasoned that 

there may be a role for glucocorticoid-resistance within this pro-inflammatory state. Recent 

findings by Oakley, Ren and colleagues (14), examined the effects of a GR receptor knockout 

within the cardiomyocytes of mice (cardioGRKO mice) in order to determine what effect the 

GRs have on the function of the myocardium. Overall, at one month of age no difference was 

found within the myocardium between the control and cardioGRKO animals. However, after 

3 months the GR-knockout mice developed significantly decreased ejection fraction (as 

determined via transthoracic echocardiography) when compared to controls. Furthermore, 

mRNA analysis of myocardial samples from cardioGRKO mice found an upregulation of a 

number of pro-inflammatory genes, as a result of reduced anti-inflammatory cytokines within 

the myocardium. For example, the study found a marked reduction in the expression of zfp36, 

a gene responsible for producing tristetrapolin, a protein involved in destabilizing the mRNA 

transcripts of pro-inflammatory genes. In addition to these detrimental changes, there was a 

complete absence of cardiac fibrosis development within the cardioGRKO mice, with only 

cardiomyocyte hypertrophy present within histological sections of the myocardium when 

compared to tissues from control mice. Overall, these results suggest that altered GR 

signalling within the myocardium may significantly alter fibroblast function and subsequent 

fibrosis formation associated with HF. However, few studies have since been conducted on 

the underlying role of GR on the development of HF.  

 

1.3.2 - Drug Treatment for Heart Failure 
HF is a progressive, incurable condition of the myocardium and there are a number of 

currently indicated pharmacological interventions utilized in order to manage the 

symptomology and progression of the disease. Firstly, as the disease is characterized by a 

progressive loss of cardiac function, first-line treatments centre around alleviating the 
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workload of the heart (46) . For example, cardio-selective β-adrenoceptor blockers are often 

given as a first-line treatment as they reduce heart rate and stimulation of the myocardium 

by the sympathetic nervous system (46), leading to a reduction in myocyte hypertrophy, 

fibrosis and activation of the renin-angiotensin aldosterone system, all of which over time are 

deleterious to cardiac function (47).  

 

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin AT1 receptor inhibitors 

(ARBS) have also shown a similar efficacy in blocking the actions of angiotensin II. Overall 

attenuating the actions of angiotensin II has been shown to provide cardio-protective effects 

through reduced peripheral vasoconstriction, decreased aldosterone secretion, decreased 

blood volume (through increased fluid loss) and a reduction in hypertrophy within vascular 

smooth muscle cells and cardiac fibroblasts (48). A recent meta-analysis of 32 cohort studies 

conducted by Tai, Gan and colleagues (49) found that while ACE inhibitors provided a 

significant reduction in all-cause and cardiovascular-related mortality, ARBs did not, 

indicating ARBs may lack the clinical effects provided by ACE inhibitors. Peterson and Dunlap 

(48) suggest that these findings may be due to ARBs selectivity for the angiotensin AT1 

receptor only and detrimental effects may be due to chronic hyper-activation of the 

angiotensin AT2 receptor, however the exact mechanism of action is yet to be elucidated. 

 

Finally, the other major class of medication used for the treatment of HF are the potassium-

sparing diuretics (otherwise known as mineralocorticoid receptor (MR) antagonists) such as 

epleronone or spironolactone. Initially, these drugs were utilized as diuretics, as they promote 

a significant reduction in blood volume (and therefore blood pressure) via blockade of the MR 

within the kidney. However, a landmark study, the Randomized Aldactone Evaluation Study 

(RALES) conducted by Pitt, Zannad and colleagues (50), was the first to demonstrate that drug 

treatment of HF patients with spironolactone caused a 30% decrease in death due to a 

reduction in cardiovascular pathology progression and sudden cardiac death. Further studies 

conducted on these cohorts have not only produced similar results (51), but also suggested 

that this drop in morbidity and mortality may be due to the additional blockade of the MR 

within the myocardium, which appears to prevent MR activated reactive oxygen species 

production and reduce cardiac fibrosis (52). These findings are notable, as it is known that the 
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glucocorticoids are also capable of interacting with cardiac MRs (52), however, before 

discussing how GR mediated cellular dysfunction and its effects in both COPD and HF, it is vital 

to understand how glucocorticoids work within the body, and how they are regulated. 

1.4 - Glucocorticoids  
Glucocorticoids are steroid (lipid-soluble) hormones produced endogenously within the zona 

fasciculata of the adrenal cortex to mediate a variety of physiological functions throughout 

the body (53). The glucocorticoids regulate the body’s immune response (54), metabolism 

(55), embryonic development (53) and learning and memory (56) by interacting with all cells 

and tissues throughout the human body. Their release is controlled by the Hypothalamic-

Pituitary-Adrenal Axis (HPA), which upon activation mediates the release of glucocorticoids 

from the adrenal cortex by adrenocorticotrophic hormone (ACTH) which is released from the 

pituitary gland (6). Following their release, glucocorticoids are transported travel in blood 

bound to the plasma proteins corticosteroid-binding protein (CBP) and albumin, with each 

protein binding ~70% and 20% of cortisol respectively (57). This allows the cortisol to travel 

throughout the body in an inactive state (58) preventing over-activation of GRs systemically. 

Once they reach their site of action, they are released from these carrier molecules to bind to 

intracellular GRs to elicit their effects. 

1.4.1 - Glucocorticoid Receptors 
Glucocorticoid receptors (GRs) are a family of intracellular nuclear receptors (brought about 

via alternative splicing and translation of GR genes) which mediate many functions at the 

cellular level. As seen in Figure 1.1, the GR is comprised of a total of 777 amino acids, which 

can be subdivided into three major protein domains: the N-terminal domain (a common site 

of post-translational serine phosphorylation and transcription factor activation), the 

centralized DNA-binding domain (responsible for binding of the activated receptor to the DNA 

to induce transcriptional changes) and the ligand-binding domain (responsible for binding to 

physiological glucocorticoids upon their entry into the cell). 
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Under normal conditions (see Figure 1.2), GRs are found within the cytosol bound to heat 

shock proteins (HSPs) 70 and 90, and other proteins (59). Overall, binding to proteins 

maintains the GR in a transcriptionally inactive state to prevent inappropriate intracellular 

glucocorticoid signalling (5). Upon  entry of glucocorticoids into the cell (a process mediated 

via passive diffusion), glucocorticoids bind to the C-terminal ligand binding domain of the HSP-

bound GRs (namely GR alpha – (GRα); the most active isoform of all the GRs), and mediates a 

conformational change in their structure, allowing the receptors to form a homodimer  which 

allows them to mediate the activation of intra-cytosolic (non-genomic) signalling cascades 

(Figure 1.2) or migrate to the nucleus, where they activate or supress gene expression (59).  

 

 

 

 

Figure 1.1.  Diagrammatic representation of the major protein domains within the glucocorticoid receptor 
amino acid sequence. P denotes sites of phosphorylation (post-transcriptional modifications) that may 
occur to the receptor (5) 
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Figure 1.2. Intracellular signalling pathways activated by glucocorticoid receptor activation. The 
glucocorticoid-activated GR regulates gene expression in 3 primary ways: binding directly to DNA (A), 
tethering itself to other DNA-bound transcription factors (B), or binding directly to DNA and interacting 
with neighboring DNA-bound transcription factors (C). (5)  
 

S 
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1.4.2 - Glucocorticoid Receptor signalling within the nucleus 

Upon entry into the nucleus of the cell, activated GRα can activate three intracellular 

processes which result in transcriptional up and down-regulation of many nuclear genes, see 

Figure 1.2. The first of these pathways is described as direct signalling (transactivation) and is 

a process by which ligand-bound GRs bind directly to a glucocorticoid response element 

(GRE), which is a gene promoter that lies upstream of glucocorticoid-target genes within the 

genome. In addition to binding to GREs, GRs also exert changes in gene expression via a 

process known as tethering (transrepression). Here activated GRs bind not to GREs, but to 

other intracellular transcription factors within the nucleus to enhance or reduce their binding 

to transcription factor response elements. An example is NF-κB, a potent pro-inflammatory 

transcription factor which is inhibited by GR mediated transrepression. Similar to direct 

binding, this process also causes significant changes in gene expression within the cell. Finally, 

the third method of GR-mediated gene expression involves composite binding, where GRs 

bind to the DNA and transcription factors at the same time, which can either up or down-

regulate the genetic expression of many proteins within the cell. Overall, all three of these 

signalling pathways allow for many genetic changes to occur and it is estimated to include 10-

20% of genes within the human genome (60). Before discussing the regulation of receptor 

activation at the systemic and cellular level, the GR has several splice variants, plus the mRNA 

can undergo alternative translation which gives rise to many GRs which have different cellular 

locations and abilities to alter gene expression and will be discussed in the next section.   

1.4.3 - Glucocorticoid Receptor Gene Variants and Isoforms  

The GR gene (encoded by the NR3C1 Gene in humans) is differentially spliced upon 

intracellular translation, in order to give rise to several receptor variants, all of which mediate 

various functions within the cell (1).  
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As can be seen within Figure 1.3, the NR3C1 gene is initially spliced into either the GRα or 

Glucocorticoid Receptor Beta (GRβ) isoforms via alternative splicing of the introns and exons 

that make up the initial mRNA sequence. Also insertions or deletions then form the 

Glucocorticoid Receptor Gamma (GRγ), Glucocorticoid Receptor P (GR-P) and Glucocorticoid 

Receptor A (GR-A) gene variants. Finally, multiple translation initiation sites within the mRNA 

give rise to a number of GRα and GRβ isoforms, which are all capable of regulating the 

expression of subsets of GRE controlled genes (61). 

1.4.4 - GRα 

GRα, is considered to be the ‘active’ GR, as it has been shown experimentally to be 

responsible for the majority of downstream transcriptional activity mediated by the GRs (59), 

with each isoform of the GRα maintaining different downstream genetic targets, as well as 

Figure 1.3. Glucocorticoid Receptor Variants and isoforms. (1) 
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being localized to different regions within the cell (5). Indeed, studies utilizing U-2 OS cells 

have found that each of the GRα isoforms regulates a specific set of genes, with little 

crossover (~10%) between the isoforms (61), with further studies conducted in Jurkat cells 

reporting similar findings (62).  Furthermore, these studies have also indicated that GRα-A is 

the isoform responsible for the majority of the GR’s agonistic responses (61, 62). 

1.4.5 - GRβ  

In contrast to the GRα, studies have shown that the GRβ is an inhibitor of GRα while also lacking 

a functional LBD due to C-terminal truncation (thereby preventing the binding of cortisol).  

Following its initial discovery by Bamberger, Bamberger and colleagues (63) in 1995, GRβ has 

been studied extensively at the molecular level, with studies suggesting that GRβ comprises 

part of a cellular negative-feedback loop that regulates the level of GRα activation following 

stimulation by glucocorticoids. In particular, it has been noted that while the GRβ gene variant 

expression is low in most tissues (64) it is capable of binding to the active GRα in a dominant-

negative fashion, preventing it from binding to the DNA and subsequent changes to gene 

expression (5). However, recent studies have begun to refute these claims, with GRβ being 

shown to both up and down-regulate the expression of various genes independently of GRα 

when overexpressed in HeLA (65) and U-2 OS (66) cells, indicating a potential transcription 

factor-mediated pathway (59).  

1.4.6 - GRγ 

Finally, the last of the GR gene variants to be identified and studied at the molecular level is 

that of the GRγ. Overall, recent studies have estimated that ~10% of total GR translation within 

the cell produces the GRγ through alternative splicing (67), highlighting its key role in 

regulating many genes at the cellular level. Further research has indicated that the GRγ works 

with GRβ by forming a complex, which then binds to the GRα, repressing its transcriptional 

activity (68, 69). In addition to these findings, a study conducted by Thomas-Chollier, Watson 

and colleagues  (70), suggested that the GRγ may be capable of binding to the DNA, with work 

utilising U-2 OS cells demonstrating that the GRγ variant had a higher affinity for binding to 

DNA than the GRα, and is also capable of regulating ~90% of the genes regulated by GRα. 

Another study conducted by Morgan, Poolman and colleagues (71) using HEK-293 cells 

reported that the GRγ and GRα respond differently to glucocorticoid binding (specifically 
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dexamethasone. In this study the GRγ remained bound to the plasma membrane and 

enhanced energy metabolism and mitochondrial mass through both DNA binding and gene 

expression and a direct interaction with the mitochondria, roles previously thought to be the 

main function of the GRα. However, as there is little information available on the exact 

downstream targets of GRγ mediated gene expression and further studies are required in 

order to confirm these findings. 

Overall, the current information regarding the function of GRs indicates that they regulate 

many intracellular processes through both genetic and protein-protein interactions. These 

receptors may become over stimulated during incidences of high stress (72) and/or 

dysregulation of glucocorticoid control mechanisms which lead to increases in free plasma 

cortisol concentrations (73) and resulting in genetic and proteomic changes causing cellular 

dysfunction. In order to control circulating glucocorticoid concentrations there are several 

levels of regulation at both the local and systemic level. 

1.4.7 - Hypothalamic Pituitary Adrenal Axis (HPA) mediated control of cortisol levels 
Secretion of cortisol is controlled via the HPA axis, a three-tier physiological system that 

consists of the hypothalamus, the pituitary gland and the adrenal glands, all of which work in 

tandem to create a feedback network to regulate cortisol levels.  Figure 1.4 illustrates how 

cortisol release is promoted via the release of corticotropic releasing hormone (CRH) from the 

hypothalamus to stimulate the release of adrenocorticotropic hormone (ACTH) from the 

hypothalamus. ACTH then mediates the release of the glucocorticoid cortisol from the adrenal 

cortex. To prevent over-production of cortisol and resultant hypercortisolemia, the axis is 

regulated at several levels. As can be seen within Figure 1.4, released cortisol works within its 

own negative-feedback loop to reduce the release of hypothalamic and anterior pituitary 

hormones to prevent the hypersecretion of glucocorticoids into circulation. When the HPA 

axis becomes dysregulated as seen in cases of chronic disease (74) and depression (75), the 

feedback mechanism becomes less effective, with elevated levels of cortisol leading to 

systemic inflammation and reduced metabolic control (76). However, in addition to the 

control of glucocorticoid secretion through the HPA axis, there are a number of regulators of 

tissues levels of glucocorticoids.  



P a g e  | 33 
 

Julian Lang-Lemckert (s2890397)  
An evaluation of Glucocorticoid Receptors in A549 cells and cardiac fibroblasts: Potential in vitro models of 

COPD and Heart Failure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.8 - 11-Hydroxysteroid dehydrogenase (11-HSD) enzymes 
At the local tissue level, the two enzymes that regulate glucocorticoids levels (see figure 1.5) 

are 11-hydroxysteroid dehydrogenase 1 (11-HSD 1) and 11-hydroxysteroid dehydrogenase 2 

(11HSD-2)(77). The enzyme 11-HSD 1 is responsible for mediating the transformation of 

inactivated glucocorticoids such as cortisone to the activate  glucocorticoid cortisol and is 

highly expressed within the liver, muscle and adipose tissue (78). Interestingly, studies 

involving 11-HSD1 knock-out mice have noted a decrease in the pathogenesis of both 

atherosclerosis (79) and heart failure (80). An effect also observed when utilizing 

pharmacological inhibitors of 11-HSD1 (81). This mechanism is believed to be due to the 

potential digestion of non-glucocorticoid targets by 11-HSD1 (79) and altered immune cell 

signalling (specifically enhanced recruitment of neutrophils and monocytes (80), which 

appears paradoxical given the potent anti-inflammatory effects of glucocorticoids). However 

Figure 1.4.  Diagrammatic representation of the 
neuroendocrine pathways mediating the release of 
glucocorticoids from the Zona Fasciculata of the adrenal 
cortex in addition to the negative feedback pathways 
utilized by glucocorticoids to regulate release.(6) 
 

S 
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the exact reason for this enhanced recruitment of neutrophils and monocytes leads to a 

reduction in the pathogenesis of disease is yet to be fully understood and is an area of interest 

focus in the literature.  

 

 

 

 

The 11-HSD2 enzyme is widely expressed in many cells and tissues around the body and is 

highly expressed in the kidney and placenta. The 11-HSD2 enzyme promotes the conversion 

of physiologically active glucocorticoids (e.g. cortisol) to physiologically-inactive 

glucocorticoids (e.g. cortisone), a protective effect though to prevent over-activation of GRs 

at a local level (7). Furthermore, 11-HSD2 has been shown to be inducible, with exposure to 

dexamethasone leading to an increase in 11-HSD2 expression in placental trophoblasts (82), 

human bronchial epithelial cell lines (83), lymphoblastic leukaemia cells (72) and primary 

human bronchial epithelial cells (83). Early studies conducted by Bujalska, Kumar and 

colleagues (84) suggested cortisol was capable of inducing the expression of 11-HSD1 and not 

11-HSD2 within adipose stromal cells, however more recently these findings have since been 

disputed (85). Finally, it should be noted that many studies have indicated that a lack of 

Figure 1.5.  Diagrammatic representation of the reactions mediated by both 11-HSD1 and 
11-HSD2 and its actions on cortisol at the cellular level (7). 
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11HSD2 expression can be harmful to many tissues. For example, a lack of 11-HSD2 expression 

the heart is believed to expose the heart to excessive glucocorticoid concentrations during 

stressful psychological and physiological conditions, which can lead to over-activation GRs 

plus stimulation of the mineralocorticoid receptor (MR) providing a potential pathway for 

promoting cardiac disease (86). However, in addition to the enzymatic regulation of 

glucocorticoids, GR expression can change in response to fluctuations in plasma 

glucocorticoid concentrations. 

1.4.9 - Regulation of GR populations by glucocorticoids 

At the intracellular level, GR protein expression changes in response to glucocorticoid levels 

(87), with receptor numbers and/or affinity being altered significantly in response to 

chronically elevated or reduced glucocorticoid levels. Firstly, exposure to elevated plasma 

glucocorticoid concentrations due to either dexamethasone treatment (88) or endogenous 

cortisol (89) have both been shown to alter GR expression, a finding that has been reported 

to occur in human populations (90) and cell-culture studies (64). In particular, these studies 

have observed that chronic, excessive levels of glucocorticoids are capable of inducing a 

‘resistant’ state, whereby receptor expression and affinity changes in order to prevent over-

activation of intracellular GR pathways. For example, a study conducted on patients 

diagnosed with Cushing’s Syndrome, a syndrome characterised by chronic hypercortisolemia, 

reported an overall increase in GRβ expression, as well as a reduction in GRα ligand-binding 

affinity within isolated peripheral blood mononuclear cells (87), matching findings shown 

within both isolated human dermal fibroblasts (91), respiratory epithelial cell lines (92) and 

monocyte cell lines (88). It also appears that this phenotype is reversible, with those treated 

for Cushing’s syndrome displaying a regression towards normal phenotypic expression of GRs 

post-treatment with GRβ expression levels returning back to baseline levels (87), suggesting 

that these changes were not permanent.   

In contrast to these findings, studies involving patients with hypocortisolemia have also 

observed altered GR receptor expression and ligand-binding affinity. A clinical trial conducted 

by Hagendorf, Koper (87) on 12 patients diagnosed with hypocortisolemia, reported an 

increase in GRα expression in peripheral blood mononuclear cells. These findings are 

consistent with those found in individuals diagnosed with post-traumatic stress disorder, 
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where an upregulation of lymphocyte GRα counter-balanced the lack of cortisol secretion 

caused by the disorder (93). Overall, it was hypothesized that upregulation of GRs may allow 

for adequate GR signalling during low cellular levels of glucocorticoids (93). There are many 

physiological and pathological factors that contribute to GR population levels and signalling. 

An understanding of how resistance to the actions of glucocorticoids occurs informs us as to 

how chronic disease states can evolve.  

1.4.10 - Glucocorticoid resistance and chronic disease 

Since its original description as a disease state by Chrousos, Detera-Wadleigh (90) in 1993, 

glucocorticoid resistance is defined as a disease characterised by an overall downregulation 

of GR affinity or expression either locally or systemically and may play a role in the 

pathogenesis of many diseases.  Undoubtedly, the three most important contributors to the 

development of GR resistance appear to be GRα and the variants GRβ and GRγ (72) (68) (94). 

For example, one clinical, double-blinded, placebo-controlled trial conducted on patients with 

asthma reported that a 9 day treatment regime of prednisolone induced glucocorticoid 

resistance by upregulating the expression of the GRβ, as measured within tuberculosis-

positive skin reaction biopsies within those patients previously deemed glucocorticoid-

sensitive (94). This indicates a possible mechanism for glucocorticoid-mediated glucocorticoid 

resistance, which is similar to previous trends observed in Cushing’s syndrome patients (87). 

However, while this study is most certainly limited by its sample size of 15, a study performed 

on human monocyte cell lines, in vitro, found a similar correlation, reporting a direct dose and 

time-dependant relationship between dexamethasone administration and GRβ isoform 

upregulation (Bo, Xiangjun (95). Similar findings have been observed in patients diagnosed 

with rheumatoid arthritis who also displayed decreases in GRα expression within circulating 

leukocytes, (96), within dermal fibroblasts of those with hypercortisolaemia (Hagendorf, 

Koper (87)) and in human monocyte and respiratory epithelial cell lines exposed to 

dexamethasone (88, 91, 92). It should also be noted however that other studies have not 

been able to replicate these results (68, 97). However, in both cases, these studies focused 

solely on acute lymphoblastic leukaemia (ALL) cells, which may be reflective of genetic 

abnormalities found in cancer cell lines when compared to regular, primary cell cultures (98). 

Further, these findings are also limited by the fact that many ALL cancers are GR-resistant (99, 

100), and may not therefore develop significant levels of resistance with dosing.  
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Clinical studies on peripheral blood samples taken from patients with ALL have implicated the 

GRγ isoform in glucocorticoid resistance, (68) which is feasible given that studies have shown 

the GRβ and GRγ isoforms complexing together in order to bind to and repress GRα activation 

(69). A study by Bedewy, El-Maghraby (101) reinforces these findings, with reporting that the 

GRγ became significantly upregulated in isolated lymphoblastic leukaemia cells from patients 

diagnosed with a treatment-resistant variant of ALL. Responses to dexamethasone within 

these patients was not only positively correlated with GRα expression, but also negatively 

correlated with GRγ expression and the GRβ sharing no relationship with the resistance status 

of ALL. These results indicate that GR-resistance mechanisms may be more complex than first 

thought and may vary according to cell type and clinical condition. More studies are required 

to determine the role of GRγ in glucocorticoid resistance. 

Overall, it is believed that a reduction in GR signalling caused by either increases in GRβ or GRγ 

expression, or decreases in GRα expression significantly contributes to the development of 

chronic disease states, as it leads to an overall loss of protective anti-inflammatory GR 

signalling at either the tissue/organ or systemic level (90).  With diminished GR mediated 

control comes a significant degree of immune dysregulation (102). Glucocorticoids are 

responsible for attenuating the immune response within the human body through inhibiting 

cytokine production, attenuating chemokine secretion, reducing adhesion molecule 

expression on the vascular endothelium, while also promoting cellular and organ repair 

through increased anti-inflammatory cytokine signalling (103). It is hypothesised that GR 

resistance causes a state of immune dysregulation, characterised by a positive-feedback loop 

in which the immune system becomes chronically hyperactive (102). For example, a cohort of 

stressed cancer care-givers had decreased expression of GRα within circulating monocytes 

and an overall increase in plasma concentrations of NFκB and C-Reactive protein when 

compared to controls, indicating that as GR resistance increased, the immune system became 

more active Miller, Chen (104). However, while this study is limited by a small sample size, 

similar findings have been observed in a cohort of HIV-positive patients in which GR-resistant 

patients (determined via GR radioligand binding assays within peripheral mononuclear cells) 

also displayed increases in pro-inflammatory cytokine production (105). Furthermore, a study 

of 96 pregnant women reported that women belonging to a high-risk group (comprised of 

income and race characteristics) maintained higher levels of pro-inflammatory cytokines 
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within the blood which could not be controlled via glucocorticoids (105) a finding the study 

concluded was due to GR resistance, despite lacking proteomic data and analyses. However, 

in addition to these findings another challenge faced by GR-resistance and altered 

immunological response also centres around a second GR-sensitive receptor, the 

Mineralocorticoid Receptor.  

1.4.11 - Mineralocorticoid Receptor Signalling – An emerging system associated with GR 

Resistance 

Although first thought to only respond to aldosterone (the body’s major mineralocorticoid), 

studies have identified that cortisol may not only play a role in disease by activating its native 

receptor, but also its ‘sister’ receptor; the Mineralocorticoid Receptor (MR).  The MR has been 

found to be widely distributed throughout the body, as it plays a large role in fluid balance via 

the regulation of sodium channels in the kidney and colon (106). However, in addition to being 

located in organs associated with fluid regulation, the MR has been found to be expressed in 

the heart, immune system and brain (107). A recent study has observed the MR to be 

expressed in non-epithelial cells (i.e. cells outside of the colon and kidney) can be stimulated 

by cortisol (108). It has been hypothesised that the 11-HSD2 enzyme is overexpressed in the 

kidneys to prevents activation of MRs by cortisol, allowing activation only by its native ligand 

aldosterone (106). As cortisol has similar binding affinities to both the GR and MR, when the 

MR is co-located with 11-HSD-2 enzymes it prevents the activation of MRs by cortisol within 

aldosterone-target tissues such as the kidney (7). MR activation can be enhanced during cases 

of GR-resistance/hypercortisolemia (108) where an increased bioavailability of cortisol 

coupled with a decreased availability of GRs can lead to increased MR mediated signalling. 

However during states of hypercortisolemia, the 11-HSD-2 enzyme can become overwhelmed 

(109) allowing the binding of excess cortisol to MRs. As the MR is reported to be a pro-

inflammatory receptor, this outcome can be detrimental as MRs increase the expression of 

the pro-inflammatory cytokines in vitro including IL-12, TNF-α and MCP-1 in human 

macrophages and IL-6 and TGF-β within dendritic cells, (110), however the effects of MR on 

other innate and adaptive immune cells are yet to be elucidated.  

MR activation has also been shown to increase reactive oxygen species generation through 

upregulation of the enzyme NADPH oxidase within rat aortic endothelial cells (111) and 
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mesangial cells (112). ROS generation has also been found to increase MR expression (113), 

suggesting that MR activation may activate a positive feedback loop for inflammation. The 

effect of MR over-activation has been linked to a number of disease states including cardiac 

fibrosis (114), heart failure and renal disease (115), atherosclerosis and excessive adipose 

tissue inflammation (116). The GR under normal conditions is believed inhibit these pro-

inflammatory immune responses that occur with MR activation via inhibition of the immune 

system (108). Therefore when the MR become activated due the conditions of elevated 

glucocorticoids, which also results in GR resistance, the overall effect appears to be an 

increase in the activation of pathways leading to inflammation (MR) and a decrease in the 

activation of anti-inflammatory pathways (GR); leading to a state of heightened and 

persistent inflammation.   

1.4.12 - Glucocorticoid Resistance Testing  

Currently, there are several clinical methods for assessing glucocorticoid resistance, with the 

two most widely cited diagnostic criteria including an increase in serum-free cortisol 

concentrations or an increase in 24 hour urinary cortisol (117). Furthermore, dexamethasone 

suppression tests can also be utilized to improve diagnostic accuracy. In this test a patient is 

given a dose of dexamethasone, then HPA axis reactivity is assessed, with resistant patients 

showing no reduction in CRH levels (118). In addition to these tests, there are two diagnostic 

tests that can also be performed to assess patients responses to glucocorticoids (which are 

also utilized within in-vitro cellular studies); the radiolabelled dexamethasone binding assay 

and the thymidine incorporation assay. 

1.4.13 - Radiolabelled Dexamethasone Receptor Binding Assay 
The radiolabelled dexamethasone receptor binding assay uses radioactively labelled 

dexamethasone (specifically 1,2,4,6,7 3H dexamethasone) in order to assess GR binding 

affinity. More specifically, the radiolabelled dexamethasone is added to the growth medium 

with or without a 500-fold concentration of unlabelled dexamethasone and incubated (60). 

In the presence of the unlabelled dexamethasone, the radioactive ligand can only bind to non-

specific sites, whereas in the absence of unlabelled dexamethasone, the radioactive ligand 

will bind both specific (i.e. GRα) and non-specific binding sites (119). Radiation levels are 

measured in both treatment groups and subtraction of total binding from non-specific binding 
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allows the determination of specific binding sites within the sample. Overall, a decline in 

specific binding should be noted if glucocorticoid resistance is present, due to a reduction in 

ligand affinity/a reduction in receptor number (120)  

1.4.14 - Thymidine Incorporation Assay 
The second GR-resistance testing method is the thymidine incorporation assay which uses a 

radioactive form of thymidine (3H thymidine) added to the growth media of the cell cultures 

of interest. Cells are initially plated out onto cell culture plates and allowed to adhere and 

attach. Cells are then incubated with dexamethasone (as an anti-mitotic agent) for a period 

of 12-24 hours. After incubation with dexamethasone, 3H thymidine is added to the growth 

medium and is incorporated into the DNA of rapidly dividing cells.  Overall, those cells that 

are glucocorticoid resistant will display an overall increase in 3H Thymidine incorporation (as 

measured via beta counter) compared to normal cells which should display a decrease in 

cellular proliferation, as cells that are resistant will not respond to the anti-proliferative 

effects of the glucocorticoids (120) and allowing the detection of GR resistance, in vitro. 

However, the largest concern surrounding these methods, is the use of radioactive substances 

and as a result waste disposal, radiation exposure and costs associated with storage and 

disposal use can be an issue (121), with other fields of biomedical science preferring to use 

fluorescently-labelled compounds in order to counter these issues. However, currently only a 

paper by Williams, Stimpson (122) has discussed and attempted to use fluorescent assays 

(specifically a 2-deoxybromouridine proliferation assay) as a surrogate for 3H thymidine in the 

diagnosis of glucocorticoid resistance . Overall, their work has produced promising results, 

producing an overall sensitivity of 83% in the clinical diagnosis of glucocorticoid resistance 

when compared to total diagnoses, indicating that fluorescently-labelled proliferation assays 

may be a candidate for future, more cost-effective clinical and in-vitro testing of 

glucocorticoid resistance. However, this study was only conducted on lymphocytes and no 

additional studies have since been conducted on utilizing 2-deoxybromouridine incorporation 

as a measure of glucocorticoid resistance in non-lymphocytic cells in vitro. One of the aims of 

this study will be to assess whether the use of fluorescently labelled dyes may be a viable 

method for in-vitro cellular testing. Overall, the ability to produce a much more affordable 
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and safe assay may be useful for future clinical diagnosis and the in vitro investigation of 

pathways that lead to the development of glucocorticoid resistance.  

In addition, this study also aims to determine whether this modified assay could be utilized 

using different cell types in order to assess how translatable an in-vitro assay may be. In 

particular, we have chosen to focus on the human alveolar carcinoma (A549) cell line and 

human cardiac fibroblasts as models for assessing the possible mechanisms of GR-resistance 

in the pathogenesis of COPD and HF respectively. Recent studies have suggested that altered 

heart and lung MR and GR signalling may be an underlying cause of both conditions (11, 14, 

52, 123). However, before discussing how the 2-deoxybromouridine method may be applied 

to testing both the A549 and cardiac fibroblasts, I will discuss the role these cells play within 

their respective organs. 

1.5 - Type 2 alveolar cells in COPD and the use of Alveolar Carcinoma (A549) Cells  
While making up only 5% of the total cell population of pulmonary alveolar cells, the type 2 

alveolar cells provide a vital contribution to lung function, mainly due to their role in secreting 

pulmonary surfactant, cell division and replacement and regulating the inflammatory cascade 

(124).  It is well recognised that alveolar type 2 cells secret surfactant (a phospholipid-dense 

lipoprotein), which works to increasing compliance by reducing the surface tension of water 

molecules within the alveoli (125). However, while surfactant is known to mediate this role, 

recent study findings have suggested it may play a significant role in regulating inflammation 

within the lungs. In particular, a study conducted by Yoshida, Korfhagen and colleagues (126) 

reported that pulmonary surfactant regulated the activity of alveolar macrophages. 

Macrophages were isolated from the bronchial lavages of surfactant-protein D deficient mice 

(SPD-D (-/-)) who developed emphysema in the absence of cigarette smoke. Furthermore, 

when the lungs were examined at the cellular level, the macrophages were found to express 

much higher levels of matrix metalloprotinases (MMPs, a marker of inflammation) and higher 

levels of the pro-inflammatory protein NFκB when compared with control mice. This is an 

interesting finding, as alveolar type 2 cells reduce surfactant secretion when exposed to 

cigarette smoke (127). Further, an increase in P65 (a marker for intracellular NFκB activation) 

was also observed within alveolar type 2 cells isolated from the bronchial lavages of sheep 

exposed to cigarette smoke, indicating that these cells may also upregulate their own cytokine 
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secretion in cases of smoke exposure. These findings implicate alveolar type 2 cells in the 

pathogenesis of COPD, due to their heightened secretion of and lack of surfactant-mediated 

inflammatory cell regulation when exposed to cigarette smoke.  

In addition, dexamethasone has been shown to inhibit NFκB activation within A549 Alveolar 

Carcinoma Cells (a model for type 2 alveolar cells in vitro) (128) due to a direct inhibition of 

the NFκB promotor. These findings that are consistent with those found as early as 1997 (129) 

via interactions with the GR. It is feasible that the development of GR resistance within these 

cells may reduce NFκB levels and therefore promote a pro-inflammatory phenotype that is 

consistent with the aetiology of COPD. Therefore, this study seeks to ascertain whether GR 

resistance can be induced within these cells, and whether this resistance can be detected 

using the 2-deoxybromouridine assay.  

1.6 - Mineralocorticoid Receptor – Recent developments 
Although limited studies have been conducted on the involvement of the MR in the 

development of COPD, a study conducted by Leiber et al (123) on the use of MR antagonists 

and their effect on pulmonary inflammation and fibrosis in rodent models reported 

interesting findings. C57BL/6 J mice were exposed to an intra-tracheal treatment of 

bleomycin (a potent inducer of pulmonary fibrosis) with or without the oral administration of 

MR antagonist spironolactone, with bronchial lavages taken post-treatment. Overall, the 

study found a dose-dependent negative correlation between spironolactone dose and 

number of macrophages and neutrophils within the bronchial lavages of these mice, 

indicating an inhibition of the inflammatory processes observed upon bleomycin exposure. 

The levels of inflammatory cytokines were consistent with this outcome with the pro-

inflammatory cytokines TNF-α and IL-6 being shown to significantly decrease in a dose-

dependent manner within spironolactone-treated groups. Overall, these findings suggest that 

MR activation may be involved within the development of pulmonary inflammation in vivo. It 

is also possible that excessive levels of circulating glucocorticoids may lead to increased 

activation of the MR due to GR resistance. This study will examine if any changes in MR 

expression occur within A549 cells (a cell-line model of Alveolar type 2 cells) upon induction 

of GR resistance to investigate whether these changes (if any) are associated with the pro-

inflammatory effects noted within GR-resistant disease states.  
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1.7 - The Cardiac Fibroblast 

1.7.1 - Myocardial fibroblasts – What do we know? 
Despite myocardial fibroblasts constituting approximately 70% of all cells within the heart, 

they have been under-studied  with many studies preferring to focus upon the contractile 

cardiomyocytes and their role in the pathogenesis of disease (130). This is a rather interesting 

oversight, as it has been noted by reviews conducted by both Souders, Bowers and colleagues 

(130) and Camelliti, Borg and colleagues (131) that cardiac fibroblasts mediate many 

physiological processes including myocardial remodelling (particularly following myocardial 

ischaemia) and myocardial responses to inflammation, angiogenesis and extracellular matrix 

maintenance (via both collagen deposition and matrix metallinoprotinase production).  

However, while these processes are important for maintaining the regular, physiological 

functioning of the heart, recent findings indicate that myocardial fibroblasts may be involved 

in the pathogenesis of cardiac disease (132). Most notably, fibroblasts have been found to 

undergo both proliferation and mediate excessive collagen deposition within the cardiac 

tissue when exposed to hypercortisolemia and effect that is believed to be linked to excessive 

mineralocorticoid receptor activation, brought about the ‘cross-reactive’ effect wherein 

glucocorticoids bind to, and activate the mineralocorticoid receptor in addition to their own 

native receptor (133). Overall, it is postulated that the activation of these receptors drives an 

increase in reactive oxygen species (via increasing NADPH expression and an increase in 

inflammatory mediators such as monocyte chemoattractant protein 1 released by 

surrounding cells within the myocardium including the macrophages and cardiomyocytes, 

leading to a pro-inflammatory state within the myocardium). However, through an as yet 

unidentified signalling mechanism, it appears that chronic signalling via the MR (potentially 

through an indirect pathway) leads to an increase in Transforming Growth Factor Beta (TGF-

B) secretion by cardiomyocytes and macrophages (see Figure 1.6), which drives the 

transformation of fibroblasts to myofibroblasts (134). This transformation is associated with 

cardiac injury, as myofibroblasts exhibit a greater level of collagen deposition, while also 

mediating matrix contraction to form a large fibrotic scar (135) and leading to cardiac fibrosis. 

However, while this pathway has been noted, the effect that glucocorticoids have on 

fibroblast function via activation of the GR has not been studied. No studies have explored 

the effects of GR activation in pathophysiological conditions on cardiac fibroblast function. 
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Therefore, this study seeks to investigate what effect maximal GR signalling activation (via the 

use of 100nM dexamethasone (a synthetic corticosteroids which at 100nM elicits 100% GR 

activation (136)) has on cells in vitro, and whether this maximal activation and downstream 

signalling can induce a GR-resistant state. However, before discussing this further, it is 

important to understand what is known about fibroblast GRs.  

  

1.7.2 - Fibroblast Glucocorticoid Receptors  
Studies investigating GRs within cardiac fibroblasts are limited however the effects of GR 

activation on fibroblast function during physiological conditions within other tissues have 

been reported. Research completed by Pratt (137) in 1978, investigating the effects of 

glucocorticoids on dermal fibroblasts found that glucocorticoid administration inhibited 

fibroblast growth and collagen production. These findings were confirmed by a study 

Figure 1.6: Postulated molecular mechanism of action for the activation of myocardial 
fibroblasts following excessive amounts of mineralocorticoid receptor (MR) signalling 

(134) 
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conducted by Ramalingam, Hirai and colleagues (138), who observed that dexamethasone  

stimulated the production of a potent Cyclin dependant kinase inhibitor; p21 (which down-

regulates mitosis) in mouse adipose tissue fibroblast cell-lines. These findings were further 

corroborated by more recent findings published by Yang, Rudiger and colleagues (139) who 

reported that sub-confluent cultured human primary pulmonary fibroblast cultures 

underwent similar anti-proliferative changes upon exposure to dexamethasone, with sub-

confluent cultures having a significant increase in p21 expression following dexamethasone 

administration. However, this study also found that confluent fibroblasts had no upregulation 

of p21, instead finding an upregulation in another CDK inhibitor p27. However, this appeared 

to have no anti-proliferative effects whatsoever (139).  Therefore, it may be hypothesised 

that a potential loss of glucocorticoid sensitivity (i.e. GR resistance) prevents these anti-

proliferative effects, therefore resulting in an increase in fibroblast proliferation in vivo, 

potentially enhancing the pro-fibrotic mechanisms underlying heart failure. However, as no 

studies have investigated GR resistance within cardiac fibroblasts, this study seeks to 

ascertain whether they are capable of becoming resistant to glucocorticoids upon chronic 

exposure. 

1.7.3 - Mineralocorticoid Receptor expression in cardiac fibroblasts 
Finally, in addition to investigating changes in protein expression that occur in human cardiac 

fibroblasts with high levels of dexamethasone, this study also seeks to investigate any changes 

in the expression of the intracellular MR within cardiac fibroblasts upon exposure to high 

levels of glucocorticoids. As discussed earlier, excessive amounts of glucocorticoids can cross-

react with the MR of cells surrounding the cardiac fibroblasts, such as myocytes and 

macrophages within the myocardium, leading to significant inflammation and eventually 

fibrosis (134). However, while most studies consistently cite and implicate MR activation 

within the cells surrounding the fibroblast as the main causative effect preceding cardiac 

fibrosis, few studies have been conducted on what changes occur to fibroblast MR expression 

upon the induction of GR resistance. Indeed, this is likely due to the fact that some studies, 

such as a review conducted by Bienvenu, Reichelt and colleagues (134) state MRs are 

completely absent from the cardiac fibroblast (a claim supported by four cited studies, three 

of which make no mention of the MR expression within fibroblasts). However, many studies 

refute these claims, demonstrating that the MR is indeed both present and play a large role 
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in fibroblast function in the myocardium (12, 140), albeit they’re basally expressed in low 

concentrations (141). Therefore this study also seeks to ascertain what changes may occur to 

MR expression within the cardiac fibroblasts following the induction of GR resistance. If the 

MR populations are expressed in measurable amounts within the cardiac fibroblast, as many 

studies have suggested it is reasonable to hypothesise that these receptors may become 

activated when the primary cell cultures become GR resistant given that the MR is implicated 

in fibroblast proliferation within other tissues (142). However, measuring the changes in MR 

expression within the cardiac fibroblast may provide a better means by which to understand 

the processes underlying cardiac fibrosis, therefore allowing for better treatments to be 

designed for this condition.  
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Chapter 2: Effect of dexamethasone on 
A549 cell glucocorticoid receptor levels 
and cell proliferation 
2.1 - Introduction 
With one in seven Australians estimated to be affected by COPD, it is important to investigate 

the underlying mechanisms that lead to the morbidity and mortality associated with COPD. 

As outlined previously, the efficacy of synthetic glucocorticoids such as dexamethasone in the 

management of COPD symptoms is known to decline over time. With studies such as those 

conducted by Sousa, Lane and colleagues (94) showing an increase in GRβ expression in cells 

isolated from dermal biopsies (with subsequent decreased glucocorticoid sensitivity) 

following the administration of a 9-day course of prednisone in patients diagnosed with 

asthma. This is of concern to patients with established COPD, as glucocorticoid therapy has 

been proven to be effective at reducing the progression of this disease over time (31). 

Therefore understanding the underlying mechanisms that lead to changes in receptor 

populations is vital. Furthermore, with recent studies indicating that blockade of MRs may aid 

in reducing pulmonary inflammation (123), it is worthwhile investigating whether the MR 

contributes to the development of glucocorticoid resistance, largely due in part to MR’s 

apparent  role as a pro-inflammatory receptor in the lungs (123) .  

 

In order to investigate these relationships, Human Alveolar Carcinoma (A549 cells, a cancer 

cell line derived from type 2 alveolar cells) were selected as a model for these studies. These 

cells were chosen as a model of the pulmonary epithelium within COPD as not only are they 

type 2 alveolar cells (143) (which have been shown to regulate the inflammatory cascade via 

cytokine and surfactant secretion; two processes that become dysregulated in COPD) but they 

have been extensively cited in the literature as an in vitro model for studies related to COPD 

(144). Further, several studies have also been conducted on the response of A549 cells to 

synthetic glucocorticoids such as dexamethasone. For example, a study published by 

Ramamoorthy and Cidlowski (145) showed a reduction in GR mRNA expression following 

chronic dexamethasone exposure; indicating a glucocorticoid-resistance response is 
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produced in this cell model. However, a gap in the literature is that no studies have conducted 

detailed investigations exploring the effects of GR variant or isoform expression within these 

cells.  

 

A recent study has indicated that A549 cells may express the MR (146). This study 

demonstrated that aldosterone was capable of antagonising the transactivation of GR target 

genes. Overall, this indicates that A549 cells express the MR in concentrations high enough to 

be responsive to aldosterone. Therefore, as no studies have currently been conducted on the 

effects of dexamethasone treatment, this study seeks to ascertain the changes within GR and 

MR expression (via western blotting) that may occur upon exposure to dexamethasone, which 

may provide insight into the underlying mechanisms behind the pathogenesis of COPD. 

 

Finally, this study also seeks to investigate the effectiveness of a fluorescence-based 

proliferation assay in the determination of GR resistance within A549 cells. A recent study 

conducted by Williams et al (122) indicated that the 2-deoxybromouridine (BRDU) 

proliferation assay was highly effective in determining glucocorticoid resistance within 

lymphocytes isolated from patient samples. This is of interest, as until recently the 

measurement of GR resistance, in vitro, has mainly centred around the utilisation  of the 3H 

thymidine proliferation assay. Overall, both assays seek to determine cellular proliferation 

rates and involve the incorporation of either BRDU or 3H thymidine into the DNA of replicating 

cells after the administration of dexamethasone (100nM). As dexamethasone is a potent 

inhibitor of cell proliferation, the assays should show a significant reduction in cellular 

proliferation rates relative to control (untreated cells). However, cells that are resistant to 

glucocorticoids should display an increase in proliferation rate relative to control cells. 

Therefore, this study seeks to ascertain if a fluorescence-based proliferation assay is effective 

in detecting glucocorticoid resistance within A549 cells, in vitro. Finally, it should be noted 

that in addition to modelling pulmonary type 2 alveolar cells, the A549 cells have been shown 

to be highly responsive to dexamethasone, with numerous studies displaying a 50-75% 

reduction in proliferation following the administration of dexamethasone (100nM) (152, 166, 

167) 
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2.2 - Experimental Aims 
1. To determine the effect of 24 hour dexamethasone and mifepristone treatment on 

A549 cellular viability using the MTT and LDH assays.  

2. To assess the effect of 24 hour dexamethasone and mifepristone treatment on A549 

cell proliferation using the 2-deoxybromouridine and 3H thymidine incorporation 

assays. 

3. To investigate changes in GR and MR protein levels in A549 cells following 24 hour 

treatment with of dexamethasone (100nM) with/without the competitive inhibitor 

mifepristone using Western blot techniques. 

4. To determine whether changes in GR protein expression in A549 cells correlate with 

proliferation assays to demonstrate the induction of glucocorticoid resistance in this 

cell type.  
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2.3 - Methods 

2.3.1 - Cell Culture 
Alveolar adenocarcinoma A549 cells were cultured within Ham’s F-12K (Kaighn’s 

Modification) which was supplemented with 10% Foetal Bovine Serum and 1% antibiotic-

antimycotic solution, which were all purchased from Thermo Fischer Scientific (Wattham, MA, 

USA). All A549 cells were grown within T25 flasks within an incubator set to 37oC with 5% CO2 

+ 95% O2. Upon reaching 80-90% confluency, cells were passaged as described by American 

Type Culture Collection (ATCC) (147). The growth medium was removed and cells were 

washed with 0.25%-EDTA trypsin purchased from Thermo Fischer Scientific (Wattham, MA, 

USA) to neutralize any remaining serum. An additional 2-3mL of 0.25%-EDTA trypsin was 

added to separate cells from the flask. Following detachment, 6-8mL of complete growth 

media was added to neutralize the remaining trypsin and cells were then subcultured into 

T25 or T75 flasks at a seeding density of 2x103 cells/cm2 (cell counts determined via the 

haemocytometer counting method (148). 

2.3.2 - Pharmacological compounds 
Both Mifepristone and Dexamethasone were diluted in ethanol to form stock concentrations 

of 1mM. These stock concentrations of 1mM were subsequently diluted within cell cultured 

media to achieve the desired concentrations for cellular treatment. 

2.3.3 -  Cell Viability and Cytotoxicity Assays 
In order to ascertain the potential metabolic and cytotoxic effects elicited by dexamethasone, 

mifepristone and vehicle controls within this study, cell viability assays and cytotoxicity assays 

were conducted on all cells to ensure appropriate concentrations of all pharmacological 

agents were utilized (so as to not induce cell death,. The two methods selected included the 

MTT Tetrazolium Reduction Assay (MTT Assay) and Lactate Dehydrogenase Assay, as 

measures of cellular metabolic activity and cellular cytotoxicity respectively.  
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2.3.4 MTT Assay 
The MTT assay was performed as previously described (149) and was selected as a measure 

of cellular viability due to its consistent history of accuracy and constant utilization within the 

literature. MTT assays involve adding the compound (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide; MTT) to the cell media where it is rapidly reduced by the 

mitochondria in viable cells to form a formazan compound (see Figure 2.1), which has a 

distinctive purple colour. Therefore the more metabolically viable cells that are present within 

the sample, the greater the amount of formazan is formed. This product is then dissolved in 

100% DMSO, and the subsequent solution formed is measured for absorbance. 

 

A549 cells were subcultured into 96-well plates (6 wells seeded per treatment condition; n=6) 

at a density of 5000 cells/well, and allowed to attach for a period of 24 hours within a cell 

culture incubator (37oC, 5% CO2 + 95% O2).                                                                                                                                                                                                                           

Following adhesion, the media was removed and replaced with fresh media containing 

various concentrations of dexamethasone (3nM, 10nM, 30nM and 100nM) mifepristone 

(0.3nM, 1nM, 3nM, 10nM) and an vehicle control (0.01% w/v ethanol). The cells were then 

incubated for a period of 24 hours. Following incubation, cells were washed with Dulbeccos 

Phosphate Buffered Saline (DBPS) then MTT diluted in DBPS (1mg/mL) was added to each of 

Figure 2.1. Diagrammatic representation of the chemical reaction occurring during an 
MTT reaction, which results in the formation of a purple precipitate (formazan 
product)(4) 
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the wells. The cells were then incubated for a period of 2.5 hours and checked via microscopy 

for the formation of purple formazan products. After removing the MTT solution, cells were 

washed, and 100% DMSO was added to each of the wells in order to solubilize the formazan 

products. Finally, absorbance was then read at 570nm on a Tecan Infinite 200 Pro plate reader 

purchased from Tecan Group 3Ltd. (Mannedorf, Switzerland).  

As the production of formazan crystals is directly related to cell count, increases in absorbance 

indicates a higher cell count and therefore viability and decreases in absorbance indicating a 

reduction in cell count, or low cell viability (4). To ensure accurate analysis a control lane of 

10X cell lysis buffer purchased from Promega (Madison WI, USA) was utilized to determine 

100% cell death.  

2.3.5  - LDH Assay 
As corticosteroids are anti-mitotic agents (150), an LDH assay (Promega, Madison WI, USA) 

was conducted to measure of cell viability/death in response to drug treatment independent 

of cell count; which is a limitation of the MTT assays for measuring cell viability (151). LDH 

assays are capable of directly measuring cell death, rather than cell viability as dead cells 

release lactate dehydrogenase from their mitochondria (151). Therefore, by supplying the cell 

culture  medium with lactate, NAD+, iodonitrotetrazolium violet (INT) and diaphorase, lactate 

dehydrogenase (released from lysed cells) reduces INT into a red-pigmented formazan 

product (Figure 2.2), thereby allowing for a direct measure of cell death. 
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Figure 2.2. Diagrammatic representation of the reactions taking place in an 
LDH assay, resulting in a red Formazan product (3) 
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For the LDH assay, A549 cells were subcultured into 96-well plates (6 wells seeded per 

treatment condition; n=6) at a density of 5000 cells/well, and allowed to attach for a period 

of 24 hours within a cell culture incubator (37oC, 5% CO2 + 95% O2). Following attachment, 

media was removed and replaced with media supplemented with dexamethasone (3nM, 10 

nM, 30 nM, 100nM ), mifepristone (0.3nM, 1nM, 3nM, 10nM) and an vehicle control (0.01% 

ethanol w/v). Following a 24 hour incubation period, 3 50µL samples of cell media (well 

supernatant) was taken from each sample and placed into another 96-well plate (to allow for 

triplicate measures of LDH per well). 50µL of LDH solution (made up of both the kit-provided 

assay buffer and assay substrate) was added to each well and allowed to incubate at room 

temperature for 30 minutes in the dark. Following this, 50µL of the stop solution was added 

to each well.  Absorbance from each well was then measured at 490nm on a Tecan Infinite 

200 Pro plate reader purchased from Teacan Group Ltd. (Mannedorf, Switzerland). 

2.3.6 - Cell Treatment Protocols 
A549 cells were plated into 6-well cell culture plates (3 separate plates with 5 wells seeded 

(for each of the 5 treatment groups) on each; n=3 for each treatment group) and upon 

reaching >50% confluency, one of five drug treatments was added to each well. These 

included: untreated controls (regular media), vehicle treated controls (media with 0.01% 

ethanol), dexamethasone-treated (media with dexamethasone (100nM), mifepristone-

treated (Media containing mifepristone (10nM) and combination-treatment (media 

containing dexamethasone (100nM) and mifepristone (10nM)). Cells were then incubated for 

a period of 24 hours in a cell culture incubator (37oC with 5% CO2 + 95% O2). Culture media 

was then removed from each well. Cells were then washed with DBPS. DBPS was removed 

and 300μL of 2X RIPA lysis buffer purchased from Merrick Millipore (Burlington MA, USA) 

supplemented with Phosphatase and Protease Inhibitor Cocktails purchased from Biotool LLC 

(Houston TX, USA) was added to each well. The cells were then left to lyse on ice for 5 minutes, 

before being removed using a cell scraper. The lysis buffer was then recollected and was spun 

at 14,000 RPM for 10 minutes at 4oC. The supernatant was then transferred to another tube 

and stored at -80oC prior to protein estimation and Western blot analysis.  
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2.3.7 - Protein lysate protein estimation 

In order to estimate the protein content of samples, a bicinchoninic acid (BCA) assay was 

conducted on samples by using a Pierce BCA protein assay kit purchased from Thermo Fischer 

Scientific (Wattham, MA, USA). This assay was utilized due to its ability to accurately estimate 

protein concentrations within lysates due to the generation of a standard curve in a simple, 

one-step reaction (152). The BCA reaction begins with an initial reaction between amino acid 

residues (including: cytosine, cysteine, tyrosine and tryptophan) and copper, which produces 

a reduced copper ion which then subsequently reacts with BCA to form an insoluble complex, 

which is observed as a purple precipitate (Figure 2.3). The final precipitate is directly 

proportional to the amount of protein within the sample, and therefore allows for accurate 

estimation of proteins within a cell lysate. 

 

 

 

 

 

 

 

 

 

After generating standard curves samples by dilution various concentrations of Bovine Serum 

Albumin (BSA) in kinexus buffer, protein sample lysates were also diluted in kinexus buffer 

and all samples were then added to a 96 well plate. The provided BCA kit reagents were then 

added to each sample as per kit instructions. Plates were then incubated at 37oC for 30 

minutes and absorbance measured at 542nm on a Tecan Infinite 200 Pro late reader 

purchased from Tecan Group Ltd. (Mannedorf, Switzerland). Mannedorf, Switzerland).. Protein 

samples were then diluted to 10µg/mL in kinexus buffer and stored at -80oC for subsequent 

Western blot analysis.  

Figure 2.3. Diagrammatic Representation of the two-step BCA Assay reaction which results 
in a BCA-Copper Complex (purple precipitate) (2) 
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2.3.8 - Western Blot Analysis  
In order to analyse changes in cellular protein expression in response to corticosteroid 

exposure, Western blot analysis was conducted on protein isolates derived from pre-treated 

cell culture lysates. Protein isolates were defrosted on ice prior to adding 35µL of Laemmli 

loading buffer and 2-mercaptoethanol (in a ratio of 20:1 respectively). Samples were then 

vortexed and heated at 95oC for a period of 5 minutes. Following heating, isolates were again 

vortexed and 28µL of the sample was loaded into pre-made 10% polyacrylamide gels. 

PagerulerTM Plus Prestained Protein Ladder (Thermo Fischer Scientific, Wattham, MA, USA) 

was used as a protein ladder to allow for the identification of protein molecular weights. 

Electrophoresis was then conducted on the loaded samples at a voltage of 150 volts for a 

period of 60 minutes.  

 

Following gel electrophoresis, gels were extracted and transferred to nitrocellulose 

membranes purchased from Bio-Rad Laboratories (Hercules CA, USA) using a voltage of 75 

volts for 90 minutes. Following transfer, membranes were then moved to plastic containers 

and washed 1X with TBS for a period of 10 minutes. The membranes were then incubated for 

1 hour in the dark with Odyssey Blocking Buffer purchased from Li-Cor Biosciences (Lincoln 

NE, USA). The blocking buffer was then removed, with the membranes then incubated with 

primary antibodies for 20 hours at 4oC in the dark. The following primary antibodies were 

used: 1:1000 Rabbit-Anti GR (Bethyl Laboratories, Montgomery TX, USA), 1:500 Mouse-Anti 

MR (University of Iowa Hybridoma Bank, Iowa City IA, USA) and 1:1000 Mouse-Anti Cofilin 

(Cell Signalling Technology Inc., Danvers MA, USA), which was implemented as a 

housekeeping protein. Following primary antibody incubation, antibodies were re-collected 

and membranes were washed with TBST (4 X 5 minute wash) and TBS (1 X 10 minute wash). 

Membranes were then incubated with secondary antibodies for 1 hour at 25oC in the dark. 

The secondary antibodies included: Goat-Anti Rabbit (1:30,000) and Goat-Anti Mouse 

(1:30,000). Following incubation, secondary antibodies were then re-collected and 

membranes washed once again with TBST (4 X 5 minute wash) and TBS (1 X 10 minute wash). 

Membranes were then dried and imaged utilizing an Odyssey CLx Imaging System Li-Cor 

Biosciences (Lincoln NE, USA).  
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For Image analysis all band intensities were first standardised to a loading control. Cofilin is 

used due to its ubiquitous expression in human cells throughout the body (153). For GR 

analysis untreated A549 cells were implemented as an internal standard and positive control 

due to previous studies indicating GR expression (154), and HEK-293T cells used as a positive 

control and internal standard for MR Western blots, as they have been cited in the literature 

as a positive control for MR (155) . Band intensity was measured via ImageStudio purchased 

from Licor Biosciences (Lincoln NE, USA). Three replicate western blots were conducted for 

each treatment group. 

2.3.9 - 2-Bromodeoxyuridine Glucocorticoid Resistance Assay 
In order to measure cellular proliferation rate (as an indirect measure of glucocorticoid 

resistance) within pre-treated cells in vitro, a BRDU assay kit (Cell Signalling Technology Inc. 

Danvers MA, USA) was used. The protocol used for this study is an adaptation of the 

previously used radioactive assay to a fluorescence-based method. Rather than utilizing the 

incorporation of 3H Thymidine into the DNA, BRDU assays measure 2-bromodeoxyuridine (a 

synthetic thymidine analogue) incorporation into the DNA which is then measured via 

antibody-binding and the production of a fluorescent signal. While previous research has 

described the effectiveness of this method using lymphocytes (122) this protocol has yet to 

be implemented in non-lymphocytic somatic cells. The protocol had to be amended as the 

A549 cells do not require phytohaemaglutinin (a mitotic agent required for lymphocyte cell 

division in vitro). Furthermore, previous studies have shown that dexamethasone (200nM) is 

capable of causing a 75% reduction in the proliferation of A549 cells by the direct inhibition 

of cell cycle progression through the down-regulation of many oncogenic proteins such as Raf 

(154). Therefore, it was hypothesised that A549 cells would serve as a good model for GR 

resistance (as measured by cell proliferation), due to the anti-proliferative effect associated 

with their response to dexamethasone. Therefore, the assay was tested and optimized on 

A549 cells and is described as follows. 

 

A549 cells were seeded at a density of 2000 cells/well (3 wells per pre-treatment groups; n=3) 

within a 96-well plate (as per previous BRDU experiments conducted on A549 cells in 

published literature (156)) and allowed to attach for a period of 24 hours within a cell culture 

incubator (37oC, 5% O2 + 95% CO2). The cells were treated with one of the following 
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treatments for a period of 24 hours. Media alone, media supplemented with dexamethasone 

(100nM), mifepristone (10nM), vehicle control (0.1% w/v ethanol) or a combination of 

dexamethasone (100nM) and mifepristone (10nM). BRDU (1:1000) was added to the media 

and incubated for a period of 2 hours (157)), to allow adequate incorporation into the DNA. 

The cell cultured media was removed and the cell fixing/DNA denaturing solution was added 

to each well for a period of 30 minutes at room temperature. Following this, the solution was 

removed and cells were incubated for 1 hour at room temperature with a primary mouse-

BRDU monoclonal antibody. Cells were then washed 3 times with wash buffer and incubated 

at room temperature for a further 30 minutes in the presence of a secondary anti-mouse HRP-

linked IgG antibody. The antibody solution was then removed and cells were washed 3 times 

with wash buffer. Cells were then incubated with TMB substrate in the dark for a period of 30 

minutes. Finally, the stop solution was then added to each well and absorbance was measured 

at 450nm on a Tecan Infinite 200 Pro plate reader purchased from Tecan Group Ltd. 

(Mannedorf, Switzerland). 

  

2.3.10 -3H Thymidine Incorporation Glucocorticoid Resistance Assay  

In order to determine the viability and sensitivity of the previously described BRDU assay a 3H 

thymidine incorporation assay was conducted. Similar to the BRDU protocol, A549 cells were 

seeded at a density of 2000 cells/well (3 wells per pre-treatment groups; n=3) within a 96-

well plate. The cells were placed into the cell culture incubator (37oC, 5% O2 + 95% CO2) and 

allowed to attach for a period of 24 hours. The growth media was then removed and replaced 

with growth media supplemented with dexamethasone (100nM), mifepristone (10nM), a 

combined treatment of both dexamethasone and mifepristone (100nM and 10nM 

respectively) or vehicle control (0.01% ethanol w/v), and incubated within a cell culture 

incubator for a further 24 hours (37oC, 5% O2 + 95% CO2). The media was removed and cells 

were incubated with 1μCi/mL of 3H thymidine (as utilized within previous studies (158)) 

diluted within serum-free Hams-F12K Growth Media for 2 hours to allow for adequate 

incorporation of 3H thymidine into the DNA (157). Following this, cells were then frozen at -

80oC (to lyse cells) and thawed the next day. An in-house cell harvester was used to transfer 

the lysed cells onto glass fibre filters and radioactivity was counted using on a 

MicroBeta2 Microplate Counter purchased from PerkinElmar, (Wattham, MA USA). 
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2.3.11 - Statistical analysis 

All data collected from all methods was analysed via one-way ANOVA within GraphPad Prism 

(California, USA) and a cut-off p-value of <0.05 was used to indicate statistical significance. 

Differences within variance were calculated using Tukeys Post-Hoc analysis, with either 

vehicle control or untreated control serving as reference groups (as stated within graph titles)    
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2.4 - Results 

2.4.1 - MTT assays 
MTT assays were utilized to measure the viability of A549 cells in response to increasing 

concentrations of dexamethasone and mifepristone for a period of 24 hours. There was no 

difference between vehicle control and untreated control (p>0.05, n=6 per group, see Figures 

2.4-2.6). A significant difference between vehicle control and lysis buffer treated cells was 

found (p<0.05, n=6 per group, see Figures 2.4-2.6). Further statistical analysis to determine 

the effect of 24 hours of drug treatment on the A549 cells was compared to the vehicle control 

group.  

 2.4.2 – Dexamethasone MTT Assay 

There was no concentration dependent effects of dexamethasone treatment observed in the 

A549 cells following 24 hours incubation (p>0.05, n=6 per group), however there was a 

significant decrease in cell viability at all concentrations of dexamethasone when compared 

to vehicle controls (p<0.05, n=6 per group), see Figure 2.4. Overall, these results suggest a 

potential cytotoxic effect being mediated by dexamethasone on the A549 cells following 24 

hours incubation, as a reduction in absorbance is indicative of a lowered cell count and a 

reduction in cellular viability. Additionally, there does not appear to be a concentration-

dependent effect, as 10nM dexamethasone and 100nM dexamethasone maintain similar 

values, indicating maximal effectiveness is reached at any concentration above 10nM. 

2.4.3 – Mifepristone MTT Assay 

There was no concentration dependent effects of mifepristone treatment detected in the 

A549 cells following 24 hours incubation (p>0.05, n=6 per group) and there were no significant 

decreases in cell viability at all concentrations of mifepristone when compared to vehicle 

controls (p>0.05, n=6 per group), see Figure 2.5. 

 2.4.4 - Combined Mifepristone and Dexamethasone MTT Assay 

No significant difference in A549 cell viability was found between any of the combined 

dexamethasone and mifepristone treatments or dexamethasone or mifepristone alone when 

compared with vehicle control (p>0.05, n=6 per group, see Figure 2.6). The data from Figure 

2.5 indicates that the drug concentrations used for dexamethasone and mifepristone, either 

used alone or in combination do not affect cell viability.   
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**** p<0.0001 versus vehicle control 

Figure 2.4. Effect of 24 hour treatment of dexamethasone and vehicle controls on the 
viability of A549 cells using the MTT assay of (2000 cells/well). Data is expressed as mean 
± SEM. N=6 for all treatment conditions. 
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**** p<0.0001 versus vehicle control 

Figure 2.5. Effect of 24 hour treatment of mifepristone and vehicle controls on the viability 
of A549 cells using the MTT assay of (2000 cells/well). Data is expressed as mean ± SEM. 
N=6 for all treatment conditions. 
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 ****p<0.0001 versus vehicle control 

Figure 2.6. Effect of 24 hour combined treatment of dexamethasone and mifepristone on 
the viability of A549 cells using the MTT assay of (2000 cells/well). Data is expressed as 
mean ± SEM. N=6 for all treatment conditions. 
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2.4.5 - LDH assays 

As dexamethasone is a known anti-proliferative drug (and therefore may decrease MTT 

assays, due to a reduction in cell count) the LDH cell cytotoxicity assays were implemented 

as a secondary measure of A549 cell viability in response to drug treatment with different 

concentrations of dexamethasone and mifepristone over a period of 24 hours. There was no 

difference between vehicle control and untreated control (p>0.05, n=6 per group, see 

Figures 2.7-2.9). A significant difference between vehicle control and lysis buffer treated 

cells was detected (p<0.0001, n=6 per group, see Figures 2.7-2.9). Further statistical analysis 

to determine the effect of 24 hours of drug treatment on the A549 cells was compared to 

the vehicle control group.  

  2.4.6 – Dexamethasone LDH Assay 

There was no concentration dependent effects of dexamethasone treatment observed in 

the A549 cells following 24 hours incubation (p>0.05, n=6 per group), and there were no 

significant changes in cell death with any of the concentrations of dexamethasone tested 

when compared to vehicle controls (p>0.05, n=6 per group), see Figure 2.7. 

2.4.7 - Mifepristone LDH assay 

There was no concentration dependent effects of mifepristone treatment detected in the 

A549 cells following 24 hours incubation (p>0.05, n=6 per group) and there were no significant 

decreases in cell viability at all concentrations of mifepristone except the lowest 

concentration of mifepristone (0.5 nM) when compared to vehicle controls (p>0.05, n=6 per 

group), see Figure 2.8. 

 2.4.8 - Combined Mifepristone and Dexamethasone LDH assay 

No significant differences were found between any of the combined treatment with 

mifepristone and dexamethasone, or any of the concentrations of mifepristone or 

dexamethasone alone when compared to vehicle control (p>0.05, n=6 per group, see Figure 

2.9).  

The LDH assay indicates that 24 hour treatment with dexamethasone and mifepristone 

alone or in combination does not cause cell death of the A549 cells and can be used for the 

cell proliferation assays.  
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**** p<0.0001 versus vehicle control 

Figure 2.7. Effect of 24 hour treatment of dexamethasone and vehicle controls on the 
viability of A549 cells using the LDH assay of (2000 cells/well). Data is expressed as mean ± 
SEM. N=6 for all treatment conditions. 
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*p<0.05, ****p<0.0001 versus vehicle control 

Figure 2.8. Effect of 24 hour treatment of mifepristone and vehicle controls on the viability 
of A549 cells using the LDH assay of (2000 cells/well). Data is expressed as mean ± SEM. 
N=6 for all treatment conditions. 
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**** p<0.0001 versus vehicle control 

Figure 2.9. Effect of 24 hour treatment of combined treatment of dexamethasone and 
mifepristone on the viability of A549 cells using the LDH assay of (2000 cells/well). Data is 
expressed as mean ± SEM. N=6 for all treatment conditions. 
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2.4.9 - BRDU Proliferation Assay 

In order to determine the effect of 24 hours dexamethasone pre-treatment on A549 cell 

proliferation the fluorescence based BRDU proliferation assay was conducted. All 

absorbance values were normalized to vehicle control and data was presented as a ratio of 

dexamethasone-suppressed BRDU absorbance : Vehicle Control suppressed BRDU 

absorbance.  

No significant differences in dexamethasone-suppressed BRDU absorbance: Vehicle Control 

suppressed BRDU absorbance was found between vehicle control and any of the pre-

treatment conditions (p>0.05, n=3 per group, see Figure 2.10). However, a significant 

difference was determined between the combined dexamethasone (100nM) and  

mifepristone (10nM) pre-treatment and the dexamethasone (100nM) pre-treatment groups 

(p<0.05, n=3 per group, see Figure 2.10). 

2.4.10 - 3H Thymidine Incorporation assays  

The 3H thymidine incorporation assays were also conducted on A549 cells following 24 hours 

pre-treatment with dexamethasone and mifepristone. All absorbance values were 

normalized to vehicle control and data was presented as a ratio of dexamethasone-

suppressed 3H Thymidine Incorporation: Vehicle Control suppressed 3H Thymidine 

Incorporation.  

No significant differences in dexamethasone-suppressed 3H thymidine incorporation : 

Vehicle Control suppressed 3H Thymidine Incorporation were found (p>0.05, n=3 per group, 

see Figure 2.11), with post-hoc analysis indicating no significant differences between any of 

the treatment groups.  

Dexamethasone is expected to decrease cell proliferation. However, if resistance to 

glucocorticoids is occurring then we should see no change or an increase in cell proliferation. 
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Figure 2.10.  Effect of 24 hour pre-treatment of dexamethasone and mifepristone on A549 
cell (2000 cells/well) using the BRDU assay. Data is expressed as mean ±SEM as a ratio of 
dexamethasone-suppressed BRDU absorbance: Vehicle Control suppressed BRDU 
absorbance for each pre-treatment condition. N=3 for all treatment conditions.  
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Figure 2.11. Effect of 24 hour pre-treatment of dexamethasone and mifepristone on A549 
cell (2000 cells/well) using the 3H Thymidine Incorporation Assay. Data is expressed in 
mean ±SEM as a ratio of dexamethasone-suppressed 3H Thymidine Incorporation: Vehicle 
Control suppressed 3H Thymidine Incorporation for each pre-treatment condition. N=3 for 
all treatment conditions. 
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2.4.11 - Western Blot Analysis 

In order to ascertain the effects of dexamethasone and mifepristone on the protein 

expression of the glucocorticoid receptor gene variants alpha, beta and gamma, (see Figure 

2.12) and the mineralocorticoid receptor (see Figure 2.16), Western blot analysis was 

conducted on A549 cells exposed to dexamethasone and/or mifepristone for a period of 24 

hours. Bands at 95kDA, 94kDa and 91kDa were identified as GRγ, GRα and GRβ respectively, 

matching the molecular weights of GRs previously identified in humans (159). There was no 

significant differences found between untreated and vehicle control (0.01% ethanol w/v) cells 

(p>0.05, n=3 for all groups, see Figures 2.13-2.15).  All statistical analyses were completed 

relative to untreated control.   

 2.4.12 - Glucocorticoid Receptor Alpha-A (GRα-A) Expression 

Significant differences were detected in GRα-A between untreated control and cells treated 

with mifepristone (10nM, p<0.01, n=3 for all groups, see Figure 2.13), with greater statistically 

significant differences detected between untreated controls and dexamethasone (100nM) 

and dexamethasone (100nM) combined with mifepristone (10nM) (p<0.001, n= 3 for all 

groups, see Figure 2.13). Overall, this indicates a statistically significant reduction in GRα-A 

protein expression across all treatment groups. 

2.4.13 - Glucocorticoid Receptor Beta (GRβ) Expression 

No significant differences were detected in GRβ protein expression between untreated 

control and A549 cells treated with dexamethasone (100nM) or mifepristone (10nM) (p>0.05, 

n=3 for all groups, see Figure 2.14). However, a significant decrease GRβ protein expression 

was observed in A549 cells exposed to the combined treatment of dexamethasone (100nM) 

and mifepristone (10nM) when compared to control cells (p<0.05, n=3 for all groups, see 

Figure 2.14).  

2.4.14 - Glucocorticoid Receptor Gamma (GRγ) Expression 

A similar pattern of GRγ protein expression was observed when compared to GRβ protein 

expression. No significant differences in GRγ protein expression was found between untreated 

cells and A549 cells treated with dexamethasone (100nM) or mifepristone (10nM) (p>0.05, 

n=3 for all groups, see Figure 2.15). However, a statistically significant difference in GRγ 

protein expression was found in A549 cells exposed to the combined treatment of 
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dexamethasone (100nM) and mifepristone (10nM) when compared to control cells (p<0.05, 

n=3 for all groups, see Figure 2.15).  

2.4.15  - Mineralocorticoid Receptor (MR) Expression 

No significant differences in expression of the MR was found within A549 cells, with a single 

band at 107kDa only being significantly expressed at 107kDa for the HEK-293T sample 

(positive control), see Figure 2.16. Therefore, no statistical analysis was conducted on MR 

expression, as no band was present for analysis within the A549 cells.   
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Figure 2.12. Representative Western Blot of Glucocorticoid Receptor expression within 
A549 cells. Gels were cut at 25kDa to separate loading controls (cofilin) with all 
treatments run in duplicate. One out of three replicates is shown. 
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***=p<0.01, ****=p<0.0001 

Figure 2.13.  Effect of 24 hours treatment with dexamethasone and mifepristone exposure 
on Glucocorticoid Receptor Alpha-A (GRα-A) protein expression in A549 cells as 
determined by Western blotting. N=3 for all treatment conditions.  
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Figure 2.14.  Effect of 24 hours treatment with dexamethasone and mifepristone on 
Glucocorticoid Receptor Beta (GRβ) protein expression in A549 cells as determined by 
Western blotting. N=3 for all treatment conditions. 
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*=p<0.05 

Figure 2.15.  Effect of 24 hours treatment with dexamethasone and mifepristone exposure 
on Glucocorticoid Receptor Gamma (GRγ) expression within A549 cells as determined by 
Western blotting. N=3 for all treatment conditions 
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Figure 2.16. Representative Western Blot of Mineralocorticoid Receptor expression within 
A549 cells. A single band at ~107kDa was identified. HEK-293T cells were utilized as a 
positive control and Internal Standard (IS). Cofilin was used to ensure equal loading. Each 
lane corresponds to a specific drug treatment, with all treatments run in duplicate. One 
out of three replicates is shown. 
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2.5 - Discussion 

 2.5.1 - Introduction 
Affecting up to 1 in 7 Australians, and remaining the third leading cause of death within 

Australians aged 65-74, COPD’s contribution to morbidity and mortality nationally is of great 

concern. Commonly inhaled  corticosteroids (such as dexamethasone) are utilized within 

COPD treatment, due to their efficacy at reducing inflammation, slowing disease progression 

and improving prognosis (31). However, a review conducted by Ariel, Altraja and colleagues 

(33) found that inhaled  corticosteroids often reduce their efficacy over time, a response 

Barnes (11) indicated may be due to altered glucocorticoid receptor populations within the 

cells of the lungs. More specifically, it’s been suggested that this may due to a downregulation 

of the active glucocorticoid receptors such as GRα (which normally attenuate the immune 

response; reducing inflammation) and an increase in inhibitory glucocorticoid receptors such 

as GRβ and GRγ (11). Furthermore, recent studies suggest that the MR may also play a 

significant role within pulmonary inflammation, as MR antagonists have been shown to 

attenuate pulmonary inflammation (123). Furthermore, alveolar type 2 cell-lines have also 

been shown to display changes in genetic expression following exposure to aldosterone (a 

potent MR agonist) (146), further suggesting that the MR may play a greater role within the 

lungs than first thought. However, few studies have since been conducted on changes within 

MR and/or GR expression within pulmonary cells, with no studies being conducted on changes 

in the expression of these receptors following exposure to synthetic glucocorticoids (as is the 

case within COPD). Therefore, by investigating the changes within GR populations following 

dexamethasone administration, we may gain further insight into the pathways that lead to 

the pathogenesis of COPD.  

 2.5.2 - Viability Studies 
In order to address the first aim of the study, the impact of both dexamethasone and 

mifepristone on A549 cell viability, the LDH and MTT assays were conducted on cells treated 

with different concentrations for a period of 24 hours. These tests measure the cytotoxic 

effects these drugs have on the A549 cells, while also allowing for the selection of an optimal 

concentration for further experimentation. 
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A significant reduction in metabolic activity was observed in the A549 cells in the MTT assay 

for most of the concentrations of dexamethasone tested. Further, this trend (albeit much 

greater) was also noted within A549 cells treated with cell lysis buffer, which displayed a 

significant decrease in cell viability. However, as the MTT assay is a proliferation-based assay 

(151) and dexamethasone is known to reduce the proliferation rate of A549 cells by ~75% 

(154) this effect could largely be due to a suppression of cell proliferation. In contrast, the 

MTT test conducted on combined mifepristone and dexamethasone doses (figure 2.6) failed 

to produce these same trends. This may indicate a problem with the assay, as there should 

have been a significant decrease in cellular viability. Stepanenko and Dmitrenko (160) 

suggested that inconsistencies in MTT readings can often be due to drug interactions that 

alter energy status or metabolic homeostasis in the cell, although no currently available 

studies have investigated what impact GR agonists and antagonists may play on MTT results 

via altering the metabolic functions of cells. Conversely, more recent studies have consistently 

used this assay to asses dexamethasone induced effects on cell proliferation as a measure of 

viability (161), with no mention of the metabolic effect of GR agonists and antagonists. 

Therefore, it is possible that A549 cells became rapidly resistant to dexamethasone and as a 

result, showed no significant reduction in proliferation relative to untreated cultures. This 

rationale is comparable with Western blot data shown in figure 2.13, which shows a 

significant decrease in GRα-A expression in response to dexamethasone. Therefore, it is 

possible that this ‘error’ is due to a decrease in GRα-A expression, therefore reducing the 

amount of receptors available for dexamethasone to bind to and produce its anti-proliferative 

effect (120). Therefore to elucidate further whether dexamethasone treatment was causing 

a cytotoxic effect on the A549 cells, LDH assays were conducted. 

 

The LDH cytotoxicity assay revealed no significant differences between any of the 

dexamethasone treatment groups and the vehicle control-treated group. As expected, those 

cells treated with the cell lysis buffer had a ~15 fold increase in absorbance (indicating a higher 

release of LDH from cell death). Therefore, these findings confirm that the concentrations of 

dexamethasone incubated with A549 cells for 24 hours in this assay were reducing cellular 

proliferation, but not leading to increases in cell death. Therefore, from these MTT and LDH 
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results, the highest dose of 100nM of dexamethasone was selected, as this concentration has 

been shown to elicit ~100% activation of the GR in vitro (162, 163), allowing for maximal 

activation of the receptor and therefore the most-likely dose to induce glucocorticoid 

resistance (95). Furthermore, this dosage has also been utilized within previous studies on the 

effects of dexamethasone mRNA expression of GRs within A549 cells (145), allowing a degree 

of comparability between this study and previously conducted studies.  

 

To determine the effects of mifepristone treatment on A549 cell viability (and therefore an 

appropriate dose of mifepristone for 24-hour drug treatment), MTT and LDH assays were 

conducted on A549 cells exposed to increasing concentrations of mifepristone for 24 hours. 

Results from the MTT assay indicated no significant differences for A549 cells between the 

vehicle control group and any of the mifepristone concentrations tested indicating that 

mifepristone had no effect on cell count This is a notable finding, as mifepristone has been 

shown to be a potent cell cycle S phase inhibitor within endometrial carcinoma and Ovarian 

Carcinoma cell lines (164, 165). However, the anti-proliferative effects seen with mifepristone 

cited in previous studies were not replicated in this study and research involving mifepristone 

treatment of endometrial and ovarian carcinoma cells implemented concentrations 100-

1000X higher those used within this study (within the 10-50μM range; well above the EC50 

value of 2nM), and have also noted a reduction in the anti-proliferative effect as 

concentrations enter the nanomolar range (164).  

 

In order to verify that mifepristone was not producing a cytotoxic effect on the A549 cells, 

LDH cytotoxicity assays were also conducted. No significant differences in cell death was 

noted between the vehicle control treated group and any of the mifepristone concentrations. 

However, the lowest mifepristone concentration (0.3 nM) appeared to produce a significant 

increase in cell death, as indicated by a significantly increased absorbance at 490nm. Overall, 

these findings are not consistent with literature, as while high concentrations of mifepristone 

has been shown to induce cell death in ~10% of A549 cultures, it does so only at a 

concentration of 30 μM (166) indicating this is most likely an error within the assay protocol. 

Finally as expected A549 cells exposed to cell lysis buffer demonstrated the greatest amount 

of cell death.  



P a g e  | 81 
 

Julian Lang-Lemckert (s2890397)  
An evaluation of Glucocorticoid Receptors in A549 cells and cardiac fibroblasts: Potential in vitro models of 

COPD and Heart Failure. 

 

Therefore from a combination of both the MTT and LDH assay data, a concentration of 10nM 

of mifepristone was selected as the most appropriate concentration for further study 

protocols. Mifepristone (10nM) is capable of inducing blockade of the GR, as its EC50 value 

for the GR is 2.2 nM (167). Further, this concentration was also selected as studies conducted 

by Gagne, Pon and colleagues (168) have shown that a 10nM of mifepristone will reduce the 

binding of 100nM Dexamethasone (the concentration of dexamethasone selected for this 

study) by 70-75%. Finally, it should be noted that mifepristone at 10nM will also bind to 

progesterone and androgen receptors within the cells which is an important consideration 

for this study (167).  

 

As this study aims to establish the effects of both mifepristone and dexamethasone on the 

development of glucocorticoid resistance within A549 cells, a combined treatment group was 

also assessed in addition to the dexamethasone (100nM) and mifepristone (10nM) only 

treatment groups. Overall, the use of mifepristone will determine whether changes observed 

are due to direct activation of GRs or the involvement of potential off-target effects within 

the cell, as by combining the potent GR antagonist (mifepristone) with the potent GR agonist 

(dexamethasone), the GR-specific mechanism of actions of dexamethasone should be 

significantly altered (in this case by an estimated 70-75% (168). In order to ascertain the 

effects of a combined treatment on A549 cell viability the MTT and LDH cellular viability assays 

were conducted on cells exposed to combined concentrations of both dexamethasone and 

mifepristone for a period of 24 hours.  

 

MTT assays conducted on A549 cells indicated no significant difference in cell viability 

between vehicle control-treated cells and mifepristone and/or dexamethasone treated cells 

following 24 hours incubation, indicating that these drugs when combined produced no 

cytotoxic effect. Furthermore, cell lysis buffer treated cells showed a statistically significant 

reduction in cell viability. However, a significant finding from the data is the absence of a 

reduction in cell viability for the A549 cells treated with dexamethasone (100nM) alone. As 

was noted within Figure 2.4, dexamethasone (100nM) appeared to significantly reduce cell 

proliferation, and supported the published anti-proliferative effects that dexamethasone 
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treatment induces within A549 cells (154). However Kondo, Miyoshi and colleagues (169) 

suggested that A549 cells can display genetic heterogeneity and often different cultures may 

respond differently to dexamethasone treatment, an effect supported by other studies (170). 

Therefore, it is possible the findings in this study are due to differential expression of genes. 

Finally, it should be noted that other studies refute these findings, reporting significant 

reductions (~50-80%) in A549 cell proliferation following dexamethasone administration 

(154, 171, 172).  

 

In addition to examining the effects of combined dexamethasone and mifepristone treatment 

on cell viability via MTT assays, LDH assays were also conducted to measure any cytotoxic 

effects when the drugs when given in combination. No significant difference in cell death was 

observed for any of the combined treatment groups when compared to vehicle control.  

 

Overall these results indicate that the combined concentrations of mifepristone and 

dexamethasone are well tolerated by the utilized A549 cells, as no significant changes in cell 

viability were noted within either the LDH or MTT assays. Based upon this information, when 

implementing combined treatments throughout the remaining experiments a 

dexamethasone concentration of 100nM was applied in combination with 10nM of 

mifepristone. Furthermore, these concentrations were also selected due to the known 

binding kinetics displayed within literature. As previously outlined, studies conducted by 

Gagne, Pons (168) have shown that a 10nM concentration of mifepristone is capable of 

reducing the binding of 100nM dexamethasone (the concentration of dexamethasone 

selected for this study) by 70-75%. Therefore these concentrations were selected on the basis 

of producing no cytotoxic effect, and the known binding kinetics of both dexamethasone and 

mifepristone at these concentrations.  

 2.5.3 – BRDU Proliferation Assays 
In order to determine whether 24 hour incubation with high concentrations of 

dexamethasone (100 nM) attenuated GR mediated anti-proliferative effects on A549 cells 

(glucocorticoid resistance) a 2-deoxybromouridine assay was conducted to measure 2-

deoxybromouridine incorporation into the DNA of A549 cells. As discussed previously, 

dexamethasone has been shown to decrease A549 cellular proliferation rates by 50-80% (154, 
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171, 172). Therefore, non-resistant A549 cells should display a decrease in proliferation in 

response to dexamethasone administration. However, in contrast to this, cells that become 

GR resistant (those within the dexamethasone pre-treatment group) should display less of a 

decrease in proliferation, due to the downregulation of GRα-A in states of resistance (11). In 

order to express this data in this study, the ratio between BRDU incorporation into 

dexamethasone-treated cells and vehicle treated cells was used across all groups to analyse 

the effect of dexamethasone on proliferation suppression, as described previously (122, 157). 

Within normal ‘sensitive’ cultures, the ratio of BRDU absorbance within dexamethasone-

treated : vehicle control-treated cells should be significantly reduced to a value < 1 (indicating 

dexamethasone is significantly reducing proliferation relative to vehicle control-treated cells).  

However, within resistant cultures, this value should move further towards a value of 1, 

indicating that dexamethasone-treated A549 cells are proliferating at a rate similar to vehicle-

treated cultures and dexamethasone has a significantly reduced effect on lowering cellular 

proliferation (due to downregulation of GRα-A (11)). 

 

There was no difference in A549 cells pre-treated for 24 hours with dexamethasone (100 nM) 

compared to vehicle control cells. However, a significant difference between the 

dexamethasone pre-treated group and the dexamethasone and mifepristone combination 

pre-treated group.  Finally, all samples produced ratios below 1, indicating that 24 hours pre-

treatment with dexamethasone (100 nM)  decreased proliferation in all groups relative to 

control, however these results do not mirror the 50-70% reduction in proliferation noted in 

previous studies  (168).  

 

The effectiveness of BRDU assays in assessing cell proliferation has been questioned by 

others, with Ligasová, Konečný and colleagues (173) indicating that a considerable variability 

in antibody binding occurred and the stability of the antibody-antigen complex can impact 

the results. Further, when Ligasová, Liboska and colleagues (174) conducted a further study 

on the binding affinity of 6 commercially available anti-BRDU antibodies, only 2 were found 

to create stable, highly reliable immune complexes with the incorporated BRDU providing 

consistent assay results. However, it should be noted that this study also found that the 

antibody clone used for this study (Anti-BRDU-20a) had the second highest binding affinity of 
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all antibodies tested. In addition to having a high binding affinity, it was also found to produce 

the 2nd highest increase in data variability as it can often bind other targets. In contrast, the 

same BRDU assay protocol and kit purchased from Cell Signalling Technology Inc. (Danvers 

MA, USA) has been highly cited, and shown little variability within other human cancer cell 

lines, such as neuroblastomas (175) and urinary transitional cell papilloma cells (RT4)(176). 

Finally, it is also important to note the heterogeneity within A549 cells, which may have also 

served as a source of major variability within the data.  

 2.5.4 – 3H Thymidine Incorporation Assays 
In order to determine whether the BRDU results were due to either a methodological error 

or due to genetic heterogeneity, 3H thymidine assays were also conducted on the A549 cells. 

Similar to the previously utilized BRDU assays, 3H thymidine assays measure incorporation 

into 3H thymidine into the DNA over a period of time, with higher levels of proliferation 

leading to an increase in 3H thymidine incorporation into the DNA, which is subsequently 

measured via CCPM; corrected counts per minute (a measure of radioactivity). Similar to the 

BRDU assay, this study utilized a dexamethasone : vehicle control ratio when comparing 3H 

thymidine incorporation assay data between groups, with ratios closer to 1 indicating 

glucocorticoid resistance, and ratios significantly lower than 1 indicating glucocorticoid 

sensitivity (122). 

 

No differences in dexamethasone: vehicle control 3H thymidine incorporation into the DNA 

occurred following 24 hours pre-treatment with dexamethasone (100 nM), mifepristone (10 

nM) or combined treatment when compared to vehicle control cells. However, even though 

statistical significance was not achieved the trends appear to be near those hypothesised. For 

example, the dexamethasone pre-treated group of cells had the highest dexamethasone to 

vehicle control ratio (~1.2) of all of the cells, indicating dexamethasone had no suppressive 

effect on the proliferation of A549 cells. However, as can also be noted, this change in ratio 

was not seen within untreated or vehicle treated cells, which maintained a dexamethasone 

to vehicle treated ratio closer to a value of 1. Overall, this indicates that the A549 cells pre-

treated with dexamethasone for 24 hours likely became resistant to the effects of 

dexamethasone; an expected trend. Further, it appears that cells pre-treated with 

mifepristone saw similar increases in dexamethasone resistance noted within the previous 
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BRUD assay, as mifepristone pre-treated cells were shown to have an increase in the 

dexamethasone : vehicle control 3H thymidine incorporation ratio. Therefore, it appears that 

although these trends failed to reach statistical significance, they did match the trends noted 

in the previously conducted BRDU assay, indicating some experimental consistency. However, 

there were several trends within the data set that did not follow the previously noted trends. 

 
3H thymidine incorporation into cells pre-treated with a combination of mifepristone and 

dexamethasone did not match those findings found previously. The previous BRDU assay 

indicated a ‘sensitizing’ effect, whereby the reduction in cell proliferation produced by 

dexamethasone increased significantly when compared to control, untreated cells. However, 
3H thymidine incorporation assays failed to repeat this trend, with cells treated with a 

combined concentration of dexamethasone and mifepristone instead showing an increase in 

the dexamethasone : vehicle treated 3H thymidine incorporation ratio when compared to 

vehicle-treated and untreated cells. Further, it should be noted that the combined dosage 

group did produce a reduction in the dexamethasone : vehicle-treated ratio below that of 

dexamethasone alone, which may indicate a blockade of the GR by mifepristone. Finally, the 

ratios within all dexamethasone and mifepristone treatment groups showed ratios above 1, 

indicating dexamethasone enhanced cell proliferation above that of normal (i.e. those treated 

with dexamethasone proliferated more than those treated with a vehicle-control treatment 

alone).  

 2.5.5 –Glucocorticoid Receptor Western Blot Analysis 
In order to determine changes within GRα-A, GRβ, GRγ and MR protein expression in response 

to the dexamethasone and/or mifepristone treatment, Western blots were conducted (177) 

in order to determine whether proteomic changes may account for the changes in 

proliferation rate (in both BRDU and 3H thymidine assays) following drug treatment. Western 

blotting analysis of GRα-A indicated that A549 cells treated for 24 hours with dexamethasone 

(100nM) have a statistically significant reduction in GRα-A expression. This is an expected 

result, as downregulation of GR mRNA transcripts following dexamethasone exposure for 24 

hours has previously been shown within A549 cells, indicating resistance to dexamethasone 

(145). These results corroborate clinical findings in humans, in which excessive levels of 

circulating endogenous glucocorticoids have been shown to correlate with a decrease in GRα 
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expression (87). Furthermore, these findings are likely the basis for the previously discussed 

BRDU and 3H thymidine dexamethasone-treated: vehicle control-treated ratios found within 

dexamethasone treated cells, which were found to be elevated above untreated samples 

within both cases. This increased ratio is likely due to the reduction in GRα protein expression 

in the A549 cells as observed in the Western blots, as GRα is known to be responsible for the 

anti-proliferative effects elicited by glucocorticoids (178). Therefore, it is reasonable to 

assume that the change in the BRDU and 3H thymidine dexamethasone-treated: vehicle 

control-treated ratios within the dexamethasone-treated groups were due to a 

downregulation of GRα.  

 

However, in addition to these findings, A549 cells exposed to the GR receptor antagonist 

mifepristone (10nM) and a combined treatment of dexamethasone (100nM) and 

mifepristone (10nM) for 24 hours also showed significant downregulation of GRα-A protein 

levels. These findings are of note, other researchers have published conflicting evidence on 

the impacts of mifepristone and mifepristone combined with corticosteroids in the regulation 

of GRs. Previous studies conducted on A549 cells have shown that mifepristone reverses the 

downregulation of GRα-A, while also having no impact on GR mRNA expression when given in 

isolation to other drugs (145). However, these previous studies did not study protein 

expression, and only investigated mRNA expression which indicates that the changes in 

protein expression may be correct. Further, decreases in GRα-A protein expression in this 

study is supported by Chan, Lao and colleagues (179) who found that mifepristone-treated 

decidual stromal cells within human placenta had a significant decrease in total GR 

expression.  

 

The GRβ has been implicated in the development of glucocorticoid resistance following 

changes in its expression following treatment with dexamethasone (88, 91). Overall GRβ 

protein expression in this study was not different between controls and A549 cells treated 

with dexamethasone (100nM) or mifepristone (10nM). For the  mifepristone treated group, 

these results are largely expected, as previous studies have identified no change in GR mRNA 

expression in response to mifepristone treatment alone (145). Furthermore, while 

dexamethasone treatment has been shown to induce an increase in GRβ expression in isolated 
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monocyte cell lines (88), dermal fibroblasts (91) and peripheral blood mononuclear cells (87), 

this trend was not evident  in the current study. No change in GRβ protein expression was 

observed in A549 cells treated with 100nM Dexamethasone for 24 hours. Although these 

findings appear to contradict findings in non-pulmonary cells, as Pujols, Mullol and colleagues 

(92) have previously shown a significant reduction in GRβ mRNA expression 6 hours after the 

administration of 100nM dexamethasone to BEAS-2B cells (a bronchial epithelial cell line), 

which recovered to normal levels at the 24 hour mark; indicating no change after 24 hours. 

However, it should also be noted that subsequent analysis of these cells indicated a reduction 

in GRβ protein expression despite mRNA levels reaching those found in the controls after 24 

hours; implicating additional regulatory mechanisms in the translation of GRβ following 

dexamethasone treatment, which may also involve changes in the distribution of GRβ isoform 

expression (92). 

  

In addition to these findings, GRβ protein levels were found to decrease in A549 cells 

treatment with a combination of dexamethasone (100nM) and mifepristone (10nM) when 

compared to untreated control cells. Currently, no studies appear to have investigated 

changes in GRβ protein expression following combined dexamethasone and mifepristone 

treatment in A549 cells. However, PCR analysis of 549 cells treated with a combined 

treatment of dexamethasone (100nM) and mifepristone (10nM) showed no significant 

differences in total GR mRNA (relative to control) (145). Overall, this is believed to be due to 

the inhibitory effect exerted by mifepristone on dexamethasone-bound GRs, which prevents 

hyperactivation of the receptor and subsequent resistance (i.e. no change in receptor 

populations (145)). However, as clinical studies have been limited to mRNA studies, the 

reasons for this change in GRβ expression has not been elucidated in the current literature. 

The changes observed in this study may be due to the off-target effects of mifepristone, which 

is known to target oestrogen, progesterone and other androgenic receptors in the cell at 

10nM  (167). Furthermore, studies have also shown that GR mRNA is not always reflective of 

protein expression. For example, the mRNA analysis of BEAS-2B cells conducted by Pujols, 

Mullol and colleagues (92), showed no decrease in mRNA expression of GRβ with a highly 

significant decrease in protein expression following 24 hours of treatment with 100nM 

dexamethasone. Overall, this suggests there may other regulatory factors involved and 
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indicates that mRNA and proteomic analysis are required in conjunction with one another to 

fully elucidate changes in GR expression following drug administration.  

 

Finally, the third glucocorticoid receptor gene variant analysed for changes in expression was 

that of GRγ, due to its proposed role in the development of glucocorticoid resistance, 

particularly in cancer cell lines (68, 69). No significant differences were found between either 

of the dexamethasone (100nM) or mifepristone (10nM) treatment groups, These findings are 

consistent with findings previously published related to A549 cells, which have shown no 

significant decrease in mRNA transcripts of GRγ in response to a 16 hour treatment with 

dexamethasone (100nM) (180). Furthermore, as mRNA analysis of A549 cells treated with 

mifepristone (10nM) revealed no decrease in total GR mRNA expression, further indicating 

mifepristone alone may have no impact on GR expression (145).  

 

In contrast to these findings, 24 hour treatment of A549 cells with of dexamethasone (100nM) 

and mifepristone (10nM) caused a significant reduction in GRγ protein expression levels 

relative to control. Currently, no studies have been conducted on the molecular interactions 

that lead to this effect, however, higher levels of GRγ have consistently been found in three 

separate forms of small cell lung carcinomas (cell type similar to the utilized A549 cell line) 

(5). Overall, studies have shown that this increase in expression correlates stronglywith 

resistance to dexamethasone exposure in vitro (69). Therefore, these findings would suggest 

that combined dexamethasone (100nM) and mifepristone (10nM) is sensitizing A549 cells to 

the actions of synthetic glucocorticoids (via GRγ downregulation). When combined with the 

GRβ receptor analysis this appears to be true, as a downregulation of GRβ should be associated 

with an increase in sensitivity to glucocorticoids (due to the known dominate-negative 

interaction of GRβ with GRα-A (5)). Further, the same downregulation is also seen in GRα-A, 

indicating that combined mifepristone and dexamethasone is significantly reducing the 

expression of all GR gene variants.  

Therefore, due to the inconsistent nature of GR expression shown in this study, further 

studies investigating the impacts of dexamethasone and mifepristone on the regulation of 

GRs in alveolar cell lines should be conducted. Ideally, this study should proceed with a focus 

on combined mRNA and protein expression analysis, to provide a greater understanding of 
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the regulatory mechanisms that underpin these processes and allowing for a greater 

understanding of GR regulation in disease.  

 2.5.6 – Western Blot, BRDU and 3H Thymidine Incorporation Assay Trends 
When comparing the Western blot findings with the BRDU and 3H thymidine incorporation 

assay data, several trends become apparent. All treatment conditions of dexamethasone and 

mifepristone significantly reduced the expression of GRα-A, indicating the presence of GR 

resistance (87). An increase in cell proliferation rates occurred in all treatment groups as 

measured using the dexamethasone-treated : vehicle control-treated ratios in both the BRDU 

and 3H thymidine assays, indicating an attenuation of dexamethasone mediated decreases in 

cell  proliferation (as dexamethasone and vehicle control treated groups were proliferating at 

similar rates). This is correlated with a reduction in GRα-A protein expression, as GRα-A is 

known to be the target receptor of dexamethasone (181). Therefore decreased numbers of 

GRα-A receptors present in A549 cells reduced the anti-proliferative effects of 

dexamethasone. However, the exception to these findings appears to be the dexamethasone 

(100nM) and mifepristone (10nM) treatment groups, in which a significant reduction in the 

dexamethasone-treated : vehicle control-treated ratio in the BRDU assay, but an increase in 

the 3H thymidine assay was observed. The Western blot data results for combined 

dexamethasone (100nM) and mifepristone (10nM) treatment groups detected significant 

reductions in GRα-A, GRβ and GRγ protein levels in A549 cells. A reduction in GRα-A numbers 

would account for the increase in the 3H thymidine dexamethasone-treated : vehicle control-

treated ratio, due to a reduction in receptor availability and stimulation by dexamethasone. 

However, the reduction noted in GRβ and GRγ would have the opposite effect. As has been 

stated previously, GRβ and GRγ are suggested to form an intracellular protein dimer capable 

of binding to, and inhibiting GRα-A (68, 69). Therefore, reductions in these proteins should see 

an reduction in the thymidine dexamethasone-treated : vehicle control-treated ratio (due to 

a lack of  GRα-A inhibition). With this trend was noted in the BRDU assay, the opposite trend 

was noted in the 3H thymidine assay, indicating that the A549 cells were shown to be 

sensitized to the effect of dexamethasone in the BRDU assay (as noted by a dexamethasone-

treated : vehicle control-treated ratio below controls), but this was not shown in the 3H 

thymidine incorporation assay. Overall, this indicates that further work should be conducted 

to optimize and improve upon these methodologies, in order to establish whether the 
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variability in these findings is due to a flawed methodology (as mentioned within sections 

2.5.3 and 2.5.4), or the heterogenetic expression found in A549 cell cultures (169). Further, 

additional means of direct measurement could also be utilized for these purposes, such as an 

image-based confluency assay. As by removing the utilization of antibodies and/or radioactive 

materials a direct measure of cellular proliferation could be utilized, reducing data variability 

(170).  

 2.5.7 – Mineralocorticoid Receptor Western Blot Analysis 
Finally, MR receptor protein expression was also examined in A549 cells, due to recent studies 

indicating A549 cells produced a respond to the MRs endogenous ligand aldosterone (182). 

Western blot analysis showed that the MR was not present in measurable levels in the A549 

cells, and was also not upregulated in any of the given drug treatment conditions. A single 

band at the expected molecular weight of 107kDa was found in HEK-293T cells, which served 

as a positive control for the experiment  (155). These results indicate that the MR is lowly 

expressed in A549 cells. However, due to studies finding displaying a reduction in MR 

antagonism lowered pulmonary inflammation (182), and that A549 cells were capable of 

producing a genetic response to aldosterone, future studies should investigate what role the 

MR may play in the development of chronic inflammatory conditions. Further, it should also 

be noted that MR deletion increases the survival of cancer cells as it upregulates intracellular 

metabolic pathways such as glycolysis and the production of lactate (183). Therefore, further 

studies should verify the level of MR expression in primary type 2 pneumocytes (the cells for 

which A549 cells serve as a model), as it is possible the MR is naturally down-regulated via 

mutation in A549 cells (as is often the case in other cancers (183)), due to the significant 

impact it can have on tumour survival.  
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Chapter 3: Examining the effects of 
glucocorticoids in the development of 
glucocorticoid resistance in primary 
human adult cardiac fibroblast cells 
3.1 - Introduction 
With one in fifty Australians estimated to be affected by the disease, Heart Failure (HF) is a 

major contributor to morbidity and mortality (34). As outlined previously, the GR has recently 

been implicated in the development of HF in GR-knockout mice (14), suggesting that a 

disruption or decrease in regular GR signalling in the myocardium may lead to the 

development of HF. However, no rationale for this relationship currently exists in the 

literature, as no further studies have been conducted in this field. In addition to this, no 

studies have yet explored the exact role that the GR may play in cardiac fibroblasts (the cells 

primarily responsible for the fibrotic phenotype typified in HF (184). Activation of GRs in 

human fibroblasts inhibits both cell proliferation and collagen deposition (137) while a 

decrease in GR activity (i.e. GR resistance) may lower this response due to a decrease in GR 

activation. Furthermore, this resistance is known to correlate with a downregulation of GRα-

A (87), which may allow for greater binding and activation of MRs via endogenous 

corticosteroids (108). As this receptor is known to be pro-inflammatory  (110), investigating 

changes in MR expression following the onset of GR resistance may be crucial in 

understanding the pathogenesis of HF. Supporting these findings is a large, randomized 

control study conducted within 1999, which consistently showed that MR antagonists reduce 

the progression of HF more effectively than other commonly administered HF treatments 

(50); implicating the MR as a major contributor to HF. Further, while researchers have argued 

that the MR receptor expression is low in fibroblasts of the myocardium, and alleviation of HF 

is due to the inhibition of cardiomyocyte MRs (134), other studies refute this view (12, 140). 

Given the role of the MR in the promotion of inflammation (110) and potentially cell 

proliferation (142), investigating MR expression in cardiac fibroblasts may provide a greater 

understanding of the aetiology and progression of HF.  
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In order to investigate these relationships, Human Cardiac Fibroblasts (HCF) cells were 

selected as a model for the study. These were chosen over other cell lines as they are primary 

cells isolated from the myocardium of humans, which provide an excellent model for studying 

fibroblast function in vitro. Furthermore, these cells have also been used in other studies (184, 

185) due to their ability to closely model fibroblasts found in the heart (184). However, in 

order to prevent the transformation of fibroblasts into myofibroblasts in cell culture 

conditions, initial confluency experiments were performed to determine the highest seeding 

density viable for the study period, as higher seeding densities are known to significantly 

reduce myofibroblast populations in HCF cell cultures in vitro (186). 

 

As there are currently no published studies investigating the effect of glucocorticoids on HCF 

cells, the second aim of this study was to identify the effects that GR agonist dexamethasone 

and antagonist mifepristone has on cell viability, as measured by both MTT and LDH assays. 

These two assays provide an indication of the concentrations of both dexamethasone and 

mifepristone with which HCF cells can be treated with without causing cell death. 

 

The third aim of this study was to determine whether HCF cells can become resistant to the 

actions of glucocorticoids following 24 hour exposure to the synthetic glucocorticoid 

dexamethasone. Dexamethasone was utilised for these experiments rather than the  

physiological stress hormone cortisol because when used at a concentration of 100nM, 

dexamethasone is reported to stimulate 100% GR activation (136). Further, 10nM 

mifepristone was added as an antagonist alone and in combination with dexamethasone in 

order to ascertain if changes in dexamethasone mediated GR resistance could be prevented 

by inhibition of the GR. In addition to this, 10nM mifepristone has also been shown to reduce 

the receptor activation of a 100nM dose of dexamethasone by ~75% (187), allowing the 

experiment to be conducted under known drug interaction conditions (187). To determine 

the effect of glucocorticoid treatment on HCF cells, the BRDU GR-resistance protocol was 

used. This method was employed as it has been shown to be effective as an indirect measure 

of GR-resistance in lymphocytes (122), and would also provide further validation in assessing 

the viability of the 5-bromo-2-deoxyuridine assay in determining levels of glucocorticoid 
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resistance in in-vitro primary cell cultures (as opposed to the A549 cancer cell lines previously 

discussed in Chapter 2). 

 

The final aim of this study was to determine GR and MR protein levels (via Western blotting) 

and determine if results from the BRDU assay correlate with changes in HCF GR protein 

expression. Finally, MR protein expression was also examined following dexamethasone 

treatment to ascertain whether exposure to synthetic glucocorticoid alters MR levels.  
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3.2  - Experimental Aims 
 

1. To examine the optimal seeding density for cell viability, drug treatment and BRDU 

proliferation assays for HCF cells via an image-based confluency analysis. 

2. To determine the effect of 24 hour exposure to dexamethasone and mifepristone on 

the viability of HCF cells using the MTT and LDH assays.  

3. To investigate changes in GR and MR protein levels in HCF cells following 24 hour 

incubation with of dexamethasone (100nM) with/without the competitive inhibitor 

mifepristone (10nM) using Western blot analysis. 

4. To determine whether changes in GR protein expression in HCF cells correlate with 

proliferation assays to demonstrate the induction of glucocorticoid resistance in this 

cell type.  
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3.3 - Methods 

3.3.1 - Cell Culture  
Human cardiac fibroblast cells (HCF cells) were cultured in cardiac fibroblast growth media 

(Sigma-Aldrich, Castle Hill, NSW) in T75 flasks in an incubator set to 37oC with 5% CO2 + 95% 

O2. Upon cells reaching 80-90% confluency, they were subcultured into either T75 of T25 

flasks at a cell density of 7000 cells/cm2, as per the manufacturers recommendations and as 

cited in literature (186). Additionally, cells used for experimentation were taken from 

passages 2-6, due to recommendations provided by Sigma-Aldrich via correspondence, and 

by previously conducted published studies in HCF cells (188). These guidelines were followed 

as fibroblasts seeded at low density or late-passage fibroblasts have been shown to undergo 

transformation into pro-inflammatory myofibroblasts (186) which may impact upon 

experimental findings due to changes in cell morphology and genetic expression (189). 

3.3.2 - Pharmacological compounds 
Both Mifepristone and Dexamethasone were diluted in ethanol to form stock concentrations 

of 1mM. These stock concentrations of 1mM were subsequently diluted within cell cultured 

media to achieve the desired concentrations for cellular treatment. 

3.3.3 - Cell Growth Kinetic Assays 
To identify any potential effects that different seeding densities may have on the morphology 

and proliferation of HCF cells (to allow for optimal MTT, LDH and BRDU assay seeding) cell 

growth kinetic assays were conducted on cultured HCF cells over a 7 day period. Cells were 

plated at densities of 1,250, 2,500, 5,000 or 10,000 in a 96-well plate, with media changed 

every second day. Every 24 hours cells were imaged using the EnSight Multimode Plate 

Reader (Perkin Elmer, Wattham, MA USA) and estimates of confluency measured from these 

images using the Kaleido Data Acquisition software (Perkin Elmer, Wattham, MA USA) and 

results subsequently graphed in GraphPad Prism (California, USA). 

3.3.4 - MTT Viability Assays 
Similar to the protocol described in Chapter 2 for the A549 cells, MTT assays were conducted 

on HCF cells to identify any effects that dexamethasone or mifepristone may have on cell 

viability. The protocol was followed as previously outlined for A549 cells (see Chapter 2), with 

the exception of HCF cells being seeded at 5000 cells/well in a 96 well plate. 
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3.3.5 - LDH Cytotoxicity assays 
Due to the anti-proliferative action of glucocorticoids on cell proliferation, LDH assays were 

also conducted on HCF cells as another measure of cell death. LDH assays were conducted as 

previously outlined (see Chapter 2), with the exception of HCF cells being seeded at 5000 

cells/well in a 96 well plate. 

3.3.6 - Cell Treatment Protocol  
HCF cells were plated into 6-well cell culture plates and upon reaching >50% confluency, one 

of five different treatment conditions was added to the media. These included: untreated 

(regular media), vehicle treated (media with 0.01% ethanol), dexamethasone (100nM) alone, 

mifepristone (10nM) alone or a combined treatment of dexamethasone (100nM) and 

mifepristone (10nM). Cells were then incubated for a period of 24 hours in a cell culture 

incubator (37oC with 5% CO2 + 95% O2). The culture media was then removed from each well. 

Cells were then washed with Dulbeccos Phosphate Buffered Saline (DBPS, Sigma-Aldrich, 

Castle Hill, NSW) and converted into protein aliquots for Western blot analysis using 2X RIPA 

lysis buffer (Merck Millipore, Burlington MA, USA) supplemented with phosphatase and 

protease inhibitors (Biotool LLC, Houston TX, USA). 

3.3.7 – Protein lysate protein estimation 
BCA analysis was conducted on lysates HCF cells as previously outlined (see Chapter 2) 

3.3.8 - Western Blot Analysis 
HCF cells were analysed for the expression of two proteins: GR, MR. The following primary 

antibodies were used: 1:1000 Rabbit-Anti GR (Bethyl Laboratories, Montgomery TX, USA), 

1:500 Mouse-Anti MR (University of Iowa Hybridoma Bank, Iowa City IA, USA) and 1:1000 

Mouse-Anti Cofilin (Cell Signalling Technology Inc., Danvers MA, USA), which was used as a 

housekeeping protein. The secondary antibodies used included: Goat-Anti Rabbit (1:30,000) 

and Goat-Anti Mouse (1:10,000). Furthermore, untreated A549 cell protein lysates (10µg/mL) 

were used as an internal standard across all GR Western blots and untreated HEK-293T cell 

protein lysates (30µg/mL) used as an internal standard for MR Western blots. Western blot 

protocol and subsequent analysis was conducted as previously described for A549 cells (see 

Chapter 2). 
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3.3.9 - BRDU Proliferation Assay 
BRDU proliferation assays were performed as previously stated (see Chapter 2) with the 

exception of HCF cells being seeded at 5000 cells/well. This cell density was selected due to 

its previous use in published studies on cardiac fibroblasts (190), and analysis of the HCF 

growth kinetics, as after the 76 hour time period cells seeded at 5000 cells/well were still 

proliferating, see figure 3.1. 

3.3.10 - Statistical analysis 

All data collected from all methods was analysed via one-way ANOVA within GraphPad Prism 

(California, USA) and a cut-off p-value of <0.05 was used to indicate statistical significance. 

Differences within variance were calculated using Tukeys Post-Hoc analysis, with either 

vehicle control or untreated control serving as reference groups (as stated within graph titles)    
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3.4 - Results 

3.4.1 - Cell Seeding Proliferation Assays 
Cell seeding proliferation assays were used in order to determine optimal seeding counts for 

the BRDU and cell viability studies. Confluency graphs and differential phase contrast (DPC) 

images indicated 5000 cells/well in a 96-well plate was suitable for all experiments, as 100% 

confluency wasn’t reached until 4 days post-seeding (n=6 for all seeding densities), see Figure 

3.1.  Confluency decreases post-day four were confirmed to be due to 3-D culture formation 

via DPC, and not cell death.  
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Figure 3.1 The effect of different seeding cell densities on confluency of HCF cells over a 
period of 6 days post-seeding. Each point represents mean values. N=6 per group for all 
seeding densities. All fibroblasts seeded were sourced from the same flask of 3rd passage 
fibroblasts 
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Figure 3.2 Differential Phase Contrast (DPC) images of HCF cells seeded in 96-well plates at 
10,000 cells/well at 4 and 5 days following seeding respectively, red arrows indicate the 
characteristic aggregates seen in the formation of a 3-D cell culture (which correlates with 
the reduction in confluency noted In figure 3.1).  Pictures taken at 40X total magnification.  

Day 4 Post-Seeding (10,000 cells/well) Day 5 Post-Seeding (10,000 cells/well) 
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3.4.2 - MTT  Assays 
MTT assays were utilized to measure the viability of HCF cells in response to increasing 

concentrations of dexamethasone and mifepristone for a period of 24 hours. There was no 

difference between vehicle control and untreated control (p>0.05, n=6 per group, see Figures 

3.3 to 3.6). A significant difference between vehicle control and lysis buffer treated cells was 

found (p<0.05, n=6 per group, see Figures 3.3-6). Further statistical analysis to determine the 

effect of 24 hours of drug treatment on the HCF cells was compared to the vehicle control 

group.  

3.4.3 - Dexamethasone MTT Assay 
There was no concentration dependent effects of dexamethasone treatment observed on cell 

viability in HCF cells following 24 hours incubation (p>0.05, n=6 per group), and there were 

no significant changes in cell death with any of the concentrations of dexamethasone tested 

when compared to vehicle controls (p>0.05, n=6 per group), see Figure 3.3. 

3.4.4 - Mifepristone MTT Assay 
There was no concentration dependent effects of mifepristone that occurred on cell viability 

in HCF cells following 24 hours incubation (p>0.05, n=6 per group), see Figure 3.4. There were 

significant increases in cell viability found each concentration of mifepristone tested at 0.3nM 

(n=6 per group <0.001), 1nM (n= 6 per group, p<0.01), 3nM and 10nM (n=6 per group 

p<0.0001) when compared to vehicle control. Overall, these results indicate mifepristone is 

significantly enhancing the proliferation of HCF cells 

3.4.5 - Combined Mifepristone and Dexamethasone MTT Assay 
Dexamethasone (100nM) decreased cell viability in HCF cells following 24 hours incubation 

when compared to vehicle control (n=6 per group p<0.001), see Figure 3.5. The GR antagonist 

mifepristone (10nM) also decreased cell viability in HCF cells following 24 hours incubation 

when compared to vehicle control (n= 6 per group, p<0.05), see Figure 3.5.  when compared 

with vehicle control. Combined dexamethasone (100nM) and mifepristone (10nM) treatment 

also decreased cell viability in HCF cells following 24 hours incubation when compared to 

vehicle control (n=6 per group, p<0.005). Overall these results indicate that the combined and 

individual drug treatments caused a reduction in cell proliferation and/or induced cell death 

of HCF cells. 
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**** p<0.0001 versus vehicle control 

Figure 3.3 Effect of 24 hour treatment of dexamethasone and vehicle controls on the 
viability of HCF cells using the MTT assay of (5000 cells/well). Data is expressed as mean ± 
SEM. N=6 for all treatment conditions.  
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**p<0.01, ***p<0.001,**** p<0.0001 versus vehicle control 

Figure 3.4 Effect of 24 hour treatment of mifepristone and vehicle controls on the viability 
of HCF cells using the MTT assay (5000 cells/well). Data is expressed as mean ± SEM. N=6 
for all treatment conditions.  
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*p<0.05, ****p<0.0001 versus vehicle control 

Figure 3.5 Effect of 24 hour combined treatment of dexamethasone and mifepristone on 
the viability of HCF cells using the MTT assay (5000 cells/well). Data is expressed as mean 
± SEM. N=6 for all treatment conditions. 
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3.4.6 - LDH assays 
LDH cell cytotoxicity assays were performed in addition to MTT assays as a secondary measure 

of HCF cell viability in response to drug treatment with different concentrations of 

dexamethasone and mifepristone over a period of 24 hours. There was no difference between 

vehicle control and untreated control (p>0.05, n=6 per group, see Figures 3.6-8). A significant 

difference between vehicle control and lysis buffer treated cells was detected (p<0.05, n=6 

per group, see Figures 3.6-8). Further statistical analysis to determine the effect of 24 hours 

of drug treatment on the HCF cells was compared to the vehicle control group.  

3.4.7 - Dexamethasone LDH Assay 
There was no concentration dependent effects of dexamethasone treatment observed in 

the HCF cells following 24 hours incubation (p>0.05, n=6 per group), and there were no 

significant changes in cell death with any of the concentrations of dexamethasone tested 

when compared to vehicle controls (p>0.05, n=6 per group), see Figure 3.6. Overall, this 

indicates that all concentrations of dexamethasone are not producing a significant, cytotoxic 

effect. 

3.4.8 - Mifepristone LDH 
There was no concentration dependent effects of mifepristone treatment detected in the HCF 

cells following 24 hours incubation (p>0.05, n=6 per group) and there were no significant 

decreases in cell viability at all concentrations of mifepristone when compared to vehicle 

controls (p>0.05, n=6 per group), see Figure 3.7. 

3.4.9 - Combined Mifepristone and Dexamethasone LDH assay 
No significant differences were found between any of the combined treatment with 

mifepristone and dexamethasone, or any of the concentrations of mifepristone or 

dexamethasone alone when compared to vehicle control (p>0.05, n=6 per group, see Figure 

3.8).  The LDH assay indicates that 24 hour treatment with dexamethasone and mifepristone 

alone or in combination does not cause cell death of the HCF cells and can be used for the 

cell proliferation assays.  
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**** p<0.0001 versus vehicle control 

Figure 3.6. Effect of 24 hour treatment of dexamethasone and vehicle controls on the 
viability of HCF cells using the LDH assay (5000 cells/well). Data is expressed as mean ± 
SEM. N=6 for all treatment conditions. 
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****p<0.0001 versus vehicle control 

Figure 3.7.  Effect of 24 hour treatment of mifepristone and vehicle controls on the 
viability of HCF cells using the LDH assay (5000 cells/well). Data is expressed as mean ± 
SEM. N=6 for all treatment conditions. 
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****=p<0.0001 

Figure 3.8. Effect of 24 hour treatment of combined treatment of dexamethasone and 
mifepristone on the viability of HCF cells using the LDH assay of (5000 cells/well). Data is 
expressed as mean ± SEM. N=6 for all treatment conditions. 
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3.4.10  - BRDU proliferation Assays 
In order to determine the effect of 24 hours dexamethasone pre-treatment on HCF cell 

proliferation the fluorescence based BRDU proliferation assay was conducted. All absorbance 

values were normalized to vehicle control and data was presented as a ratio of 

dexamethasone-suppressed BRDU absorbance: Vehicle Control suppressed BRDU 

absorbance, as described previously ((122, 137)).  

 

No significant differences in dexamethasone-suppressed BRDU absorbance: Vehicle Control 

suppressed BRDU absorbance was found between vehicle control and any of the pre-

treatment conditions (p>0.05, n=3 per group, see Figure 3.9). 
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Figure 3.9. Effect of 24 hour pre-treatment of dexamethasone and mifepristone on A549 
cell (2000 cells/well) using the BRDU assay. Data is expressed as mean ±SEM as a ratio of 
dexamethasone-suppressed BRDU absorbance: Vehicle Control suppressed BRDU 
absorbance for each pre-treatment condition. N=3 for all treatment conditions. 
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3.4.11 - Western Blot Analysis 
To assess changes in protein expression of GRα-A, GRβ, GRγ and MR of HCF cells in response 

to 24 hours treatment with dexamethasone, mifepristone and vehicle controls (0.01% ethanol 

w/v) Western blot analysis was conducted, see Figure 3.10.  Bands at 95kDA, 94kDa and 91kDa 

were identified as GRγ, GRα-A and GRβ respectively, matching the molecular weights of GRs 

previously identified in humans (159). All samples were normalized to cofilin as the loading 

control. Values were also normalized to an internal standard (IS) of untreated A549 cells to 

allow quantitative comparison between blots.  

3.4.12 - GRα –A protein expression analysis 
There was a significant differences in GRα–A protein expression between untreated HCF cells 

and HCF cells treated with dexamethasone (100nM) for 24 hours (p<0.05, n=3 per group), see 

Figure 3.11. No significant difference in GRα–A protein expression was found between 

untreated controls and dexamethasone and mifepristone treatment (p>0.05, n=3 per group), 

see figure 3.11. These results show a down-regulation of GRα–A protein expression which may 

contribute to the development of GR resistance (87). Furthermore, this trend was reversed 

by the addition of mifepristone (10nM), suggesting that GR activation via dexamethasone 

may decrease the expression of GR isoforms.  

3.4.13 - GRβ expression analysis 
GRβ protein was not found to be expressed in HCF cells as analysed by Western blot, see 

Figure 3.10. Therefore, GRβ protein expression following drug treatment was not examined in 

HCF cells. 

3.4.14 - GRγ expression analysis 
The GRγ protein was demonstrated in HCF cells, see Figure 3.10. There were no significant 

differences found in GRγ protein expression between untreated HCF cells and those treated 

with dexamethasone, mifepristone or vehicle control (p>0.05, n=3 per group), see Figure 3.12. 

This indicates the decrease in GRα-A previously described (a hallmark of developed GR 

resistance) may not directly correlate with GRγ in HCF cells. 
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3.4.15 - MR expression analysis 
It was found that MR protein was not expressed in HCF cells as seen in the Western blot, see 

Figure 3.13. As a result of this, MR protein expression following drug treatment was not 

examined in HCF cells. 
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Figure 3.10 Representative Western Blot of HCF cells with anti-GR antibody. Bands at 
95kDa, 94kDa and 91kDa were identified. Cofilin was used to ensure equal loading and 
was separated from the gel with all treatments run in duplicate. One out of three 
replicates is shown. 
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** p<0.01 versus vehicle control 

Figure 3.11. Effect of 24 hours treatment with dexamethasone and mifepristone on 
Glucocorticoid Receptor Alpha-A (GRα) protein expression in HCF cells as determined by 
Western blotting. All values represent mean ±SEM, N=3 for all treatment conditions.  
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Figure 3.12. Effect of 24 hours treatment with dexamethasone and mifepristone on 
Glucocorticoid Receptor Gamma (GRγ) protein expression in HCF cells as determined by 
Western blotting. All values represent mean ±SEM, N=3 for all treatment conditions.  
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Figure 3.13 Representative Western blot of HCF cells with anti-MR antibody. A single band 
at ~107kDa was identified.  Cofilin was used to confirm equal loading and was cut from 
the gel. Each lane corresponds to a specific drug treatment with all treatments run in 
duplicate. One out of three replicates is shown. 
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3. 5 – Discussion 

 3.5.1 - Introduction 
Heart failure is a condition currently affecting up to one in fifty Australians, representing a 

large, and rapidly-growing area of morbidity and mortality in the national population (34). 

With the recent observation that GR knockout in cardiomyocytes caused HF in mouse models 

(14), the GR has been implicated in the development of HF. Furthermore, while studies have 

been conducted on myocytes, no studies have investigated the role of GR signalling in HCF 

cells (the cells primarily responsible for the fibrosis of the myocardium during HF (184), and 

how changes in this signalling may lead to HF. Understanding changes in HCF GR expression 

and signalling are vital, as the receptor is responsible for inhibiting fibroblast proliferation and 

collagen deposition and may prevent the development of HF (132). Similarly, understanding 

the way in which MR signalling and/or expression may be altered in HCF cells may be key in 

understanding HF, as the MR is both pro-inflammatory and pro-proliferative (108); two key 

features that characterize HCFs during HF (130). Therefore, understanding HCF GR and MR 

populations may provide further insights into the pathogenesis of HF.  

3.5.2 - Image Based Confluency Studies 
In order to address some of these unanswered question the first study will utilize an image-

based confluency estimation assay was used to investigate the optimal seeding densities for 

the purposes of further experimentation. This assay was implemented as fibroblasts are 

known to transform into myofibroblast cells if plated at low densities, with the transformation 

% of any cell culture being inversely proportional to seeding density (186). For the purpose of 

this study 5000 cells/well were used as the seeding density, which matches seeding densities 

cited in the literature (190). From this assay however, it was found that confluency dropped 

by ~50% 5 days after initial seeding. Overall, this was found to be due to the formation of a 3 

dimensional cell culture, as DPC images revealed that cells were growing on top of the 

previously formed monolayer, a phenomenon noted previously in fibroblast cell lines in mice 

(191). It should be noted that this is not normal for fibroblasts, as they have consistently been 

shown  to grow to confluency and enter a state of quiescence (183) and are typically seen 

only in cells such as the fibroblast cell lines. The exact reason this occurred with the HCF cells 

used in our experiments is unclear, as this effect has only been reported with human dermal 

fibroblasts grown in hanging drops above an agarose-coated plate (192). However a potential 
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reason for this phenomenon may be due to the growth media provided with the cells by Sigma 

Aldrich. Although the contents of the growth media are not disclosed due to the proprietary 

nature of the product, the safety data sheet for the product indicates the presence of heparin 

in the cell culture medium. Literature suggests this is often added to cell culture media to 

enhance the binding of basic fibroblast growth factor (b-FGF) to its receptor (193). This may 

provide a rationale for the results, as Nishiyama, Akutsu (194) has previously shown that 

isolated human primary dermal fibroblasts that become quiescent due to contact inhibition 

begin proliferating again when treated with b-FGF. Therefore, it is  likely that the HCF cells are 

growing beyond 100% confluency due to the addition of b-FGF, which is capable of 

overcoming the contact inhibition of the HCF cells (194).   

 3.5.3 - Viability Studies 
Cell viability assays conducted on HCF cells included both MTT and LDH assays. MTT assays 

were selected as a measure of cell viability due to their consistent history of accuracy and 

constant application in the literature (149). However, as MTT assays measure cell 

proliferation (as a measure of viability), and the drug treatment involved corticosteroids such 

as dexamethasone which are reported to be anti-proliferative (150), LDH assays were also 

applied to confirm whether reduced MTT readings were due to cell death, changes in cell 

metabolism or a reduction in cell proliferation. Firstly, initial dexamethasone MTT assays 

revealed no reduction in cell proliferation (and therefore viability) of HCF cells in response to 

dexamethasone treatment. This finding is correlates with inconsistencies noted within 

Chapter 2, as previous published studies conducted on mouse fibroblast cell lines (138) and 

human foetal lung fibroblasts (195) have demonstrated a direct concentration-response 

effect on cell proliferation. As discussed in Chapter 2, this may indicate a problem with the 

assay, as there should have been a significant decrease in cellular viability. Stepanenko and 

Dmitrenko (160) have suggested that inconsistencies in MTT readings can often be due to 

drug interactions that alter the metabolic activity of the cell, although no currently available 

published studies have investigated what impact GR agonists and antagonists have on MTT 

results through changes in metabolic function. Conversely, similar to A549 cells, more recent 

studies have implemented this assay to assess dexamethasones effects on cell proliferation 

(161), with these studies making no mention of alterations in cellular metabolism in response 

to exposure to glucocorticoids (a limitation of the literature that should be addressed by 
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future studies). Therefore assuming that the results are not due to changes in cell metabolism, 

it is possible that these human fibroblast cells rapidly became resistant to dexamethasone 

and as a result, showed no significant reduction in proliferation. This rationale is backed up 

by the Western blot data shown in Figure 3.11, (which similar to the A549 cells) shows a 

significant decrease in GRα-A expression in response to dexamethasone. Therefore, it is 

possible that this ‘error’ is due to a decrease in GRα-A expression, therefore reducing the 

amount of receptors available for dexamethasone to bind to and produce its recognised anti-

proliferative effect (120).  

 

However, when examining combined treatment with dexamethasone and mifepristone, see 

Figure 3.5, dexamethasone (100nM) treatment alone was found to significantly reduce MTT 

readings indicating a reduction in proliferation.  As the MTT assay provides a snapshot of the 

cell viability after 24 hours, future experiments that measure cell replication over time may 

provide more insight into the actions of dexamethasone on HCF cells. 

 

Another notable finding from these assays was the increase in cell proliferation observed in 

all the mifepristone-treated groups. Mifepristone has been reported to have anti-proliferative 

actions as has been demonstrated in both human endometrial and ovarian cancer cell lines 

(164, 165). However, the concentration of mifepristone used in these experiments was 

100μM, a concentration 100,000 times greater than the 10nM used for the cell viability assays 

in the current study. Mifepristone at 10nM has been shown to reverse b-FGF induced 

proliferation of mouse murine carcinoma cells (196) indicating that the results which 

observed within some of the performed MTT assays (figure 3.5) are due to the blocking of the 

added b-FGF in the provided growth media. Conversely however, mifepristone as also shown 

to enhance cellular viability within other MTT assays (figure 3.4). A likely explanation for this 

may be the partial agonist activity of mifepristone on the GR (197). It is known that activation 

of the GR induces an increase in mitochondrial metabolic rates (198), which therefore may 

increase the production of the formazan crystals within the cells, leading to higher readings. 

However, further studies would need to be conducted to further elucidate upon these 

findings.  
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The outcomes of the LDH assays showed that all the concentrations of dexamethasone and/or 

mifepristone did not increase HCF cell death and can be used for 24 hour treatment of HCF 

cells. For this reason these concentrations of dexamethasone (100nM) and mifepristone 

(10nM) were selected for further experiments using HCF cells, as they were both shown to 

not induce a cytotoxic effect (albeit displaying contradictory proliferative effects). 

Mifepristone (10nM) also suppresses dexamethasone (100nM) mediated effects by 75% 

(168). However, it should also be noted that at 10nM, mifepristone will also bind to 

progesterone and androgen receptors and should be considered when interpreting findings 

(167). 

3.5.4 - BRDU Proliferation assay studies 
Following identification of optimal concentrations of dexamethasone and mifepristone for 

the 24 hour treatment of HCF cells, BRDU cell proliferation assays were conducted on the 

cells, as a method of determining glucocorticoid sensitivity. As BRDU cell proliferation assays 

assess cell proliferation rate, the addition of dexamethasone should induce a reduction in cell 

proliferation relative to vehicle-control treated cells (which serve as the maximum/un-

inhibited value). These values are then expressed as a ratio (dexamethasone treated: vehicle 

treated), with glucocorticoid-sensitive cells having a lower ratio (indicating dexamethasone 

significantly decreasing proliferation relative to the maximum cell proliferation seen in 

untreated vehicle-treated cells). However, cells that are resistant glucocorticoids display a 

ratio close to 1 (indicating that dexamethasone is having little impact on reducing 

proliferation relative to vehicle-control treated cells). In our hands,  the BRDU assay used in 

HCF cells showed no significant difference  in proliferation rate between any of the groups. 

Furthermore, it was also found that all groups maintained a dexamethasone: vehicle treated 

ratio of ~1. These results show that even in regular cell cultures, dexamethasone was having 

no impact upon cell proliferation (similar to findings previously stated in conducted MTT 

assays). The reason for this unexpected observation is largely unknown, as dexamethasone is 

known to inhibit fibroblast proliferation (138, 195). However, there are several reasons such 

inconsistencies may exist in the data.  

 

Ligasová, Konečný (173) in their study found considerable variations in antibody binding 

occurring in BRDU assays, with the largest contributor being stability of the antibody-antigen 



P a g e  | 122 
 

Julian Lang-Lemckert (s2890397)  
An evaluation of Glucocorticoid Receptors in A549 cells and cardiac fibroblasts: Potential in vitro models of 

COPD and Heart Failure. 

complex. However, when Ligasová, Liboska (174) conducted a further study on the binding 

affinity of 6 commercially available anti-BRDU antibodies, only 2 were found to create stable, 

highly reliable immune complexes with the incorporated BRDU. Indeed, their study showed 

that the antibody used in this study (Anti-BRDU-20a) exhibited the highest binding affinity, 

but also the second highest variability due to binding to off-target proteins. Furthermore, in 

the BRDU assay, BRDU was diluted in cell culture media, which has been previously 

hypothesised to contain b-FGF due to the presence of heparin. Given b-FGF previously shown 

ability to induce proliferation in previously quiescent fibroblasts in vitro (199), it is possible 

that the cell culture media may be able to overcome the suppression in proliferation induced 

by dexamethasone, and therefore may produce the ratios of 1 seen in the assay. Finally, it is 

also possible that experimental error was involved; however, further studies should be 

conducted to further elucidate the mechanisms underlying these findings.   

 3.5.5 - Glucocorticoid Receptor Western Blot Analysis 
When examining GR protein expression changes in HCF cells following dexamethasone and 

mifepristone treatment, several trends became apparent. Firstly, Western blot analysis 

showed that the treatment of HCF cells for 24 hours to dexamethasone (100nM) led to a 

significant reduction in relative GRα–A protein expression (~50%). This correlates with the 

literature, as glucocorticoid resistance is known to be directly correlated to decreases in GRα-

A protein expression (87). Mifepristone alone had no impact on GRα–A protein expression, 

and the combined concentration of dexamethasone (100nM) and mifepristone (10nM) did 

not alter GRα–A protein expression. Thus this indicates that dexamethasone mediated 

stimulation of GRα–A resulted in a reduction of GRα–A protein production as this effect was 

reversed upon addition of the competitive inhibitor mifepristone. Further, as can also be seen 

in the analysis, the combined treatment of dexamethasone (100nM) and mifepristone (10nM) 

also led to an increase in relative GRα–A protein expression, however this effect it was no 

statistically significant. Overall, the results of this study indicate that an increase in 

glucocorticoid sensitivity in HCF cells treated with both dexamethasone and mifepristone, 

although the exact mechanism of action for this is not known with no reported findings in 

available literature available at this time.  

GRβ protein expression was planned to be examined in HCF cells following exposure to 

dexamethasone and mifepristone. The band corresponding to GRβ protein was present in the 
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internal standard, but absent from the treated cardiac fibroblasts. This was unexpected, as 

significant decreases in GRα–A protein levels, as previously noted, are usually correlated with 

increases in GRβ protein expression (87). However, a study conducted by Pujols, Mullol (64) 

indicates that out of 11 examined tissues in the human body, the heart has the lowest 

expression of mRNA for GRβ. Therefore this may explain the results, although there is the 

potential that the Western blotting protocol may be improved via further optimization of the 

method, allowing identification and subsequent quantification of the GRβ protein.  

 

Finally GRγ protein expression was also examined using Western blotting of HCF cells treated 

with dexamethasone, mifepristone and vehicle controls. Data analysis showed there was no 

significant difference in GRγ expression levels between the different treatment groups. These 

findings directly contradict findings found by Haarman, Kaspers (68), Taniguchi, Iwasaki (69), 

as the onset of GR resistance (as determined by decreases in GRα–A protein expression) was 

not shown to correlate with a significant increase in GRγ expression. However, as the Western 

blot signal for GRγ was very low, this may indicate that the Western blot protocol for GRγ 

requires further optimization to improve accurate analysis of the receptor.  

3.5.6 - Western blot and BRDU proliferation assay trends 
Therefore, from Western blot analysis of GRs in dexamethasone and mifepristone treated 

HCF cells, it can be concluded that there was indeed a significant decrease in GRα–A protein 

expression. While this has been shown to correlate with GR resistance (87), the lack of 

reciprocal upregulation in GRβ and GRγ protein levels as noted in the literature indicates a 

potential need for the protocols to be optimized to allow for analysis of these receptor 

isoforms in the HCF cells. Furthermore, if the expression of these proteins is low in the heart, 

as  Pujols, Mullol (64) indicates is the case for GRβ, then mRNA analysis (such as RT-PCR) may 

be used as a more sensitive measure of GR populations in HCF cells in response to 100% 

activation of the GR. Furthermore, these findings do further indicate that the BRDU 

proliferation assay was indeed inaccurate in its assessment of GR resistance. Dexamethasone 

elicits its downregulation of cell proliferation (through activation of p21) (138) via activation 

of GRα-A, however in this study HCF cells treated with dexamethasone for 24 hours saw no 

decrease in cell proliferation when compared to the other drug treatments (with all ratios 

remaining at 1). Therefore, the BRDU assay was not sensitive in assessing a down-regulation 
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of dexamethasones target receptor GRα-A suggesting a fundamental problem with the assay 

(as previously outlined within 3.5.4). 

  

 3.5.7 - Mineralocorticoid Receptor Western Blot Analysis 
The final aim of the study was to examine potential changes in MR expression in HCF cells 

following exposure to mifepristone and dexamethasone for a 24 hour period. However, as 

was noted via western blotting, HCF cells were found to not significantly express the MR in 

detectable concentrations, with blots only revealing significant expression of the MR in HEK 

293T cells with both findings concurring with previous findings in the literature (134, 141, 

155). Therefore, due to the consistency in literature it can be confirmed that the MR is 

expressed in low concentrations in HCF cells, and not upregulated in dexamethasone treated 

HCF cells. However, in order to confirm these findings, mRNA analysis should be conducted. 

 

In order to elaborate upon these findings, it is recommended as a future direction that the 

dexamethasone and mifepristone treatments, as well as BRDU proliferation assays be 

conducted again in a growth medium with a  known composition, and in the absence of 

additional growth factors. It appears that the potential addition of these growth factors may 

have had an impact upon these experiments, as dexamethasone and mifepristone appeared 

to produce at times paradoxical effects in both the cell viability and proliferation assays. 

Furthermore, it is also recommended that the BRDU assay be conducted with another 

antibody clone, due to the large variability in the data note in the literature with the used 

Anti-BRDU-20a antibody. This may improve the sensitive of the assay, and allow for a more 

accurate determination in the viability of this assay in the determination of GR resistance in 

non-lymphocytic cell cultures in vitro.  

 

Finally, further optimization of the Western blot protocol utilized to detect both GR and MR 

protein expression levels within HCF should also be examined. More accurate estimation of 

protein levels along with the utilization of other methods of protein quantification (as a means 

of verification) may allow for a better understanding of the regulation and potential roles of 

both GRs and MRs with HCF glucocorticoid resistance.  
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Chapter 4: Overall study discussion 
Within Australia COPD and HF are of concern, due to their growing contribution to morbidity 

and mortality in the aging population (15, 34). As alterations in GR signalling have recently 

been implicated in the pathogenesis of both conditions (11, 14), investigating the underlying 

cause and effect these changes have on the pathogenesis of disease is important. 

Furthermore, since blockade of the MR has been shown to slow the progression and improve 

prognosis of both diseases (50, 123), understanding the underlying role that the MR plays to 

contribute to disease states may help to improve treatment outcomes for both conditions.  

 

In order to investigate these trends, A549 cells and HCF cells were utilised/used as an in vitro 

model for COPD and Heart Failure respectively, as these cells are believed to be primarily 

responsible in the pathogenesis of each condition (128, 132). In order to induce GR resistance 

in both cell culture models (as a model reduced GR signalling within COPD/HF) cells were 

treated with dexamethasone, a potent, synthetic glucocorticoid known to elicit a 100% 

activation of the GR at 100nM  (136), leading to rapid receptor downregulation (resistance). 

These studies were completed in the presence and absence of the potent glucocorticoid 

receptor antagonist mifepristone at 10nM, in order to determine whether the effects being 

noted within the data were due to GR activation alone, or due to off-target effects of the GR 

and/or dexamethasone.  

 

The concentrations for these drugs were selected based on the outcomes of dose response 

studies conducted on both A549 and HCF cells. The 100nM dexamethasone and 10nM  

mifepristone concentrations were shown to produce no direct cytotoxic effect, allowing them 

to be administered safely for 24 hours. Further, as MTT assays measure proliferation (as a 

measure of cellular viability), it was noted that several MTT assays indicated  24 hour 

treatment with dexamethasone (100nM) failed to reduce A549 and HCF cell proliferation 

rates, findings that contradict the literature (154, 171, 172). However, as was observed in 

Western blotting analysis, significant reductions in GRα-A protein expression were noted 

within both cell types, suggesting that  both cell types may have become resistant to 

dexamethasone rapidly, which may have resulted in the absence of an effect on cell 
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proliferation. Moreover, it should also be noted that these anti-proliferative effects were 

noted in subsequent MTT analyses for both A549 and HCF, potentially indicating this 

resistance onset varies, or indeed genetic expression may have varied between tests.  

Following viability assays, A549 cells were then treated with dexamethasone (100nM) or 

mifepristone (10nM) or combined dexamethasone (100nM) and mifepristone (10nM) as a 

pre-treatment, before conducting BRDU cell proliferation assays and 3H Thymidine 

incorporation assays. In these assays cells were split into two groups, with one group 

proliferating in the presence of dexamethasone and one proliferating in the absence of 

dexamethasone (untreated vehicle control). From these proliferation assays a 

dexamethasone : vehicle-treated ratio was produced, with resistant cells achieving a ratio 

closer to one (indicating dexamethasone failing to reduce proliferation rate; GR resistance). 

In the A549 cells a significant difference in the dexamethasone : vehicle-treated ratio was 

found between dexamethasone pre-treatment and the combined dexamethasone and 

mifepristone pre-treatment groups, with all other measurements failing to reach statistical 

significance. Overall the reduction in the dexamethasone : vehicle-treated ratio within the 

combined treatment group appears to correlate with significantly reduced GRβ and GRγ 

protein expression in the A549 cells as measured via Western blotting. As studies have shown 

both of these isoforms are thought to be inhibitors of GRα-A expression (69), significant 

decreases in their expression indicates a ‘sensation’ of A549 cells to the effects of 

dexamethasone in response to combined treatment. This would therefore provide a rationale 

for the reduction in the dexamethasone : vehicle-treated ratio noted within the combined 

treatment group, as they’ve seen a marked reduction in the inhibitors of GRα-A, allowing GRα-

A to maintain higher activity. Additionally however, it should be noted that all treatment 

groups saw a reduction in GRα-A, which correlates significantly with the produced BRDU and 
3H thymidine assays, as all groups had elevated dexamethasone : vehicle-treated ratios.  

 

When performed on cardiac fibroblasts, the BRUD assay produced dissimilar findings to those 

found within A549 cells. In HCF cells the BRDU dexamethasone : vehicle-treated ratios did not 

differ significantly between groups, with all groups maintaining an average ratio of 1; 

indicating dexamethasone had little/no impact on cellular proliferation. These results are 

most likely incorrect, and likely the result of the cell culture media’s growth factors and/or 
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BRDU antibody variation leading to inconsistent results (173). This was confirmed as 

subsequent analysis of GRα-A protein levels in HCF cells indicated there was a significant 

decrease in GRα-A in dexamethasone-treated cultures only, findings that match findings 

previously shown within a number of human primary cells in vitro. Furthermore, 

dexamethasone mediated downregulation of GRα-A was reversed by the addition of the GR 

antagonist mifepristone, indicating dexamethasone was directly responsible for the 

downregulation of GRα-A; results that are highly consistent with literature. Finally, GRβ 

expression was low in HCFs and no differences were found in GRγ expression levels between 

treatment groups.  

 

Overall, both cell lines displayed reductions in GRα-A protein in response to dexamethasone 

treatment, indicating both cell lines were capable of becoming resistant to glucocorticoids 

(87). However, it appears that there were significant differences in both the expression and 

regulation of GRβ and GRγ between the two cell lines, indicating a potential difference in GR 

regulation between primary cells and cancer cell lines. Finally, the differences within GR 

expression appeared to correlate with the BRDU assay data for the A549 cells, and by the 3H 

thymidine assay to a lesser extent. In contrast, for the HCF cells the BRDU assay failed to 

detect any significant changes in dexamethasone : vehicle-treated ratios between cell 

treatment groups, which likely resulted from a combination of growth factors within the 

media and the inconsistencies within the utilized BRDU antibody. Therefore, from these 

findings several recommendations regarding future studies and how to address the study 

limitations can be made.  

 

One of the most significant limitations of this study with respect to the analysis of HCF cell 

responses to glucocorticoids was the utilization of the recommended cardiac fibroblast 

growth medium provided by Sigma Aldrich (Castle Hill, NSW). As the medium is suspected to 

contain b-FGF, future studies utilizing HCF cells should attempt to implement a medium with 

a known chemical makeup. Overall this would allow for a much more accurate evaluation of 

the GR and MR populations in the HCF cell line.  

To address the variance within the BRDU proliferation assay, two approaches could be taken. 

The method could be further optimized and different BRDU antibodies with lower variable 
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binding utilized in order to reduce the variability in the data (173). Overall, this would likely 

allow for a far more accurate and sensitive assessment of proliferation rates in response to 

dexamethasone, as the data was fairly limited by a large standard error. Alternatively 

additional studies could also utilize an image-based analysis rather than BRDU analysis in 

order to determine proliferation rate in response to dexamethasone. This may provide more 

accurate characterization of proliferation rates in response to dexamethasone, as it allows for 

a direct measurement of cellular proliferation via cell counting, and removes many of the 

variables affecting BRDU assays, such as background staining, antibody stability, antibody 

affinity, formaldehyde fixing efficacy and denaturation efficacy (173).  

 

In addition there were several limitations present throughout the experiment which should 

be noted. These experiments investigated cell lines in vitro within cell culture media, which 

while providing a good model for in vivo systems, does not provide a completely accurate 

representation of the in vivo environment (200). For example, HCF cells normally sit with 

cardiomyocytes within the myocardium (131), therefore by isolating the cells the in vivo cell-

cell communications that occur were not replicated within this study. This can be solved via 

the utilization of co cultures, which have been used previously within cardiac fibroblast 

studies (131) and further studies should implement co-culture systems, in order to more 

accurately replicate the in vivo environment. Furthermore the utilization of A549 cell lines 

remains a limitation, as cancer cells are known to mutate and undergo genetic drift, 

sometimes leading to heterogeneity within culture (201), which has been reported in A549 

cell studies (170). Therefore future studies should also seek to examine how primary type 2 

pneumocystis alter GR expression in response to corticosteroids, in order to compare the 

results found between immortalized and primary cell lines.  

 

Finally, the other significant limitation within this study has been the utilization of the 

synthetic, exogenous glucocorticoid dexamethasone as opposed to the endogenous 

glucocorticoid cortisol. Dexamethasone was used in this study due to its ability to elicit a 100% 

response from the GR, leading to an acceleration of the GR resistance phenotype (136). 

However, dexamethasone cannot elicit a response from the MR as it has no affinity for the 

MR. In contrast, cortisol is known to bind both receptors fairly evenly, and as a result, the 
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conclusions within this study regarding MR expression changes may have been significantly 

limited as no binding of the MR by dexamethasone was possible (108). Therefore, further 

studies should seek to address this limitation by comparing the differences between cortisol 

and dexamethasone exposure within these cell cultures, in order to ascertain if any 

differences in GR or MR expression arise from the administration of endogenous 

glucocorticoids, rather than synthetic glucocorticoids.  
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