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Abstract 

Acute respiratory distress syndrome (ARDS) is an inflammatory disease in 

humans where no satisfactory therapeutic options exist.  Regulation of the 

immune system by neurotransmitters has been identified as a possible 

exploitable strategy to treat inflammatory conditions.    Antidepressant drugs 

have been found to have secondary actions including anti-inflammatory 

activity in a wide range of disease states in vivo.  The cellular effects of these 

drugs that contribute to this effect have yet to be elucidated.  The aim was to 

examine whether anti-depressants have a direct effect on the immune system or 

an effect on the target tissue such as lung cells. 

This thesis utilised both primary lung epithelium cells along with the cell lines 

A549, 16HBE14o- and BETTYO2.  The macrophage cell line RAW 264.7 was 

used to determine effects of anti-depressants on immune cells.  Mitochondrial 

function was used as a measure of cell viability while morphological techniques 

were used to determine levels of apoptosis and necrosis. Cellular cytokine 

release was used as a determination of inflammation.  Nitric oxide production 

by activated immune cells was measured using the nitrite assay and the 

expression of inducible nitric oxide synthase measured by Western blot.   

The BETTYO2 cell line was found to have the most similar characteristics to 

primary lung epithelium cells and could be used as an effective substitute for 

large-scale screening and mechanistic studies especially in inflammation.  
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Fluoxetine and desipramine reduced the inflammatory signals coming from 

lung cells exposed to lipopolysaccharide (LPS).  In addition to this they proved 

effective in reducing immune cell activation as evidenced by reduced NO 

release following LPS exposure via a mechanism of inhibiting iNOS protein 

expression.  

Fluoxetine and desipramine exhibited anti-inflammatory effects on both the 

lung cells and the immune cells, identifying possible therapeutic potential for 

ARDS. 
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Abstract 

Activation of the cholinergic anti-inflammatory pathway through direct 

activation of nicotinic acetylcholine receptors on immune cells can inhibit pro-

inflammatory chemokine and cytokine release and thereby protect in a variety 

of inflammatory diseases. The aim of this study was to investigate whether 

nicotine treatment protected against acute lung inflammation. Mice challenged 

with intratracheal lipopolysaccharide (LPS, 50 μg) were treated with nicotine 

(0.2 or 0.4 mg/kg, sc). After 24 h, bronchoalveolar lavage fluid (BALF) was 

obtained to measure leukocyte infiltration, lung edema, and pro-inflammatory 

chemokine (MIP-1α, MIP-2, and eotaxin) and cytokine (IL-1, IL-6, and TNF-α) 

levels. Nicotine treatment reduced the LPS-mediated infiltration of leukocytes 

and edema as evidenced by decreased BALF inflammatory cells, 

myeloperoxidase, and protein. Nicotine also downregulated lung production of 

pro-inflammatory chemokines and cytokines. These data support the proposal 

that activation of the cholinergic anti-inflammatory pathway may represent a 

useful addition to the therapy of acute respiratory distress syndrome. 



 

xiii 

Abbreviations 
ARDS Acute respiratory distress syndrome  

16HBE14o- Human bronchial epithelial cell line 

5-HT Tryptophan/serotonin 

A549 Human alveolar type II-like cell line 

BALTs Bronchus-associated lymphoid tissues  

BDNF Brain-derived neurotrophic factor  

BETTYO2 Immortalised human bronchial epithelial cells 

cAMP Cyclic adenosine monophosphate 

cNOS Constitutively expressed nitric oxide synthase 

CNS Central nervous system 

CR Complement receptors 

CRH Corticotrophin-releasing hormone  

CRP C-reactive protein 

FMLP Formyl-methionyl-leucyl-phenylalanine 

GC Glucocorticoid 

GM-CSF Granulocyte-macrophage colony stimulating factor 



 

xiv 

HMGB1 High mobility group B1  

HPA Hypothalamus-pituitary-adrenal axis  

ICAM-1 Intercellular adhesion molecule-1  

IFN-γ Interferon-γ  

Ig Immunoglobin 

IL Interleukin 

iNOS Inducible nitric oxide synthase 

IRS Inflammatory-response system  

LPS Lipopolysaccharide 

MAO Monoamine oxidase 

MHC Major histocompatability complex 

NA Noradrenaline 

NFκB Nuclear factor kappaB 

NHBE Normal human bronchial epithelial primary cells 

NK Natural killer 

nNOS Neuronal nitric oxide synthase 



 

xv 

NO Nitric oxide 

PGE2 Prostaglandin E2  

PKA Protein kinase A  

PMN Polymorphonuclear  

PTP Permeability transition pore  

RIMA Reversible inhibitors of monoamine oxidase-A  

RNS Reactive nitrogen species  

ROS Reactive oxygen species  

SOD Superoxide dismutase 

SSRIs Selective serotonin reuptake inhibitors  

TCA Tricyclic antidepressant 

TGF-β Tumour growth factor-beta  

Th1 T helper1 

Th2 T helper2 

TLR Toll-like receptor 

TNF-α Tumour necrosis factor-alpha  



 

xvi 

TRH Thyrotropin-releasing hormone  

VCAM-1 Vascular cell adhesion molecule-1  

VDAC Voltage-dependence anion channel  

    



 

1 

Chapter 1: General Introduction 
1.1 The Lung 

The lung is the essential respiratory organ whose primary function is to 

transport oxygen from the atmosphere to the bloodstream, and carbon dioxide 

from the bloodstream to the atmosphere. 

1.2 Acute Respiratory Distress Syndrome 
Acute respiratory distress syndrome (ARDS) is a major complication of 

conditions such as sepsis, trauma, and severe pneumonia (Liaudet, Mabley et 

al. 2002). ARDS is caused by diffuse damage to the gas-exchanging surface – the 

alveolar-capillary membrane (Kryger 1990). It is characterised by an 

overwhelming lung inflammation involving local recruitment and activation of 

polymorphonuclear (PMN) neutrophils (Kollef and Schuster 1995; Zhou, Lo et 

al. 1998; Abraham, Carmody et al. 2000; Chignard and Balloy 2000), the release 

of pro-inflammatory mediators (Pugin, Ricou et al. 1996; Martin 1997), 

proteases, and both reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) (Haddad, Pataki et al. 1994; Matthay, Geiser et al. 1999). Alveolocapillary 

damage, high permeability pulmonary oedema, altered lung mechanics, and 

severe gas exchange abnormalities are the results of ARDS (Kollef and Schuster 

1995; Artigas, Bernard et al. 1998). 
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1.3 Airway epithelial cells 
During the course of the day, several thousand litres of air move in and out of 

the lung, exposing the epithelium to both inert and pathogenic particulates. The 

epithelial cells, which line the luminal surface of the airways and the air spaces 

of the lung, provide essential components of host defence by a variety of 

mechanisms (Stockley 1997). The respiratory epithelium is an important 

interface between the body and the environment and is constantly exposed to 

invading pathogens (Hou, Zhou et al. 2006). In addition to providing a barrier 

against the entry of foreign pathogens, epithelial cells have been shown to 

produce a variety of biological active mediators in response to micro-

organisms, including cytokines and chemokines (Diamond, Legarda et al. 2000). 

These cells are capable of both producing and responding to a variety of 

eicosinoids, cytokines and growth factors which form a complex network 

regarding inflammatory responses, and, in addition, they can express cell 

surface receptors that can interact directly with inflammatory cells (Stockley 

1997). Epithelial cells have been shown to express a family pattern recognition 

receptors called Toll-like receptors (TLRs) which can be regulated by cytokines, 

corticosteroids or microbes (Sha, Truong-Tran et al. 2004). 

Epithelial cells not only recruit inflammatory cells, but also play a part in 

sustaining these cells through the release of growth factors. In the absence of 

appropriate growth factors, most normal cells undergo apoptosis or a 

programmed cell death (Stockley 1997), Airway epithelial cells have been 
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shown to release cytokines, amongst which granulocyte-macrophage colony 

stimulating factor (GM-CSF) appears to be particularly important and can 

sustain eosinophil survival (Cox, Vancheri et al. 1990). Once inflammatory cells 

are recruited to a site of inflammation, their function is regulated through the 

interaction of various cell surface adhesion molecules (Stockley 1997). Airway 

epithelial cells can express adhesion molecules, such as intercellular adhesion 

molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), 

facilitating the adherence of lymphocytes to the epithelial surface (Atsuta, 

Sterbinsky et al. 1997). Such mechanisms may be important for regulating 

inflammatory cell activity, and lead to epithelial cell injury (Robbins, Koyama et 

al. 1993). In addition, epithelial cells are capable of expressing antigens of major 

histocompatability complex (MHC) (Glanville, Tazelaar et al. 1989), and, when 

activated, bronchial epithelial cells secrete a variety of mediators including 

prostaglandins, platelet activating factor, and pro-inflammatory cytokines, as 

well as chemokines that have an important involvement in the process of 

inflammatory cell recruitment into the lung interstitium and alveolar spaces 

(Thompson, Robbins et al. 1995). 

T cells play a central role in host defence mucosal immunity, particularly in the 

respiratory tract (Sauty, Dziejman et al. 1999). Their recruitment into sites of 

airway inflammation is a multi-step process involving adherence to, and 

migration across, the pulmonary epithelium, and trafficking through the airway 

epithelium (Springer 1994; Butcher and Picker 1996), thus indicating that 
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airway epithelial cells play an important role in this process (Bloemen, van den 

Tweel et al. 1993; Thompson, Robbins et al. 1995). Activated T cells are recruited 

into the lungs, where they contribute to the cell-mediated immune response 

following T helper1 (Th1)-type differentiation or participate in the humoral and 

allergic reactions following Th1-type differentiation (Mosmann and Sad 1996). 

Th1 cells mainly secrete interferon-γ (IFN-γ), while Th2 cells principally 

produce the interleukins IL-4, IL-5, IL-10, and IL-13 (Mosmann and Sad 1996). 

Th1 cells and IFN-γ expression are increased in several pulmonary diseases, 

including pulmonary tuberculosis (Mossner and Lesch 1998). 

The cell lines which are most frequently used for in vitro lung studies include 

the human alveolar A549 cell line and the human bronchial cell line 16HBE14o-.  

1.3.1 The human alveolar type II-like cell line A549 

The A549 cell line is derived from a human lung carcinoma in a 58-year-old 

Caucasian male and exhibits many features of alveolar type II cells (Roggen, 

Soni et al. 2006). Human pulmonary epithelial cells (A549) are one of the major 

sources of productive inflammatory biomediators, such as prostaglandin E2 

(PGE2), and interleukin-6 (IL-6), in respiratory inflammatory diseases (Arnold, 

Humbert et al. 1994; Wu, Duan et al. 2005). They have been used extensively as 

a model to study alveolar reactivity to micro-organisms, particles and 

macromolecules and are representative of the lung compartment that is very 

likely to be involved in immunotoxicity (Roggen, Soni et al. 2006). A549 cells 

have retained at least partially the capacity to repair injured alveolar epithelium 
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and this could be a convenient source of cells for addressing the role of type I 

and type II cells in immunotoxicity (Roggen, Soni et al. 2006). 

1.3.2 The human bronchial epithelial cell line 16HBE14o- 

The 16HBE14o- cell line was developed by transformation (SV40 large T-

antigen) of cultured bronchial epithelial cells from a 1-year-old male heart-lung 

patient (Cozens, Yezzi et al. 1994). This cell line forms polarised cell layers, and 

retains differentiated epithelial morphology and functions, such as tight 

junctions, cilia, and a proper trans-epithelial resistance (Cozens, Yezzi et al. 

1994). 

1.3.3 The human bronchial epithelial cell line BETTYO2 

BETTYO2 cells are normal human bronchial epithelial cells that have been 

immortalised by the expression of the catalytic unit of human telomerase 

(hTERT). 

1.3.4 Normal human bronchial epithelial cells 

Normal human bronchial epithelial (NHBE) cells are primary human lung 

epithelial cells. Primary cells are better than cell lines as they are differentiated 

differently and are not immortalised.  

1.4 The inflammatory cells of the lung 

1.4.1 Macrophages 

The predominant phagocytic cell in the lung is the alveolar macrophage. 

Pulmonary macrophages are critical in maintaining the integrity of the gas-

exchange surface (Sibille and Reynolds 1990). This cell is transported from bone 
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marrow, where it originates, to the lung, as a blood monocyte. These are armed 

with an array of surface membrane receptors that promote the uptake and 

ingestion and phagocytosis of particles (Kryger 1990). These surface membrane 

receptors include Fc receptors for all classes of immunoglobulin (Ig) except 

IgM, complement receptors (CR1 and CR3), fibrin and fibronectin receptors, 

and receptors for the terminal sugars of bacteria (Kradin and Robinson 1996). 

Pulmonary macrophages also secrete soluble moieties that antagonise antigen 

presentation by dendritic cells and the production and utilisation of IL-2 by T 

cells (Kradin, McCarthy et al. 1987). These factors include prostaglandins, 

tumour growth factor-beta (TGF-β), nitric oxide (NO), and IL-10 (Holt, Oliver et 

al. 1993). 

1.4.1.1 RAW 264.7 

RAW 264.7 cells are a macrophage-like, Abelson leukaemia virus transformed 

cell line derived from BALB/c mice (Denlinger, Fisette et al. 1996). 

1.4.2 Neutrophils 

The other important phagocyte which is normally present in the lung in small 

numbers is the polymorphonuclear neutrophil. These infiltrate the lung during 

acute and chronic persistent pulmonary injury. Once an infection has begun, 

some of the products of inflammation originating from lymphocytes, 

macrophages, and activation of the complement system have the ability to 

attract neutrophils to the site of infection. This is known as chemotaxis. 

Although they are short-lived following their release from bone marrow, they 
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are excellent phagocytes that effectively limit tissue invasion by pathogens 

(Kradin and Robinson 1996). They are of most importance in defending against 

infectious processes that have become established. As they produce pro-

inflammatory cytokines, including tumour necrosis factor-alpha (TNF-α) and 

IL-1, it is thought that they may play a role in the regulation of pulmonary 

immunity. 

1.4.3 Eosinophils 

IgE-mediated allergic responses and a variety of non-allergic pulmonary 

inflammatory disorders cause the accumulation of eosinophils in the lung. The 

activities of eosinophils are regulated by Th2 lymphocytes, as well as by 

vasoactive mediators, including histamine and leukotrienes, released by mast 

cells and basophils (Kradin and Robinson 1996). 

1.4.4 Lymphocytes 

Lymphocytes are normal residents of the pulmonary system and are located in 

four sites: within the alveolar space at the epithelial surface, in lymphoreticular 

aggregates within the interstitium, in bronchus-associated lymphoid tissues 

(BALTs), and in sequestered intravascular pool (Kradin and Robinson 1996). 

Within the alveolar spaces, the proportion of lymphoid cells in the mucosa is 

about 12% of the total, consisting of approximately 10% B and 70% T 

lymphocytes (Hunninghake, Kawanami et al. 1981). Initiation of an immune 

response requires the interaction of lymphoid cells with each other and with 

accessory cells such as antigen presenting cells (Stockley 1997). 
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T lymphocytes express a large number of cell surface molecules that are capable 

of mediating adhesion to other cell types and to extracellular matrix (Stockley 

1997). These interactions allow the T cell to be aware of, and respond to, its 

environment, and have a critical role in cell to cell communication and the 

activation and regulated function of the immune system (Springer 1990). 

1.5 Inflammation and Cytokines 

1.5.1 Inflammation 

Inflammation is a normal response to disturbed homeostasis caused by 

infection, injury, and trauma (Pavlov, Wang et al. 2003). The magnitude of the 

inflammatory response is crucial: insufficient responses result in 

immunodeficiency, which can lead to infection and cancer; excessive responses 

cause morbidity and mortality in diseases such as rheumatoid arthritis, Crohn’s 

disease, atherosclerosis, diabetes, Alzheimer’s disease, multiple sclerosis, and 

cerebral and myocardial ischaemia (Tracey 2002). The inflammatory response 

may even become more dangerous than the original inciting stimulus if 

inflammation spreads into the bloodstream, as occurs in septic shock syndrome, 

sepsis, meningitis, and severe trauma. 

The onset of inflammation is characterised by the release of pro-inflammatory 

mediators including TNF, IL-1, adhesion molecules, vasoactive mediators, and 

reactive oxygen species (Baumann and Gauldie 1994; Koj 1996). Nuclear factor-

kappaB (NFκB) family members control the transcription of cytokines and 

antimicrobial effectors (Hayden, West et al. 2006). Excessive production of 
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cytokines, such as TNF, IL-1 and high mobility group B1 (HMGB1), however, 

can be more injurious than the inciting event, initiating diffuse coagulation, 

tissue injury, hypotension, and death (Tracey, Beutler et al. 1986; Baumann and 

Gauldie 1994; Wang, Bloom et al. 1999; Wang, Yang et al. 2001). Apart from 

their involvement in local inflammation, TNF-α and IL-1β are also signal 

molecules for the activation of brain-derived neuroendocrine 

immunomodulatory responses (Pavlov, Wang et al. 2003).  

Acute and repeated/chronic psychological stressors not only increase the 

production or release of corticotrophin-releasing hormone (CRH) and 

tryptophan (5-HT), but also enhance the synthesis or release of pro-

inflammatory cytokines, such as IL-1, IL-6, IFN-γ or TNF-α in humans and 

experimental animals (Maes 2001). These cytokines are known to orchestrate 

the key steps in the complex network, regulating the responses of the 

inflammatory-response system (IRS) and in cell-mediated immunity (Maes 

2001). Acute phase, pro-inflammatory cytokines such as C-reactive protein 

(CRP), IL-1 and IL-6, are activated in long-term haemodialysis patients (Memoli 

1999; Panichi, Migliori et al. 2000; Lee, Lee et al. 2004).  

The cytokines produced by the immune system have been shown to interact 

with specific receptors present in the brain to induce central effects and cells of 

the immune system possess receptors for many different neuropeptides and 

neurotransmitters which participate in the modulation of the immune system 

(Blalock 1989; Homo-Delarche and Dardenne 1993). Cytokine responses can be 



 

10 

manipulated to specific therapeutic advantage for inflammatory disease (Tracey 

2002). 

1.5.2 Cytokines 

Cytokines control the immune response, inflammation, haemopoiesis, cell 

proliferation, bone formation, wound healing, and the response to injury 

(Clemens 1991). They are peptides of low molecular weight, typically between 

15 and 30kD, and are secreted by cells such as macrophages and lymphocytes in 

response to various stimuli. The cytokine family of regulatory peptides includes 

interleukins, tumour necrosis factors, interferons, lymphokines, colony-

stimulating factors, transforming growth factors, chemotaxins, and some 

growth factors. 

1.5.2.1 IL-6 

IL-6 is a multifunctional cytokine with both pro-inflammatory and anti-

inflammatory properties (Kubera, Kenis et al. 2004). IL-6 is produced not only 

by immunocytes but also by other cells including astrocytes, microglia and 

neurones (Sebire, Emilie et al. 1993). It plays a key role in acute-phase protein 

synthesis (Baumann and Gauldie 1994), immune responses (Akira, Taga et al. 

1993) and inflammatory processes (Woloski, Smith et al. 1985) and also shows a 

number of anti-inflammatory effects, such as induction of corticosteroid 

synthesis (Woloski, Smith et al. 1985), inhibition of T cell activation in delayed-

type hypersensitivity responses, inhibition of development of adjuvant arthritis 
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(Mihara, Ikuta et al. 1991), and inhibition of IL-1 and TNF-α synthesis in vitro 

and in vivo (Aderka, Le et al. 1989; Starkie, Ostrowski et al. 2003). 

IL-6 inhibits the secretion of the two major pro-inflammatory cytokines TNF-α 

and IL-1β, stimulates serotonergic neurotransmission, and reveals therapeutic 

potential of acute inflammation and toxic or septic shock (Kubera, Kenis et al. 

2004). IL-6 also has been shown to be necessary for the antidepressant action of 

Hypericum perforatum (St.John’s Wart), and the activation of the central 

serotonergic metabolism following Hypericum perforatum may be attributed to 

increased levels of IL-6 (Calapai, Crupi et al. 2001). The stimulatory effect of 

antidepressants on IL-6 production does not rule out the hypothesis about a 

relationship between the therapeutic activity of antidepressants and their 

immunomodulatory effect (Kubera, Kenis et al. 2004). 

1.5.2.2 Tumour necrosis factor 

TNF, a cytokine with a relative molecular mass of 17,000 (17K), is produced by 

activated macrophages in response to pathogens and other injurious stimuli, 

and is a necessary and sufficient mediator of local and systemic inflammation 

(Tracey, Beutler et al. 1986; Tracey, Fong et al. 1987). TNF amplifies and 

prolongs the immune response by activating other cells to release both 

cytokines, such as IL-1 and HMGB1, and mediators, such as eicosanoids, nitric 

oxide, and reactive oxygen species, which promote further inflammation and 

tissue injury (Wang, Bloom et al. 1999). Early studies using monoclonal 

antibodies against TNF have shown that lethal tissue injury during bacterial 
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invasion may in fact be prevented effectively by reducing TNF levels (Tracey, 

Fong et al. 1987). 

1.5.2.3 IL-1 

Two forms of interleukin-1, α and β, have been cloned and sequenced (Mizel 

1989) which share only 26% amino acid sequence homology (Sacerdote, Bianchi 

et al. 1994). IL-1β is a polypeptide cytokine with pro-inflammatory properties 

which is produced by activated monocytes and other cells, including neurones 

(Dinarello 1984; Plata-Salaman 1991) but is mainly produced by activated 

microglia following diverse forms of neurodegeneration and central nervous 

system (CNS) inflammation (Orio, O'Shea et al. 2004). It is a potent pyrogen and 

is involved in the development of the hyperthermic response to exogenous 

pyrogens (Orio, O'Shea et al. 2004).  

IL-1 has an important role not only in modulating the immune system, but also 

in eliciting a variety of physiological reactions during infection, inflammation, 

and injury (Dinarello 1984; Plata-Salaman 1991; Rothwell 1991). It is a potent 

activator of hypothalamic CRH; it increases CRH secretion (Sapolsky, Rivier et 

al. 1987) and stimulates hypothalamic CRH messenger RNA (mRNA) (Suda, 

Tozawa et al. 1990). Stress-related effects of IL-1 include alteration of the 

hypothalamus-pituitary-adrenal axis (HPA) (Sapolsky, Rivier et al. 1987; Suda, 

Tozawa et al. 1990), inhibition of the reproductive axis (Rivest and Rivier 1991), 

and immunosuppression  (Sundar, Becker et al. 1989; Saperstein, Brand et al. 

1992). 



 

13 

1.6 Nitric Oxide 
Nitric oxide (NO) is produced endogenously in several cell types (e.g. epithelial 

and vascular endothelial cells, macrophages, eosinophils, neutrophils) of the 

human respiratory tract (Schafroth Török and Leuppi 2007). It can act as a 

dilator of bronchial and vascular smooth muscle, an immune response 

mediator, and a neurotransmitter. It is a free radical with a short half-life (1-5 

seconds) that reacts rapidly with other molecules such as oxygen or superoxide 

radicals (Schafroth Török and Leuppi 2007). 

Nitric oxide is an important molecule implicated in cytotoxic, antimicrobial and 

inflammatory processes (Moncada and Higgs 1993). Nitric oxide produced by 

epithelial cells functions in a number of capacities, including altering the beat 

frequency of cilia which can be regulated by a variety of mediators, all of which 

appear to act with nitric oxide as a final common pathway (Robbins, Barnes et 

al. 1994). Nitric oxide is also capable of modulating inflammatory cells 

recruitment and adhesion, and it is likely that within epithelial cells nitric oxide 

functions in this capacity (Robbins, Koyama et al. 1993). 

NO produced in the lungs is an important regulator of airway events, including 

modifying airway tone, regulating pulmonary vascular tone, stimulating mucin 

secretion, modulating mucociliary clearance through effects on ciliary beat 

frequency, and immune surveillance including tumoricidal and bactericidal 

effects (Schmidt and Walter 1994). 
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Nitric oxide can be produced through the action of three enzymes, the 

constitutively expressed nitric oxide synthase (cNOS), the neuronal nitric oxide 

synthase (nNOS) and the inducible nitric oxide synthase (iNOS) (Stockley 1997).  

Even though nitric oxide has been identified as a key signalling molecule in 

physiological processes, excessive production can lead to pathophysiological 

conditions such as chronic inflammation, arthritis, neurodegeneration and 

vascular shock. In some disease states, cells may overproduce nitric oxide 

which in turn can lead to cell death. The mechanism of cell death is related to 

both an inhibition of glycolysis and ATP formation, and an inhibition of DNA 

synthesis, causing damage to DNA and effects on signal transduction 

pathways. In some cases, nitric oxide has caused necrosis. Following the 

generation of nitric oxide, apoptosis has occurred in a variety of cell types 

(Ankarcrona, Dypbukt et al. 1994; Nishio, Fukushima et al. 1996; Nishio, 

Fukushima et al. 1996). Nitric oxide is also a potent inhibitor of mitochondrial 

respiration and energy metabolism (Stuehr and Nathan 1989). 

1.6.1 iNOS 

NO is a highly reactive oxidant that is produced through the action of iNOS 

and participates in diverse biological effects such as the regulation of vascular 

inflammation, neurotransmission, and apoptosis (Choi, Jin et al. 2011).  

NO released during inflammatory process is produced by iNOS, and in lung 

epithelial cells such as A549 cells, a mixture of Th1 cytokines composed of IL-

1β, TNF-α, and IFN-γ, is a potent inducer of iNOS and releaser of NO (Robbins, 
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Barnes et al. 1994). NFκB is a transcription factor that is considered the major 

regulator or inflammation in CNS (O'Sullivan, Ryan et al. 2009). Recent studies 

have reported that NFκB regulates the expression of iNOS (Choi, Jin et al. 2011). 

LPS-activated NO synthesis and the generated NO contributes at least in part to 

the expression of NFκB regulated gene coding for iNOS and TNFα (Czapski, 

Cakala et al. 2007).  

iNOS gives rise to both superoxide and NO at suboptimal levels of arginine, 

yielding the potent oxidant peroxynitrite (Heinzel, John et al. 1992; Beckman 

and Koppenol 1996; Meurs, Maarsingh et al. 2003) that promotes tissue damage 

and thus inflammation (Muijsers, van der Veeken et al. 2002). 

iNOS expression aggravates LPS-induced acute lung injury by influencing the 

adhesion of inflammatory cells to the pulmonary vascular endothelial cells, 

leading to worsening of vascular leakage and pulmonary oedema (Fukatsu, 

Saito et al. 1997). Induction of iNOS may play a harmful role by directly 

inducing tissue damage and through the formation of peroxynitrite (Kristof, 

Goldberg et al. 1998). High NO generation by iNOS and its reactive nitrogen 

oxide species causes oxidative and/or nitrative stress in cells and tissues and 

leads to nitration of proteins and genes, which is related to various biological 

phenomena such as apoptosis and mutation (Yoshitake, Kato et al. 2008). iNOS 

plays a detrimental role in the development of sepsis-induced acute lung injury 

(Rudkowski, Barreiro et al. 2004). 
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iNOS is regulated at a pretranslational level with a major part occurring at a 

pretranslational step such as transcription or mRNA stability (Ricciardolo, Sterk 

et al. 2004). The expression of iNOS activity in cells and tissues to known to be 

controlled at the level of transcription by combinations of cytokines (Asano, 

Chee et al. 1994).  Inflammatory cytokines, e.g. IFN-γ, and IL-1β, stimulate the 

expression of iNOS which results in an enhanced and sustained production of 

NO (Hurst and Clark 1997). In addition to these cytokines, macrophages 

stimulated by endotoxins or LPS generate excess NO through the action of 

iNOS (Yoshitake, Kato et al. 2008). For murine macrophages, inducibility is 

conferred by LPS and IFN-γ, with LPS effective alone (Asano, Chee et al. 1994). 

There is growing belief that excessive NO production by iNOS plays an 

important role in the induction of lung injury in patients with ARDS (Fielhaber, 

Carroll et al. 2012). 

1.7 Depression 
Depression is thought to be  associated with the metabolism of monoamine 

neurotransmitters such as 5-HT (serotonin), noradrenaline (NA), and dopamine 

(Luo and Tan 2001; Barden 2004).  

A hyperactivity of the pituitary-adrenocortical axis is often observed in patients 

with major depression and has been implicated in the pathophysiology of this 

disease (Barden 2004). This hyperactivity is usually corrected during a clinically 

effective therapy with antidepressant drugs (Heuser, Schweiger et al. 1996). 
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It has been postulated that disorders in central serotonin neurotransmission are 

implicated in the pathogenesis of major depression (Kubera, Maes et al. 2005). It 

has been shown that tryptophan depletion may cause mood disturbances in 

normal volunteers and depressed patients, as well as a reduction of 5-HT 

release in the frontal forebrain (Kubera, Maes et al. 2005). The cytokine 

hypothesis of affective disorders suggests the importance of serotonin-immune 

interactions in the working mechanisms of antidepressant drugs (Maes 2001). 

Major depression is associated with an activation of the inflammatory response 

system as well as an activation of some aspects of cell mediated immunity 

(Kubera, Maes et al. 2005).  It is accompanied by increased serum 

concentrations and increased production of monocytic and Th1-like 

lymphocytic cytokines, such as IL-1β, IL-2, IL-6, TNF-α and IFN-γ (Maes 2001). 

Immunotherapy with cytokines, such as interferons and IL-2, induces full 

blown major depression in a large number of subjects (Dantzer, Aubert et al. 

1999). The various vegetative symptoms of major depression are specifically 

due to the induction of cytokines by immunocompetent cells (Sammut, Bethus 

et al. 2002). 

1.8 Serotonin 
Serotonin (5-hydroxytryptamine, 5-HT) is an important mediator of interactions 

between the nervous and immune systems (Malinin, Oshrine et al. 2004). 

Serotonin is one of the most extensively studied neurotransmitters of the CNS, a 

vasoactive amine released by platelets at sites of inflammation and an immune 

modulator (Roszman, Jackson et al. 1985). In humans, 5-HT is produced outside 
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the CNS by enterochromaffin cells from gastric and intestinal mucosa (Grimaldi 

and Fillion 2000) and is stored in circulating platelets, and to a lesser extent in 

monocytes and lymphocytes (Kubera, Kenis et al. 2000). 5-HT interacts with 

blood cells and its modulatory effect on immune cells including T, B and 

natural killer (NK) cells, and monocytes/macrophages has been well 

documented (Hellstrand and Hermodsson 1993; Young and Matthews 1995). 

Recruitment of monocytes and macrophages to sites of inflammation and injury 

is a crucial step in the development and maintenance of inflammatory processes 

(Sacerdote, Bianchi et al. 1997). In inflammatory conditions, the activated 

platelets release 5-HT and this leads to an increase in its local concentration at 

the inflamed region (Kubera, Maes et al. 2005). 5-HT is released from platelets 

and lymphocytes/monocytes following stimulation by platelet activating factors 

or lectins/IFN-γ, respectively (Finocchiaro, Arzt et al. 1988), and also by 

endotoxic lipopolysaccharide (LPS, released by Gram-negative bacteria) 

(Kubera, Maes et al. 2005).  

The present data shows that 5-HT in physiological conditions may increase IL-6 

and TNF-α production partly by stimulation of the 5-HT2 receptors, and that 

extracellular 5-HT concentrations above the baseline physiological levels may 

suppress the production of these cytokines (Kubera, Maes et al. 2005).  

Serotonin causes vascular contraction and proliferation, potentiates synthesis of 

IL-6 that plays a significant role in chronic inflammation, improving mitogenic 

effect on megakaryocytopoieses (Yang, Srikiatkhachorn et al. 1996). 5-HT 
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enhances production of type IV collagen by human mesangial cells and 

subsequent increase in active TGF-β activity (Kasho, Sakai et al. 1998), and 

induces a significant increase in fibroblast proliferation (Mullaney, Curren et al. 

1991). It is responsible for two macrophage activation phenomena: phagocytosis 

and induction of TNF-α mRNA (Polanski, Vermeulen et al. 1995), and also 

modulates IFN-γ induced phagocytosis in murine bone marrow macrophages 

(Malinin, Oshrine et al. 2004). In studies, 5-HT has been indicated to have 

growth-promoting effects on several different cell types, including smooth 

muscle cells (Malinin, Oshrine et al. 2004).  

The effect of 5-HT on cell-mediated immunity and on the inflammatory 

response system is still a matter of controversy. A number of pro-inflammatory 

cytokines, including IL-1β, TNF-α and IFN-γ, have been shown to upregulate 

the 5-HT (Malinin, Oshrine et al. 2004). Some studies show that 5-HT has 

immunosuppressive effects: it has been reported that substances, which have 

the property to increase 5-HT concentrations, inhibit immunogenesis and 

antibody production in rodents (Kubera, Kenis et al. 2000). 5-HT may suppress 

delayed hypersensitivity and transplantation immunity (Devoino, Korovina et 

al. 1968). Recently, it has been shown that 5-HT has negative immunoregulatory 

effects through suppression of the stimulated production of IFN-γ/IL-10 

production ratio (Kubera, Kenis et al. 2000; Morimoto and Alexopoulos 2011), 

which reflects the pro-inflammatory capacity of the immunocytes producing 

these cytokines (Katsikis, Cohen et al. 1995). Extracellular 5-HT concentrations 
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at or above the serum values have negative immunoregulatory effects by 

inhibiting the production of IFN-γ, whereas 5-HT has no significant effects on 

the production of IL-19, an anti-inflammatory cytokine (Maes, Kenis et al. 2003). 

1.9 Antidepressants 
Antidepressant drugs readily cross lipid barriers, enabling them to cross the 

perineurial barrier, gaining access to the peripheral nerve terminal and adjacent 

sites (Sawynok, Esser et al. 1999). They work by increasing effective synaptic 

concentrations of monoamine neurotransmitters such as NA, dopamine and 5-

HT in the brain (Abdel-Salam, Nofal et al. 2003). Antidepressants may 

potentially represent an alternative class of agents to be developed in this 

regard. These agents have varying potencies, which could be explained through 

the different mechanisms associated with different antidepressants. The earliest 

focus, with regard to mechanism of action, was the ability of antidepressants to 

inhibit biogenic amine reuptake; interest subsequently developed in altered 

biogenic amine receptor sensitivity after the chronic alteration of biogenic 

amine levels in the synapse (Sawynok, Esser et al. 2001). 

It has become increasingly apparent that this class of drugs exhibits diverse 

pharmacological properties, with individual agents within a class exhibiting 

such effects to variable degrees, and this may account for differing specific 

pharmacological profiles between agents (Sawynok, Esser et al. 2001). 
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1.9.1 General actions of antidepressants 

Antidepressants have been found to be effective in a number of circumstances. 

Psychoactive drugs, such as benzodiazepines, phenothiazines, and tricyclic 

antidepressants (TCAs) have recently been shown to interact with the cells of 

the immune system and modulate different immune response, e.g. lymphocyte 

proliferation, NK activity, and antibody production (Bertini, Wang et al. 1991; 

Okada, Sugiura et al. 2001; Kannan, Balakrishnan et al. 2009). 

Recent data suggests that antidepressant drugs can enhance, via an increase in 

the concentration of glucocorticoid (GC) receptors in the CNS, a negative 

feedback mechanism that controls the HPA axis activity (Peiffer, Veilleux et al. 

1991; Budziszewska 2002; Antonioli, Rybka et al. 2012). Apart from an action on 

the feedback mechanism, antidepressants are known to lower CRH and 

corticosterone levels and to inhibit some effects exerted by GCs or stress in 

experimental animals (Barden 1996; Kubera, Kenis et al. 2001; Augustyn, 

Otczyk et al. 2005). Antidepressant drugs can also modify GC receptor action in 

addition to decreasing GC levels (Augustyn, Otczyk et al. 2005). These drugs 

can also block some effects induced by stress or corticosterone administration 

(Kubera, Kenis et al. 2001). The mechanism of inhibitory action of 

antidepressants on HPA axis activity involves enhancement of GC receptor 

synthesis in some brain structures implicated in the inhibition of CRH release 

(Holsboer 2000).  Apart from decreasing GC levels, antidepressant drugs can 

also modify GC receptor action (Kole, Swan et al. 2002). It has been found that 
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antidepressants, which differ between themselves in respect of their effect on 

the monoamine system, also inhibit GC-induced gene transcription in both 

mouse fibroblast cell (Budziszewska, Jaworska-Feil et al. 2000) and in human 

lymphocytes (Okuyama-Tamura, Mikuni et al. 2003). Both classical and new 

generation antidepressant drugs can attenuate some effects exerted by GCs via 

inhibition of their action on gene transcription (Augustyn, Otczyk et al. 2005). 

 Since serotonin has an important stimulatory activity on pituitary-

adrenocortical function in the rat (Szafarczyk, Alonso et al. 1980; Fuller 1981), 

the potentiation of serotoninergic transmission induced by fluoxetine probably 

leads to activation of the pituitary, followed by an increased secretion of 

corticosterone (Bianchi, Sacerdote et al. 1994). Antidepressant drugs inhibit; (1) 

the stress-induced decrease in the level of brain-derived neurotrophic factor 

(BDNF) in the rat hippocampus (Nibuya, Morinobu et al. 1995); (2) the chronic 

stress- or corticosterone-induced neurodegenerative changes in the rat 

hippocampus (Przegalinski and Budziszewska 1993); (3) the GC-elevated 

thyrotropin-releasing hormone (TRH) concentration in a culture of 

hypothalamic neurones (Jackson and Luo 1998).  

Antidepressant drugs also have an effect on the migration of PMN cells, with 

differential results due to their diverse chemical structures. In fact, while the 

TCA drugs provoke a significant inhibition of both spontaneous and formyl-

methionil-leucil-phenylalanine (FMLP) –induced migration of PMN, the non-

TCAs, fluoxetine and fluvoxamine, do not affect PMN functions (Sacerdote, 
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Brini et al. 1987; Sacerdote, Bianchi et al. 1994), even though fluoxetine and 

fluvoxamine share the same effects on serotonin reuptake with clomipramine 

(Wong, Bymaster et al. 1975; Benfield and Ward 1986; Sacerdote, Brini et al. 

1987). In the same way, nortriptyline, which potentiates the noradrenergic 

system is as active as clomipramine on PMN migration (Sacerdote, Bianchi et al. 

1994). Another example of how differently structured antidepressants affect 

processes differently is the fact that only the antidepressant drugs with a 

tricyclic molecular structure are able to affect the chemotaxis of immune cells in 

vitro (Sacerdote, Bianchi et al. 1994; Bianchi, Rossoni et al. 1995). 

Antidepressants have been linked with a number of actions, including wound 

healing, weight control, pain relief and anti-inflammation, in addition to having 

anti-depressive properties. 

Antidepressants are widely used in chronic pain states, and this includes both 

inflammatory and neuropathic pain conditions (Sawynok, Esser et al. 1999). In 

animal studies, antidepressants produce pain relieving properties in acute 

nociceptive (Eschalier, Mestre et al. 1994), inflammatory (Butler, Weil-Fugazza 

et al. 1985) and neuropathic pain tests (Ardid and Guilbaud 1992). The 

mechanistic basis of the pain relief afforded is not well understood although 

interactions with biogenic amines, opioid systems, excitatory amino acid 

receptors, substance P and calcium and sodium channels have been considered 

(Sawynok, Esser et al. 1999). 
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Some antidepressants may inhibit lipid peroxidation in the rat brain and 

suppress the ability of activated macrophages to produce ROS during 

phagocytosis (Hadjimitova, Traykov et al. 1999). 

1.9.2 Anti-inflammatory effects of antidepressants 

Recent evidence indicates that depression may be accompanied by an activation 

of inflammatory, autoimmune and cell-mediated immune responses (Kubera, 

Kenis et al. 2004; Morimoto and Alexopoulos 2011). If increased production of 

pro-inflammatory cytokines were involved in the aetiology of depression, one 

would expect antidepressive treatments to have negative immunoregulatory 

effects (Kubera, Kenis et al. 2000).  

The CNS and the immune system share common transmitters and receptors 

which may account for the effects of antidepressants on the immune system. 

The cytokines produced by the immune system have been shown to interact 

with specific receptors present in the brain to induce central effects and cells of 

the immune system possess receptors for many different neuropeptides and 

neurotransmitters which participate in the modulation of the immune system 

(Blalock 1989). 

The HPA plays an important role in counter-regulation of the immune response 

(Munck, Guyre et al. 1984), and peripherally CRH has been shown to potentiate 

local inflammatory reactions (Karalis, Sano et al. 1991). In a study, both 

adrenalectomy and hypophysectomy prevented an anti-oedema effect, 

suggesting an involvement in the HPA in the anti-inflammatory action of 
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fluoxetine (Bianchi, Sacerdote et al. 1994). This hypothesis was further 

supported by the data indicating a remarkable enhancement of corticosterone 

plasma concentration after fluoxetine administration (Bianchi, Sacerdote et al. 

1994). A CRH receptor antagonist which blocked the CRH receptors did not 

interfere with the effect of fluoxetine indicating that the activation of 

hypothalamic CRH neurones does not represent a crucial event for this 

phenomenon (Bianchi, Sacerdote et al. 1994). The pituitary has to be stimulated 

independently of CRH in order to mediate the anti-inflammatory effect of 

fluoxetine (Bianchi, Sacerdote et al. 1994). Therefore, fluoxetine must have an 

indirect action on the pituitary-adrenocortical axis. It has been demonstrated 

that a drug able to increase serotoninergic tone exerts a potent anti-oedema 

effect in inflamed rat paws, an effect mediated by endocrine metabolism 

(Bianchi, Sacerdote et al. 1994). Therefore, the activation of serotoninergic 

descending inhibitory pathways by fluoxetine might contribute to reduced 

hind-paw inflammation in experimental conditions (Behbehani and Fields 1979; 

Yaksh and Wilson 1979). Thus, different mechanisms, activated by serotonin, 

might be involved in the anti-oedema effect of fluoxetine and both might 

contribute to the anti-inflammatory action exerted by this antidepressant drug 

(Bianchi, Sacerdote et al. 1994). 

In vitro, antidepressants with a serotonergic mode of action have, at 

concentrations within the therapeutic range, negative immunoregulatory 
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effects, i.e. they increase the production rate of interleukin-10 (IL-10), a negative 

immunoregulatory cytokine (Kubera, Kenis et al. 2000). 

Antidepressant treatments are effective by interfering with cytokine production 

and activity, but the exact mechanism by which this effect on cytokine 

production occurs still remains elusive (Kubera, Kenis et al. 2004). They are able 

to increase tryptophan levels and serotonin metabolism in several brain regions 

by elevating IL-6 production in the periphery and the CNS (Kubera, Kenis et al. 

2004). It is suggested that the therapeutic activity of these drugs is at least partly 

connected with their effect on IL-6 production, and it may be speculated that 

although antidepressants suppress the IL-6 production by monocytes, they 

increase this production by lymphocytes (Kubera, Kenis et al. 2004). Another 

suggestion is that changes in local mediator release might underlie the anti-

inflammatory effect of clomipramine and fluoxetine because PGE2 

immunoreactivity and substance P concentrations in the inflammatory exudates 

were reduced following the administration of these drugs (Abdel-Salam, Nofal 

et al. 2003). 

At present there is evidence to suggest that antidepressants have negative 

immunoregulatory effects. These effects have been found in vivo, ex vivo and in 

vitro. Repeated administration of antidepressants to depressed patients reduces 

the production of pro-inflammatory cytokines and suppresses signs of 

activation of the IRS (Maes, Kenis et al. 2005). The treatment of depressed 

patients with antidepressants normalises the initially increased pre-treatment 



 

27 

plasma concentrations of IL-6 (Frommberger, Bauer et al. 1997) and the 

stimulated production of IFN-γ, produced by Th-1-like cells (Seidel, Arolt et al. 

1995).  

Antidepressant drugs have been found to inhibit the production of pro-

inflammatory cytokines in rats subjected to unpredictable stressors for 8 weeks 

in a chronic mild stress model of depression (Kubera, Symbirtsev et al. 1996), 

and also suppress the GC receptor-mediated gene transcription in a culture of 

fibroblast cells (Budziszewska, Jaworska-Feil et al. 2000). 

Antidepressants with a serotonergic mode of action have inhibitory effects on 

IFN-γ and TNF-α production and a stimulatory effect on IL-10, a negative 

immunoregulatory with anti-inflammatory properties (Kubera, Kenis et al. 

2000). Antidepressant agents also produce anti-inflammatory effects in vitro, 

e.g. they significantly suppress the production of pro-inflammatory cytokines 

and increase that of IL-10 (Xia, DePierre et al. 1996). The inhibitory effect of 

antidepressants on the IFN-γ/IL-10 ratio is probably connected with their 

stimulatory effect on cAMP (cyclic adenosine monophosphate) production 

(Kubera, Kenis et al. 2001). The elevated level of cAMP has been shown to 

induce an increase and a decrease in IL-10 and IFN-γ production, respectively 

(Benbernou, Esnault et al. 1997; Shin, Benbernou et al. 1998). 

 In vitro, TCAs such as clomipramine and imipramine, and selective serotonin 

reuptake inhibitors (SSRIs) such as citalopram strongly inhibit the production of 

TNF-α, IL-6 and IL-1β (Xia, DePierre et al. 1996).  
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Although both pro-serotoninergic antidepressants clomipramine, a TCA, and 

fluoxetine, a non-TCA, inhibit the yeast-induced inflammation in the rat paw, 

the effect of fluoxetine is blocked in adrenalectomised and in 

hypophysectmised animals, whereas the effect of clomipramine is not (Bianchi, 

Sacerdote et al. 1994; Bianchi, Sacerdote et al. 1994).  

1.9.3 Selective serotonin reuptake inhibitors 

More specific compounds, such as the non-TCA drug fluoxetine, have become 

available for clinical use (Beasley, Masica et al. 1992). The selective serotonin 

reuptake inhibitors (SSRIs), and in particular fluoxetine, have become first line 

drugs in the pharmacotherapy of patients with depression due to the fact that 

they possess tolerability and safety advantages over TCAs (Abdel-Salam, 

Baiuomy et al. 2004). The SSRIs exert their antidepressant effects by 

preferentially blocking the reuptake of 5-HT, thereby increasing extracellular 

levels of 5-HT (Fuller 1994; Piñeyro and Blier 1999). SSRIs are usually slowly 

absorbed  after oral administration, with peak concentrations achieved 

approximately 4.5-8.5 hours after dosage of 50-200mg (Malinin, Oshrine et al. 

2004). They act primarily by down-regulating postsynaptic β-receptors in the 

brain (Bakish, Cavazzoni et al. 1997). The main motivation for the use of these 

drugs is to reduce opioid requirements and corresponding side effects (Panerai, 

Bianchi et al. 1991).  

SSRI treatment increases the proliferation of brain neurons (Malberg, Eisch et al. 

2000). Increased cell proliferation and increased neuronal number may be a 
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mechanism by which SSRI treatment overcomes stress-induced atrophy 

(Malinin, Oshrine et al. 2004). 

SSRIs are known to exhibit potent anti-platelet effects via the blockade of 

intracellular calcium mobilization (Helmeste, Tang et al. 1995). SSRIs can lessen 

the development of inflammation, and regulate the IL and IFN production 

(Maes 2001).  

It seems attractive that SSRIs have a potential to regulate inflammation. It has 

been suggested that antidepressants exert some of their effects through their 

negative immunoregulatory effects (Szuster-Ciesielska, Tustanowska-Stachura 

et al. 2003). 

Prolonged treatment with SSRIs normalises the initially increased production of 

IL-6, IFN-γ, and positive acute phase proteins (Kubera, Kenis et al. 2000). 

Antidepressants with a serotonergic mode of action have inhibitory effects on 

IFN-γ and TNF-α production and a stimulatory effect on IL-10, a negative 

immunoregulatory cytokine with anti-inflammatory properties (Xia, DePierre et 

al. 1996; Maes, Song et al. 1999; Kubera, Kenis et al. 2000; Kubera, Lin et al. 

2001). The co-incubation of human blood with SSRIs (fluoxetine, sertraline), an 

SNRI (5-HT-noradrenaline reuptake inhibitor – venlafaxine), TCAs 

(imipramine, clomipramine), a reversible MAO-A inhibitor (RIMA, 

maclobemide) and L-5-HTP, an immediate 5-HT precursor, significantly 

increased the production of the anti-inflammatory cytokine IL-10 and/or 

decreased that of the pro-inflammatory cytokine IFN-γ (Maes, Song et al. 1999; 
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Kubera, Lin et al. 2001) and reduced the IFN-γ/IL-10 production ratio (Xia, 

DePierre et al. 1996; Maes, Song et al. 1999; Kubera, Lin et al. 2001; Kubera, 

Maes et al. 2005). 

The effects of antidepressant therapy on IL-6 production in depressed patients 

have yielded controversial results: some authors observed a decrease in IL-6 

serum level in non-refractory patients, whereas others reported lack of changes 

(Sluzewska, Rybakowski et al. 1995; Frommberger, Bauer et al. 1997; Kubera, 

Kenis et al. 2000). Some found the stimulatory effect of antidepressant drugs on 

IL-6 synthesis to be contrary to expectations (Kubera, Kenis et al. 2004). The 

antidepressants suppressed the production of pro-inflammatory cytokines IL-1 

and IFN-γ, and, moreover, they stimulated the production of the negative 

immunoregulators IL-10 and IL-1Ra (IL-1 receptor agonist) (Suzuki, Shintani et 

al. 1996; Kubera, Lin et al. 2001). In rats, SSRIs diminish acute phase response in 

the chronic mild stress and olfactory bulbectomised models of depression 

(Maes 2001). 

Citalopram is a SSRI often used to test binding to serotonin transporters in mice 

(Thrybom, Rooth et al. 2001). Citalopram significantly suppresses the 

production of IL-2 by stimulated T lymphocytes and IL-1β and TNF-α by 

stimulated monocytes (Xia, DePierre et al. 1996). Sertraline and fluoxetine, at 

concentrations in the range of the therapeutic plasma concentrations 

significantly reduces the IFN-γ/IL-10 ratio by suppressing the production of 

IFN-γ and stimulating that of IL-10 (Maes, Song et al. 1999). 
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1.9.3.1 Fluoxetine 

Fluoxetine (commercially known as Prozac) is the most frequently prescribed 

antidepressant that is shown to work as a selective 5-HT reuptake inhibitor 

(Luo and Tan 2001). The drug is also capable of inhibiting the reuptake of NE 

and inhibiting the 5-HT2C receptor (Stahl 1998). Pharmacokinetically, 

fluoxetine elevates the concentration of 5-HT at the synapses within a few hours 

of administration (Luo and Tan 2001). 

Fluoxetine is a clinically used potent antidepressant compound which acts both 

as a SSRI and also as an inhibitor of the reuptake of NE. It also exerts other 

effects, such as a blockade of muscular and neuronal nicotinic receptors 

(Colunga, Awad et al. 1997) and inhibition of monoamine oxidase A and B 

(Kokotos Leonardi and Azmitia 1994). Fluoxetine also inhibits the activity of 

voltage dependant Na+ and K+ and Ca+ channels (Pancrazio, Kamatchi et al. 

1998; Deák, Czi et al. 2000). In addition, fluoxetine inhibits the multi-drug 

resistance extrusion pump, thus enhancing responses to chemotherapy (Nahon, 

Israelson et al. 2005). Fluoxetine has also been found to enhance doxorubicin 

accumulation within tumours (Peer, Dekel et al. 2004). 

Fluoxetine exerts a potent anti-oedema effect, inhibiting the yeast-induced 

inflammation in the rat paw (Bianchi, Sacerdote et al. 1992; Bianchi, Sacerdote et 

al. 1994; Bianchi, Rossoni et al. 1995), and is equally effective in reducing 

inflammation whether administered before, at time of, or after provoking 

inflammation with carrageenan (Abdel-Salam, Baiuomy et al. 2004). It has been 
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reported to decrease the inflammatory exudates induced by yeast or 

carrageenan injection in the rat paw (Bianchi, Sacerdote et al. 1994; Bianchi, 

Rossoni et al. 1995; Uetani, Arroliga et al. 2001). Fluoxetine has also been found 

to significantly reduce the stimulated production of IFN-γ, although no 

significant effects on IL-10 production were found in some studies (Kubera, Lin 

et al. 2001; Maes, Kenis et al. 2005), it was also found to suppress TNF-α 

synthesis (Kubera, Lin et al. 2001; Kubera, Kenis et al. 2004). The suppressive 

effect of fluoxetine on TNF-α production is reversed in the presence of the 

protein kinase A (PKA) antagonist Rp-8-Br-cAMPS, which suggests that the 

inhibitory effect of fluoxetine on TNF-α production is at least in part related to 

PKA activation (Maes, Kenis et al. 2005). The suppressive activity of fluoxetine 

on TNF-α may be PKA-mediated, since PKA inhibition reverses the fluoxetine-

induced suppression of TNF-α production (Maes, Kenis et al. 2005).  

The subchronic treatment of depressed patients with fluoxetine normalises the 

initially increased plasma concentrations of the pro-inflammatory cytokine IL-6 

(Sluzewska, Rybakowski et al. 1995).  

The systemic anti-inflammatory action of fluoxetine has been attributed to an 

activation of the HPA resulting from central 5-HT actions (Bianchi, Sacerdote et 

al. 1994). Part of the effects are due to the serotonergic activities of fluoxetine, 

such as an increase in extra-cellular 5-HT level and/or stimulation of some 

serotoninergic receptors (Maes, Kenis et al. 2005). Fluoxetine can elevate extra-

cellular 5-HT level by inhibiting the 5-HT transporter present on blood elements 
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and/or by enhancing serotonin synthesis via an increased expression of the 

serotonin-synthesising enzyme tryptophan hydroxylase (Kim, Park et al. 2002). 

There have been results showing enhancement of programmed cell death in 

various cell lines (Wright, Zhong et al. 1994). Fluoxetine was found to trigger 

rapid and extensive apoptosis in Burkitt lymphoma cells which is prevented by 

over-expression of the anti-apoptotic Bcl-2 (Serafeim, Holder et al. 2003). The 

drug was shown to penetrate the cell membrane and to be distributed in several 

intracellular compartments (Nahon, Israelson et al. 2005). Fluoxetine also 

increases the voltage-dependence of the voltage-dependence anion channel 

(VDAC1) incorporated into a planar lipid bilayer and it has been proposed that 

fluoxetine blocks the mitochondrial permeability transition pore (PTP) (Thinnes 

2005). VDAC, also known as a mitochondrial porin, is a large channel that 

transports anions, cations (Shoshan-Barmatz and Gincel 2003; Colombini 2004), 

adenine nucleotides (Rostovtseva and Colombini 1997), Ca2+ (Gincel, Zaid et al. 

2001) and other metabolites (Hodge and Colombini 1997) into, and out of, the 

mitochondrial intermembrane space. VDAC plays an important role in 

apoptosis by participating in the release of intermembrane space proteins, 

including cytochrome c (Shen, Connor et al. 1999). 

Studies have found contradicting links of fluoxetine with cell proliferation and 

an increased risk of developing cancer (Brandes, Arron et al. 1992; Lee, Kim et 

al. 2001; Manev, Uz et al. 2001). It has been shown to enhance cell proliferation 

and to prevent apoptosis in dentate gyrus (Lee, Kim et al. 2001), to stimulate 
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DNA synthase (Brandes, Arron et al. 1992) and inhibit UV-induced DNA 

fragmentation in U937 cells (Wright, Zhong et al. 1994). 

In experimental models of inflammation or neuropathic pain, fluoxetine was 

shown to exert anti-inflammatory and pain relieving effects (Bianchi, Sacerdote 

et al. 1994; Bianchi, Rossoni et al. 1995; Sawynok, Esser et al. 1999). The 

mechanism by which fluoxetine alleviates inflammation is not clear, though 

inhibition of substance P or involvement of the pituitary adrenal axis have been 

suggested to play a role in the anti-inflammatory effect of the drug (Bianchi, 

Sacerdote et al. 1994; Bianchi, Rossoni et al. 1995).  

1.9.4 Tricyclic antidepressants 

The conventional TCAs desipramine, amitriptyline, imipramine and 

clomipramine act by inhibiting NA and 5-HT reuptake into the presynaptic 

neuronal membrane (Abdel-Salam, Nofal et al. 2003). TCAs have been shown to 

suppress both synthesis of pro-inflammatory cytokines and depressive-like 

symptoms (Shen, Connor et al. 1999).  

In recent years it has been demonstrated that different TCAs reduce both acute 

and chronic experimental inflammation  (Hajhashemi, Sadeghi et al. 2010; 

Kariuki, Kanui et al. 2012). 

Different TCAs have been described to exert anti-inflammatory activity after 

both acute and chronic administration in rats (Bianchi, Sacerdote et al. 1992). 

TCAs appear to have negative immunoregulatory effects, since they suppress 
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the production of monocytic, i.e. TNF-α and IL-1, and Th1-like, i.e. IFN-γ, pro-

inflammatory cytokines, while increasing the production of IL-10 (Maes 2001). 

In animal models of inflammatory or neuropathic pain, TCAs exhibit anti-

nociceptive properties (Abdel-Salam, Nofal et al. 2003). TCAs have been shown 

to possess anti-oedomatogenic effects (Abdel-Salam, Nofal et al. 2003). 

The antidepressant drugs with a tricyclic molecular structure are able to affect 

the chemotaxis of immune cells in vitro (Sacerdote, Bianchi et al. 1994).  

Imipramine is a widely prescribed TCA. After chronic administration, 

imipramine decreases the expression of CRH mRNA in the hypothalamus 

(Brady, Whitfield et al. 1991). Repeated imipramine administration is 

accompanied by a reduction in the mild stress-induced ability of splenocytes to 

produce IL-1 and IL-2 following 8-week exposure to unpredictable stress 

(Kubera, Symbirtsev et al. 1996). Repeated administration with imipramine 

induces IL-1 and IL-1Ra mRNA in a vast area of rat brain; however, it induced a 

more pronounced effect on IL-1Ra mRNA than on IL-1 mRNA (Suzuki, 

Shintani et al. 1996). Imipramine does not modify the inhibitory effect of GCs on 

cytokine production (Kubera, Kenis et al. 2001). Clomipramine and imipramine 

significantly suppress the secretion of IL-2 by stimulated T lymphocytes and of 

IL-1β and TNF-α by stimulated monocytes (Xia, DePierre et al. 1996). 

Amitriptyline effectively relieved neuropathic pain following treatment of 

breast cancer (Abdel-Salam, Nofal et al. 2003). 
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After a 6-week treatment with amitriptyline, the initially increased pre-

treatment plasma concentrations of TNF-α, another pro-inflammatory cytokine, 

are significantly decreased (Lanquillon, Krieg et al. 2000). 

The anti-inflammatory effect of these drugs has been related to their ability to 

potentiate adrenergic transmission or to exert peripheral effects, such as an 

inhibition of prostaglandin synthase (Bianchi, Sacerdote et al. 1994). 

1.9.4.1 Desipramine 

Desipramine is a TCA which acts as a selective NA uptake inhibitor (Sawynok, 

Esser et al. 1999).  Desipramine could enhance NA activity and lead to a 

peripheral anti-nociceptive action via α2C receptors on the sensory nerve 

terminal (Khasar, Green et al. 1995). 

Single or repeated i.p. injection of 10 mg/kg of desipramine to naïve mice 

increased the ability of splenocytes to produce the negative immunoregulatory 

cytokine IL-10 (Kubera, Holan et al. 1998; Kubera, Maes et al. 2001).  

A single injection of desipramine to naïve mice increases the capacity of 

splenocytes to produce IL-10, an anti-inflammatory cytokine (Kubera, Holan et 

al. 1998). 

The systemic efficacy of desipramine in inhibiting inflammation is due to an 

alteration in circulating biogenic amine availability (Sawynok, Esser et al. 1999). 
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1.9.4.2 Clomipramine 

Clomipramine is a classical pro-serotoninergic TCA that has been described to 

reduce yeast-induced inflammation in rats (Bianchi, Sacerdote et al. 1994). 

Clomipramine, like fluoxetine, has been reported to decrease the inflammatory 

exudates induced by yeast or carrageenan injection in the rat paw (Bianchi, 

Sacerdote et al. 1994; Bianchi, Rossoni et al. 1995; Uetani, Arroliga et al. 2001). It 

has also be observed to inhibit the migration of polymorphonuclear (PMN) cells 

(Sacerdote, Bianchi et al. 1994; Roumestan, Michel et al. 2007).  

In vitro, at concentrations in the range of the therapeutic plasma concentrations 

obtained during clinical trials, clomipramine significantly reduces the 

production ratio of IFN-γ versus IL-10 by decreasing IFN-γ production and/or 

increasing that of IL-10 (Maes, Song et al. 1999). This suppressant effect is 

attributable to a suppression of the production of IFN-γ and to a significant 

stimulatory effect on the production of IL-10 (Maes, Song et al. 1999). 

Clomipramine has also been found to strongly inhibit the production of TNF-α, 

IL-6, and IL-1β, another pro-inflammatory cytokine produced by stimulated 

monocytes (Xia, DePierre et al. 1996). It also significantly suppresses the 

secretion of IL-1β, TNF-α, IFN-γ and IL-2 by leukocytes in vitro (Szuster-

Ciesielska, Tustanowska-Stachura et al. 2003). Since TCA binding sites are 

present on immune cells (Matthay, Geiser et al. 1999), clomipramine is likely to 

exert its effects by binding to these receptors (Sacerdote, Bianchi et al. 1997).  
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Clomipramine decreases human neutrophil chemotaxis in vitro (Sacerdote, 

Bianchi et al. 1994) and exerts anti-inflammatory activity in different 

experimental models of inflammation in the rat (Bianchi, Sacerdote et al. 1994; 

Bianchi, Rossoni et al. 1995).  

1.9.5 Other classes of antidepressants 

Other classes of antidepressants include heterocyclic antidepressants (HCAs), 

reversible inhibitors of monoamine oxidase-A (MAO-A) (RIMAs), serotonin-

noradrenaline reuptake inhibitors (SNRIs) and L-5-hydroxytryptophan (L-5-

HTP). L-5-HTP has been found to significantly enhance production of IL-10 and 

significantly suppress the IFN-γ/IL-10 ratio (Kubera, Lin et al. 2001). Trazadone, 

a HCA, like L-5-HTP, also significantly reduces the IFN-γ/IL-10 ratio (Maes, 

Song et al. 1999). Moclobenamide, a RIMA, has been reported to significantly 

inhibit the production of TNF-α and IL-8 by unstimulated whole blood and 

significantly enhance the production of IL-10 by LPS and photohaemagglutinin 

(PHA)-stimulated whole blood of normal volunteers (Lin, Song et al. 2000). 

1.9.5.1 Deprenyl 

Deprenyl (phenyl-isopropyl-methyl-propargylamine) was synthesized in 1962 

by Ecseri in the Chinoin Pharmaceutical Works, Hungary (Magyar and Szende 

2004). Deprenyl is a selective irreversible inhibitor of the B-type MAO (Knoll 

and Magyar 1972). Deprenyl played an essential role in MAO research, being 

the “golden standard” of MAO-B inhibitors (Magyar and Szende 2004). It has a 

broad spectrum of clinical uses including anti-parkinsonian and antidepressant 
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activities (Birkmayer, Knoll et al. 1983) Deprenyl potentiates the effect of 

levodopa and improves the quality of life of Parkinsonian patients (Birkmayer, 

Riederer et al. 1977). 

MAO inhibitors, including deprenyl, were developed as anti-depressants, but 

deprenyl in a dose required to induce selective irreversible MAO-B inhibition, 

does not provide anti-depressive activity (Magyar and Szende 2004).  

Due to MAO-B inhibition, deprenyl decreases the formation of ROS by blocking 

the normal metabolism of biogenic amines, consequently decreasing the 

oxidative damage of neurons and other tissues (Magyar and Szende 2004). 

Chronic treatment with deprenyl induces indirect antioxidant activity as well, 

by enhancing antioxidant processes due to mechanisms other than MAO-B 

inhibition (induction of scavenger functions) (Magyar and Szende 2004). At a 

concentration lower than needed to inhibit MAO-B, deprenyl can decrease the 

damage due to oxidative shock (Chiueh, Huang et al. 1994). Long term 

treatment with the drug can enhance the synthesis of SOD1 (superoxide 

dismutase), SOD2 and catalase activity in experimental animals (Carrillo, Kanai 

et al. 1993). 

At low doses, deprenyl inhibits the oxidative deamination of dopamine, 

phenylethylamine and benzylamine but not that of noradrenaline or 5-HT, but 

at higher doses this selectivity is lost (Youdim and Bakhle 2006).  
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1.10 Aims 
The current suggestion is that anti-depressant drugs work by enhancing 

serotonin. My hypothesis is that they have serotonin-independent cellular 

effects on both target lung cells and immune cells. In this thesis, the effects of 

anti-inflammatory effects of a number of anti-depressant drugs were 

investigated in order to determine whether they could be used in the treatment 

of ARDS. Immune cells are involved in ARDS so antidepressant drugs were 

investigated to see if they had a direct anti-inflammatory effect on the immune 

cells. Lung cells release inflammatory factors in ARDS and therefore 

investigations were done to see if the anti-inflammatory effects of 

antidepressant drugs also had a direct effect on lung cells. 
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Chapter 2: Materials and Methods 

This chapter describes the methods used throughout this thesis. An account of 

specific techniques are provided in the relevant chapters 

2.1 Materials 
Amersham International plc (Cardiff, UK) 

Enhanced Chemiluminescence (ECL) kit. 

BD Biosciences (Oxford, UK) 

Human IL-6 and IL-8 ELISA kits. 

Biomol - Enzo Life Sciences (UK) Ltd (Exeter, UK) 

iNOS Antibody (rabbit). 

Bio-Rad Laboratories (Richmond, USA) 

Electrophoresis equipment including power pack and mini-prep gel caster,  
Precision Plus kaleidoscope. 

Biosepra (Val-d’Oise, France) 

Ultroser G. 

Cayman Chemicals via Cambridge Bioscience Ltd (Cambridge, UK) 

QNZ. 

Gifts 

BETTYO2 cells were donated by Mike Lethem of the University of Brighton.  

LGS Standards (Middlesex, UK) 

A549, 16HBE14o-, RAW 264.7 and NHBE cells. 

Lonza Biosciences (Slough, UK) 

Bronchial epithelial growth medium (BEGM), DMEM:F12 medium, Eagle’s 

modified essential medium (EMEM), RPMI 1640 medium. 
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PAA Laboratories (Yeovil, UK) 

Foetal bovine serum (heat inactivated). 

Santa Cruz Biotechnology, inc (Heidelberg, Germany) 

Actin Antibody (rabbit), BAY11-7082, Goat anti-mouse  Secondary Antibody, 

Goat anti-rabbit Secondary Antibody, Lamin B1 Antibody (mouse), NFκB p65 

Antibody (mouse). 

Sigma-Aldrich (Gillingham, UK) 

Bovina Serum Albumin (BSA), Clomipramine, Deprenyl, Desipramine, 

dimethylsulphoxide (DMSO), Fluoxetine, Hoechst 33258, Lipopolysaccharide 

(LPS), MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, N-

(1-naphthyl)ethylenediamine dihydrochloride,  Penicillin-streptomycin (10,000 

units/ml penicillin and 10 mg/ml streptomycin), Propidium iodide, 

polyoxyethylene sorbitan monolaurate (Tween 20), sodium dodecyl sulfate 

(SDS),  Trypsin-EDTA (0.25% trypsin, 0.1% EDTA). 

All tissue culture plastics and general lab chemicals were from Fisher Scientific 

(Loughborough, UK). 

2.2 Buffers and solutions 

2.2.1 Acrylamide (30%) 

29 g acrylamide and 1 g of N,N-methylenebisacrylamide was dissolved in 80 ml 

of distilled water and made up to 100 ml, this was stored at 4°C 
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2.2.2 Phosphate buffered saline (PBS), pH 7.5 

  Amount (g/litre) Molarity (mM) 

Na2HPO4.12H2O 1.33 3.7 

KH2PO4  0.09 0.7 

NaCl  8.76 150 

2.2.3 Tris buffered saline (TBS)/tween 

10 ml of 1 M Tris-HCl was added to 50 ml of 2 M sodium chloride, 1 ml of 

tween 20 (polyoxyethylenesorbitan monolaurate) was added and this was made 

up to 1 litre with distilled water. 

2.2.4 Cytoplasm Extraction Buffer 

  Amount 

0.5 M HEPES  (pH 7.9) 240 μl 

0.5 M KCl  240 μl 

0.5 M EDTA (pH 8) 2.4 μl 

0.5 M EGTA (pH 8) 2.4 μl 

0.5 M DTT  24 μl 

25 x protease inhibitors 480 μl 

Distilled H2O  11.01 ml 
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2.2.5 Nuclear Extraction Buffer 

  Amount 

0.5 M HEPES  (pH 7.9) 60 μl 

0.5 M KCl  120 μl 

0.5 M EDTA (pH 8) 3 μl 

0.5 M EGTA (pH 8) 3 μl 

100 mM DTT  1.5 μl 

100% Glycerol 75 μl 

25 x protease inhibitors 480 μl 

Distilled H2O  1.144 ml  

2.3 Tissue culture 

2.3.1 Primary cells 

Primary human epithelial cells (NHBE) were maintained in bronchial epithelial 

growth medium (BEGM) following the manufacturer’s instructions. Medium 

was renewed every two days, and cells were passaged at 70% confluency.  

2.3.2 Cell lines 

Adenocarcinoma (A549) human lung epithelial cells were maintained in RPMI 

1640 medium containing 3% foetal bovine serum (FBS), 100 U/ml penicillin, 100 

μg/ml streptomycin.  

The human bronchial epithelial cells 16HBE14o- line was grown in Eagle’s 

modified essential medium (EMEM), supplemented with 10% FBS, 100 U/ml 

penicillin, 100 μg/ml streptomycin.  



 

45 

BETTYO2 are immortalized normal human bronchial epithelial cells. They were 

maintained in DMEM:F12 (1:1 Mix) containing 2% Ultroser G, 100 U/ml 

penicillin, 100 μg/ml streptomycin.  

The murine macrophage RAW 264.7 cell line was maintained in RPMI 1640 

medium containing 3% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin.  

In all cell lines, medium was renewed 2-3 times per week, and cells were 

passaged at 85% confluency. 

2.4 Passaging of cell lines 
The tissue culture medium was removed and 5 ml trypsin-EDTA solution 

added per 75 cm2 flask. The cells were incubated with trypsin-EDTA at 37ºC for 

ten minutes and then the flask was shaken gently to encourage the cells to lift 

off. The cells were added to a sterile universal tube containing 5 ml medium 

and mixed. Cells were spun at 1,500 rpm in the Heraeus Multifuge 3S centrifuge 

for 5 minutes. The supernatant was removed and cells were resuspended in 1 

ml of fresh medium, and clumps were dispersed by pipetting the cell mixture 

up and down the side of the universal. After a 2 fold dilution (15 μl cell 

suspension and 15 μl trypan blue) the cells were counted using a 

haemocytometer slide. The percentage of viable cells was noted and the cells 

were plated out as required. All cell lines were trypsinised weekly. 

For the cell viability assay, A549, 16HBE14o-, BETTYO2 and RAW264.7 cells 

were plated into 96-well plates at a density of 1x105 cells/well, and NHBE cells 
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were plated at a density of 1.5x105 cells/well (area of well 0.32 cm2). For 

microscopic analysis of cell death, A549, 16HBE14o-, BETTYO2 and RAW264.7 

cells were plated in 24-well plates at a density of 1x105 cells/well and NHBE 

cells were plated at a density of 2x105 cells/well (area of well 2 cm2). 

All tissue culture was carried out at 37ºC in a humidified atmosphere with 95% 

air and 5% CO2. 

2.5 Cell Viability Assay 
The MTT Cell Viability assay is based on the conversion of a yellow tetrazolium 

salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenlytetrazolium bromide) to purple 

formazan crystals by mitochondria of viable cells. Following the treatment of 

cells in 96-well plates, the culture medium was removed and replaced with 100 

μl of MTT (0.5 mg/ml in medium) for 30-60 minutes until purple precipitate 

was visible (time dependent on cell type) at 37ºC. The MTT solution was then 

removed, and 100 μl of dimethylsulfoxide (DMSO) added to dissolve the 

purple formazan crystals. The amount of formazan was quantified by 

measuring the absorbance of the solutions at 540 nm using a multiplate reader 

(Titertek Multiskan Plus). The results were expressed as a percentage of the 

control absorbance observed in untreated cells. 
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(A)

 

(B) 

 

Figure 2.5.1 Example MTT Calibration curve for absorbance against cell seeding 

density, where (A) shows the calibration for densities up to 5,000,000 cells/ml 

and (B) shows the linear portion of the curve (up to 156,000 cells/ml). 
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Figure 2.5.1 shows an example of the MTT calibration curve used to ensure that 

the correct seeding densities were used for each cell type. Absorbance values 

were always recorded within the linear portion of the calibration curve. Figure 

2.5.1 (B) shows a closer look at the linear portion of the curve. 

2.6 NO Assay 
NO is an unstable molecule, it is rapidly converted to nitrates and nitrites, 

hence their concentrations are parallel to NO levels. Nitrite and nitrate 

concentrations are estimated by using the Griess method. In this method, nitrate 

is first reduced to nitrite, and nitrite is determined by the generation of a bright 

pink chromophore as described by Green et al (Green, Wagner et al. 1982) . The 

Griess assay is one of the most popular and simplest methods used to detect the 

NO concentration.  

The Griess reagent: 

Solution A: 0.1% napthylethylenediamine dihydrochloride (w/v) in H2O. 

Solution B: 1.0% sulphanilamide (w/v) in 5% orthophosphoric acid. 

One part solution A is mixed with one part solution B to give Griess reagent. 

These solutions can be stored separately for several months, but once mixed 

must be used within 12 hours (Green, Wagner et al. 1982).  

50 μl of medium was removed from where the cells were grown and treated 

and placed into a clean 96 well plate. 50 μl of the Griess reagent was then 

added, and after 5 minutes incubation in the dark, the absorbance was 
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measured at 540 nm using a multiplate reader (Titertek Multiskan Plus). The 

concentration of nitrite in the medium was quantified as derived from standard 

curves (figure 2.6.1 is an example of one of these standard curves) by adding 

known concentrations of sodium nitrite.   

 

Figure 2.6.1: Example (n=1) of standard curve using known concentrations of 

sodium nitrite (μM). 

The limit of detection of the NO assay is 0.4 μM nitrite and the limit of 

quantification is 1 μM nitrite.  

2.7 Microscopic analysis of cell death 
The type of cell death (apoptosis or necrosis) was determined by fluorescent 

microscopy after staining with Hoechst 33258 and propidium iodide. Cells were 

grown in 24 well plates. After treatment with different drugs for 24 or 48 hours, 

the medium was removed and cells were incubated with 10 μg/ml Hoechst 

33258 and 1 mg/ml propidium iodide for 10 minutes at 37ºC. Dual stained cells 

were examined using an inverted fluorescent microscope (Zeiss Axiovert 25). 
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Live cells, viable cells, and early stage apoptotic cells, which have cell 

membrane function, take up blue dye (Hoechst 33258)(Fig 2.7.1A). Apoptosis 

was characterised morphologically by condensed chromatin (Fig 2.7.1C). Red-

stained cells (propidium iodide) were considered late apoptotic (condensed 

chromatin) or necrotic cells (Fig 2.7.1 B). 

 

Figure 2.7.1: A: Live cells, B: Necrotic cells having taken up the red propidium 

iodide but no blue Hoechst 33258, C: Apoptotic cells with condensed chromatin 

in the nucleus (images at x800 magnification) (Original in colour). 

2.8 Cytokine ELISA 
The IL-6 and IL-8 ELISA’s were used to measure secretion of IL-6 and IL-8 in 

the lung cells. 96 well plates were used. All wells were coated in capture 
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antibody (anti-human IL-6 monoclonal antibody), which was diluted in coating 

buffer (0.1 M Sodium Carbonate, pH 9.5). The plates were sealed and left to 

incubate at 4ºC overnight. The following morning, the wells were aspirated and 

washed three times with ≥300 μl/well with wash buffer (PBS with 0.05% Tween-

20). The plates were then blocked with 200 μl/well assay diluents (PBS with 10% 

FBS) and the plate sealed and incubated at room temperature for 1 hour. Post 

incubation, the wells were aspirated and washed a further 3 times with wash 

buffer. 100 μl of the standards, samples and controls were added to appropriate 

wells and the plate sealed and incubated for 2 hours at room temperature. 

When this incubation time was over, the wells were aspirated and washed five 

times and 100 μl working detector (biotinylated anti-human IL-6 monoclonal 

antibody plus streptavidin-horseradish peroxidise conjugate) added to each 

well. The plate was re-sealed and incubated for a further hour at room 

temperature. The wells were then aspirated and washed a total of 7 times, at 30 

second intervals. 100 μl of substrate solution (tetramethylbenzidine (TMB) and 

hydrogen peroxide) was then added to each well, and the plates incubated in 

the dark for 30 minutes before 50 μl of stop solution (1 M H3PO4) was added. 

The plates were then read at 450 nm using a multiplate reader (Titertek 

Multiskan Plus) within 30 minutes of adding the stop solution. 
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2.9 Protein Extraction 
This technique was used to extract proteins that were not in the nucleus or 

cytoplasm of the cells, e.g. this method was used to extract and analyse samples 

for iNOS. 

Cells were grown in 75 cm2 flasks to 85% confluency and then incubated with 

different treatments for 24 hours. After incubation, the medium was removed 

(and used in the NO assay) and the flasks washed twice in PBS. 1 ml Radio-

Immunoprecipitarion Assay (RIPA) buffer + cocktail + phenylmethanesulfonyl 

fluoride (PMSF) was then added to each flask, and the flasks incubated for 30 

minutes at 4ºC. Once the incubation period was complete, cells were scraped 

and collected in individual eppendorf tubes. The samples were passed several 

times through a needle and then centrifuged for 10 minutes at 4ºC. The 

supernatant was then removed and stored at -80ºC until ready for analysis. 

2.10 Nuclear and Cytoplasmic protein extraction 
This technique was used to extract proteins found within the nucleus and 

cytoplasm of the cells, e.g. this method was used to extract and analyse samples 

for NFκB. 

As with the regular protein extraction, cells were grown in 75 cm2 flasks to 85% 

confluency and incubated with different treatments for 24 hours. After 

incubation, the medium was removed and cells washed twice in PBS. The cells 

were then scraped and centrifuged at 1,500 rpm in the Heraeus Multifuge for 5 

minutes. The supernatant was removed and discarded, and the pellet 
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resuspended in 500 μl cytoplasm extraction buffer (2.2.4) and left to incubate for 

20 minutes at 4ºC. After incubation, the samples were vortexed for 30 seconds 

and then centrifuged for 2 minutes at 4ºC. The supernatant, the cytoplasmic 

extract, was then removed and stored at -4ºC. The remaining pellet was 

resuspended in 200 μl nuclear extraction buffer (2.2.5) and incubated for a 

further hour at 4ºC. The samples were then centrifuged for 15 minutes at 4ºC 

and the supernatant, the nuclear extract, removed and stored at -80ºC. 

2.11 Bradford Assay 
Samples taken using the protein extraction (2.9), and also nuclear and 

cytoplasmic protein extraction (2.10), were analysed using the Bradford Assay 

to determine the concentration of protein in each sample. This was important in 

order to equal load each sample. 

Bovine serum albumin (BSA) protein standards were prepared in water at 0.25 - 

1 mg/ml concentrations in order to prepare a standard curve (Figure 2.11.1 is an 

example of one of these standard curves). 10 μl of the standards were added to 

separate wells on a 96 well plate, in duplicate. Samples were first tested neat 

and if necessary diluted (e.g. 1 in 10, 1 in 20, etc.). 10 μl of each sample was 

added, in duplicate, to individual wells of a 96 well plate. 250 μl of Bradford 

reagent was then added to each well and the plate left at room temperature for 

15 minutes. The plate was shaken for 30 seconds and then measured at 595 nm 

using a multiplate reader (Titertek Multiskan Plus). 
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Figure 2.11.1: Example (n=1) of standard curve using known concentrations of 

albumin (μg/ml). 

2.12 Protein sample preparation 
Prior to adding to the wells, the protein samples were diluted down to obtain 

equal loading at a concentration of 5.3 μg/ml. 15 μl of this solution was mixed 

with equal amounts of 2x sample lamelli buffer to give protein concentrations 

of 80 μg in 30 μl. Each sample was boiled for 5 minutes and then placed in 4ºC 

for 10 minutes. 

2.13 SDS-PAGE 
Gels were prepared using the information in Table 2.13.1. 

30 μl of the prepared samples were added to each lane in the prepared gels. 5 μl 

of a molecular weight marker (Biorad Precision Plus Kaleidoscope) was also 

added to the first lane. The gel was then run at 100 V for 20 minutes until the 

samples had passed the stacking gel and then run for a further 90 minutes at 

120 V to allow the samples to separate. 

y = 0.0004x - 0.0125 
R² = 0.9942 

-0.05 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0.4 

0 200 400 600 800 1000 1200 

A
bs

or
ba

nc
e 

at
 5

95
nm

 

Albumin Concentration (µg/ml) 



 

55 

Table 2.13.1: Recipes for preparing both the separation and stacking gels for 

SDS-PAGE. 

 Separation Gel (8%) Stacking Gel (5%) 

dH2O 6.1 ml 8.46 ml 

1 M TRIS 7.48 ml 1.5 ml 

10% SDS 200 μl - 

30% Acrylamide 6 ml 2.04 ml 

Ammonium Persulfate (APS) 100 μl 100 μl 

N,N,N′,N′- Tetramethylethylenediamine 
(TEMED) 

20 μl 20 μl 

2.14 Electrophoretic Transfer to Polyvinylidene fluoride 
(PVDF) membrane 

Filter paper was cut into approximately 7 x 20 cm pieces – two for each gel 

running. A piece of PVDF membrane was also cut to the same size for each gel. 

The filter paper, PVDF membrane and filter pads were placed in the transfer 

buffer to soak for 5 minutes. The sandwich kit was assembled (pad-filter paper-

membrane-gel-filter paper-pad) and placed into the transfer assembly, filling 

the tank with transfer buffer, and adding a cooling block. The system was set 

up at 4ºC and run at 100 V for 90 minutes.  

2.15 Western Blot Analysis 
After completing the transfer to the PVDF membrane, the membrane was 

removed and blocked in 20 ml of 5% milk in tris buffered saline (TBS), with 

0.05% tween, for 1 hour at room temperature on a shaker. After the hour of 

blocking was complete, the shaker was moved to the cold room, in order to 

incubate the membrane in the primary antibody (details of specific antibodies 

used can be found in Chapter 4 and Chapter 5) at 4ºC overnight. The following 
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day, the membrane was washed 3 times at 10 minute rotations, in TBS with 

tween. The membrane was then incubated at room temperature with the 

secondary antibody for 2 hours. The membrane was then washed 6 times in 

TBS tween, at 5 minute intervals. During the last wash the Enhanced 

Chemiluminescence (ECL) plus solution was prepared. The membrane was air-

dried for 1 minute and placed face up on clingfilm. The membrane was then 

covered in 1 ml of the ECL plus solution. After 60 seconds, the excess solution 

was poured off the membrane, and the membrane air-dried for 30 seconds, 

before placing the membrane face down on a clean section of cling film, sealing 

the membrane within. This membrane/clingfilm sandwich was placed in a film 

cassette and taken into a dark room. A piece of film was then placed within the 

cassette and exposed for 8 minutes. After this time, the film was developed. 

2.16 Statistical analysis of results 
Data is presented as the mean ± standard deviation (mean ± SD). The statistical 

significance of the difference between the means were calculated using ANOVA 

where p<0.05 were considered significant. The post hoc test Fisher’s least 

significant difference (LSD) was used to check significance between groups 

where p<0.05 was considered significant. 
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Chapter 3: Effects of antidepressant drugs on 
lung cells 
3.1 Introduction 

Antidepressant drugs have been found to demonstrate anti-inflammatory 

effects in the lung, in vivo (Sacerdote, Bianchi et al. 1997). The mechanism is 

currently unknown but could be directly affecting cells of the lung, 

inflammatory system, or both. In order to identify whether antidepressants 

affected the lung cells, different cell lines were used to determine which cell line 

was most appropriate for further studies.  

NHBE cells are expensive to maintain, hard to grow, and have a very limited 

number of passages. Many lung cell lines are commercially available, including 

the A549 and 16HBE14o- cell lines. A549 cells are a very popular lung cell line 

for a wide range of investigations, including some preliminary work with anti-

depressant drugs. These cell lines were compared to NHBE cells in response to 

anti-depressant drugs. In addition, the novel BETTYO2 cell line, which is 

currently not commercially available, was also compared to NHBE cells in 

response to anti-depressant drugs. 

This chapter examines the effects of different antidepressant drugs on a 

selection of different types of lung cell lines (which have been immortalised 

using different techniques and therefore could have different responses), and 

compares them to the primary cells. These results would determine which cell 
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line would be most appropriate to take forward for further investigations as a 

model to study the effects of anti-depressant drugs on lung cells. 

3.2 Methods 

3.2.1 Experimental Procedure 

A549, 16HBE14o- and BETTYO2 cells were passaged onto 96 and 24 well plates 

at 10,000 cells per well. NHBE cells were passaged onto 96 well plates at 15,000 

cells per well, and onto 24 well plates 20,000 cells per well. 

The cells in the 96 well plates were incubated with fluoxetine at a range of 0.001 

– 1 μM, and clomipramine, desipramine and deprenyl at 0.001 – 10 μM, for 24 

and 48 hours, and the cell viability MTT assay completed (See 2.5 Cell Viability 

Assay). After 30 days dosing at 40 mg/ml, plasma concentrations of fluoxetine 

in the range of 0.3 – 1 μM have been observed (0.7 – 1.6 μM for clomipramine, 

0.6 – 1.1 μM for Desipramine). 

The cells in the 24 well plates were treated with 0.1 and 0.3 μM fluoxetine and 

clomipramine for 24 and 48 hours. The cells were then treated with Hoechst 

33258 and propidium iodide and analysed for apoptosis and necrosis levels as 

described in 2.7 Microscopic analysis of cell death.  

Statistical analysis was carried out on all results using ANOVA where p<0.05 

was considered significant. The post hoc test Fisher’s least significant difference 

(LSD) was used to check the significance between groups, where p<0.05 was 

considered significant.  
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3.3 Results 

3.3.1 Fluoxetine 

Fluoxetine caused a dose and time dependent decrease in lung cell viability in 

the A549 and 16HBE14o- cell lines but not in BETTYO2 or NHBE cells (Fig 3.1), 

with the most pronounced effect observed in A549 cells. There was no 

significant effect observed when BETTYO2 and NHBE cells were exposed to 

fluoxetine (Fig 3.1). 

When cell death was analysed microscopically, fluoxetine caused a dose and 

time dependent increase in apoptosis in A549 and 16HBE14o- cells (Fig 3.2). 

There was also a slight, but still significant, increase in necrosis of 16HBE14o- 

cells at both 24 and 48 hours. Fluoxetine caused no significant changes in the 

number of apoptotic or necrotic BETTYO2 cells (Fig 3.3A) but did cause a slight, 

yet significant, increase in both apoptotic and necrotic NHBE cells after 48 

hours (Fig 3.3 B). 

3.3.2 Clomipramine 

Unlike fluoxetine, clomipramine caused a significant decrease in cell viability 

across all lung cells tested (Fig 3.4). When analysed microscopically, the results 

were the same across all cell types – clomipramine caused a dose and time 

dependent increase in apoptosis (Fig 3.5 and 3.6). 
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(A)  

 

(B) 

 

Figure 3.1: Effects on the viability of A549, 16HBE14o-, BETTYO2 and NHBE 

cells after (A) 24 hour and (B) 48 hour incubation with fluoxetine (μM). Data are 

means ± SD from three independent experiments with six replicates each. 

Statistical analysis was carried out by ANOVA where p<0.05 was considered 

significant. Fisher’s least significant differences (LSD) was used to check 

significance between groups (*=p<0.05 compared with control) (Original in colour). 
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(A) 

 

(B) 

 

Figure 3.2: Percentage live, necrotic and apoptotic after 24 and 48 hours 

incubation with fluoxetine on (A) A549 cells and (B) 16HBE14o- cells. Data are 

means ± SD from three independent experiments with three replicates each. 

Statistical analysis was carried out by ANOVA where p<0.05 was considered 

significant. Fisher’s LSD was used to check significance between groups 

(*=p<0.05 compared with control, o=p<0.05 compared with same treatment at 24 

hour incubation time) (Original in colour). 
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(A) 

 
(B) 

 

Figure 3.3: Percentage live, necrotic and apoptotic after 24 and 48 hours 

incubation with fluoxetine on (A) BETTYO2 cells and (B) NHBE cells. Data are 

means ± SD from three independent experiments with three replicates each. 

Statistical analysis was carried out by ANOVA where p<0.05 was considered 

significant. Fisher’s LSD was used to check significance between groups 

(*=p<0.05 compared with control, o=p<0.05 compared with same treatment at 24 

hour incubation time) (Original in colour). 
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(A) 

 

(B) 

 

Figure 3.4: Effects on the viability of A549, 16HBE14o-, BETTYO2 and NHBE 

cells after (A) 24 hour and (B) 48 hour incubation with clomipramine (μM). Data 

are means ± SD from three independent experiments with six replicates each. 

Statistical analysis was carried out by ANOVA where p<0.05 was considered 

significant. Fisher’s LSD was used to check significance between groups 

(*=p<0.05 compared with control) (Original in colour). 
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(A) 

 

(B) 

 

Figure 3.5: Percentage live, necrotic and apoptotic after 24 and 48 hours 

incubation with clomipramine on (A) A549 cells and (B) 16HBE14o- cells. Data 

are means ± SD from three independent experiments with three replicates each. 

Statistical analysis was carried out by ANOVA where p<0.05 was considered 

significant. Fisher’s LSD was used to check significance between groups 

(*=p<0.05 compared with control, o=p<0.05 compared with same treatment at 24 

hour incubation time) (Original in colour). 
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(A) 

 

(B) 

 

Figure 3.6: Percentage live, necrotic and apoptotic after 24 and 48 hours 

incubation with clomipramine on (A) BETTYO2 cells and (B) NHBE cells. Data 

are means ± SE from three independent experiments with three replicates each. 

Statistical analysis was carried out by ANOVA where p<0.05 was considered 

significant. Fisher’s LSD was used to check significance between groups 

(*=p<0.05 compared with control, o=p<0.05 compared with same treatment at 24 

hour incubation time) (Original in colour). 
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3.3.3 Desipramine 

Desipramine had much less of an effect on the viability of the lung cells tested 

(Fig 3.7). Only A549 cells showed a significant decrease in cell viability, which 

was both dose and time dependent. The viability of BETTYO2 cells was only 

affected when exposed to 10 μM desipramine. 

3.3.4 Deprenyl 

The A549 cells were the only lung cells that were sensitive to treatment with 

deprenyl (Fig 3.8). The effects observed were both dose and time dependent. 

BETTYO2 cells were only affected at concentrations of 3 μM and above after 48 

hours exposure. No effects were observed in 16HBE14o- cells.  
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(A) 

 

(B) 

 

Figure 3.7: Effects on the viability of A549, 16HBE14o-, BETTYO2 and NHBE 

cells after (A) 24 hour and (B) 48 hour incubation with desipramine (μM). Data 

are means ± SD from three independent experiments with six replicates each. 

Statistical analysis was carried out by ANOVA where p<0.05 was considered 

significant. Fisher’s LSD was used to check significance between groups 

(*=p<0.05 compared with control) (Original in colour). 
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(A) 

 

(B) 

 

Figure 3.8: Effects on the viability of A549, 16HBE14o- and BETTYO2 cells after 

(A) 24 hour and (B) 48 hour incubation with deprenyl (μM). Data are means ± 

SD from three independent experiments with six replicates each. Statistical 

analysis was carried out by ANOVA where p<0.05 was considered significant. 

Fisher’s LSD was used to check significance between groups (*=p<0.05 

compared with control) (Original in colour). 
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3.4 Discussion 
The antidepressant drug types MAO-inhibitor’s, TCA’s and SSRI’s tested had 

differential effects on cell viability and death depending on the lung cell line.  

Deprenyl is an MAO inhibitor and is no longer used as an antidepressant drug, 

but more often used in the treatment of Parkinson’s due to its effect on the 

reuptake of DOPA. This drug was used as a control to determine whether all 

antidepressant drugs, which act through different pathways, would generate 

similar results. Deprenyl has very little effect on any of the lung cells, other than 

at very high concentrations, much higher than those observed at therapeutic 

levels and therefore insignificant. There is no evidence that deprenyl has any 

anti-inflammatory effects and was therefore not taken forward for testing as a 

neuromodulator.  

Clomipramine, a TCA, was the most toxic of all anti-depressant drugs tested, 

affecting all four types of lung cells tested, causing a significant decrease in cell 

viability. When analysed microscopically, clomipramine was observed to cause 

apoptosis in the cells, indicating a possible mechanism of action through 

mitochondrial pathways. In addition to affecting the viability of A549, 

16HBE14o-, BETTYO2 and NHBE cells, there is literature suggesting 

clomipramine causes a decrease in the viability of T lymphocytes (Xia, Karlsson 

et al. 1997). When investigating the effects of TCAs on the T lymphocytes, 

clomipramine was the most potent in inducing apoptosis (Xia, Karlsson et al. 

1997). Clomipramine has also been shown to exert anti-neoplastic effects both in 
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vivo and in vitro in human acute myeloid leukaemia HL-60 cells (Xia, Bergstrand 

et al. 1999). 

The mechanisms by which clomipramine causes apoptosis in the cell lines are 

not very well understood. There are two distinct molecular signalling pathways 

that lead to apoptotic cell death: (a) the intrinsic, or mitochondria-mediated 

pathway, and (b) the extrinsic, or extracellular activated pathway (Nagata 1997). 

The intrinsic pathway is usually activated in response to intracellular stress 

signals, which include DNA damage and high levels of ROS, as well as by viral 

infection and activation of oncogenes, and the extrinsic pathway is triggered by 

binding of an extracellular ligand to a receptor on the plasma membrane (Ricci 

and Zong 2006). DNA damage, P53 activation, altered cell cycle progression, or 

generation of ROS might be the common trigger by which all chemotherapeutic 

agents induce apoptosis (Xia, Bergstrand et al. 1999). Mitochondria play a 

critical role in the regulation of energy metabolism, ROS production and 

apoptosis (Pilkington, Parker et al. 2008). Pharmacologic or molecular inhibition 

of NFκB has also been found to result in apoptosis, demonstrating that its 

activity is required for survival, probably through the transcriptional 

upregulation of survival genes (Bian, Giordano et al. 2004). 

By blocking the mitochondrial electron transport chain, TCAs, including 

clomipramine, are thought to initiate an increase in superoxide production and 

hence hydrogen peroxide production, decreased membrane potential and 

possibly mitochondrial permeability transition pore (PTP) formation 
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(Pilkington, Parker et al. 2008). This causes cytochrome c to be released and 

activation of pro-caspase-9, caspase 3 and endonuclease G results in DNA 

degradation and apoptotic death (Pilkington, Parker et al. 2008). Clomipramine 

has been demonstrated to initiate the intrinsic pathway of caspase-3-dependent 

apoptosis (Daley, Wilkie et al. 2005; Pilkington, Parker et al. 2008; Higgins and 

Pilkington 2010). 

The extrinsic pathway is initiated through the stimulation of the 

transmembrane death receptors, such as the Fas receptors, located on the cell 

membrane. There is no evidence that clomipramine causes apoptosis via the 

extrinsic pathway so it is therefore likely that the mechanism is solely via the 

intrinsic pathway. 

The effects of clomipramine have often been compared with chemotherapeutic 

agents (Xia, Bergstrand et al. 1999) and therefore the mechanism by which the 

chemotherapeutic agents cause apoptosis could be a good insight into the 

mechanism of clomipramine on apoptosis. 

Desipramine, the other TCA drug tested, demonstrated some very different 

results to clomipramine. Desipramine only caused a significant effect on the 

viability of A549 cells.  

Due to the different effects observed with the two different TCAs, desipramine 

and clomipramine, it indicates that the toxicity of all cells by clomipramine is 

not a class dependent or structural dependent effect. 
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Fluoxetine, an SSRI, only caused a reduction in the cell viability of A549 and 

16HBE14o- cell lines, and did not affect BETTYO2 or NHBE cells. 

Fluoxetine, has also been shown to induce cytotoxicity in human prostate 

carcinoma cell lines PC-3, DU-145 and LNCaP (Abdul, Logothetis et al. 1995), 

human HT29 colon carcinoma cells (Arimochi and Morita 2006), human SiHa 

cervical cancer cells and MDA MB231 breast cancer cells (Krishnan, Hariharan 

et al. 2008). 

The lung cell lines A549 and 16HBE14o- were much more sensitive to the 

different antidepressant drugs than the BETTYO2 and NHBE cells. All of the 

antidepressant drugs (except deprenyl which was used as a control) caused a 

significant decrease in A549 lung cell viability. 16HBE14o- cells were also fairly 

sensitive to the antidepressant drugs, with significant effects observed with 

fluoxetine and clomipramine. The BETTYO2 cells responded in a similar 

fashion to the NHBE cells, with effects only observed with clomipramine. 

There are several mechanisms which may explain the differential toxicity 

between the tumour derived cell lines (A549 and 16HBE14o-) and the non 

tumour derived cells (BETTYO2): (1) the outer membrane of cancer cells is 

richer in negatively charged phosphatidylserine (3-9% of the total membrane 

phospholipids) as compared with normal cells (Ghavami, Asoodeh et al. 2008). 

Fluoxetine is considered as an amphipathic molecule which is mainly positively 

charged because it is a weak base (pKa = 10.1) (Choi, Choi et al. 2001) and 

therefore may have a higher affinity towards cancer cell membranes. This 
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interaction would lead to direct polarisation of the cell membrane in cancer cells 

and interfere with membrane metabolism (Ghavami, Asoodeh et al. 2008). (2) 

The membranes of cancer cells contain higher levels of O-glycosylated mucins 

(high molecular weight glycoproteins consisting of a protein backbone with 

oligosaccharides linked via the hydroxyl groups of serine and threonine) (Papo 

and Shai 2005). These glycoproteins potentially facilitate more efficient 

interaction of the positively charged fluoxetine with the cancer cell surface by 

creating additional negative charges on the cell surface (Ghavami, Asoodeh et 

al. 2008). (3) Cancer cells have an increased susceptibility to defensins and this 

may cause a higher number of microvilli on some tumour cells when compared 

with normal cells (Ghavami, Asoodeh et al. 2008). This increased cell surface 

could enable binding of a larger amount of fluoxetine on the cell surface of 

cancer cells in comparison with that of normal cells.   

Clomipramine was abandoned from further investigations due to the apoptotic 

effects of clomipramine across all cell types. Fluoxetine and desipramine were 

chosen for ongoing investigations as they did not cause any significant effects 

on the viability of BETTYO2 and NHBE cells. 

The results of the BETTYO2 cells were much closer to those observed with 

NHBE cells in response to the anti-depressant drugs and was therefore chosen 

to investigate further. The A549 and 16HBE14o- cell lines, which are the most 

widely used human lung cells in research, were too sensitive to all type of 
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antidepressant drugs and were therefore abandoned from further investigations 

as the results differed so greatly from NHBE cells. 
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Chapter 4: Inflammation and BETTYO2 and 
NHBE cells 
4.1 Introduction 
The respiratory epithelium is an important interface between the body and the 

environment and is constantly exposed to invading pathogens (Hou, Zhou et al. 

2006). Epithelial cells have been shown to be able to produce a variety of 

biologically active mediators in response to micro-organisms, including 

cytokines and chemokines (Diamond, Legarda et al. 2000). These cells are 

capable of both producing and responding to a variety of eicosinoids, cytokines 

and growth factors which form a complex network regarding inflammatory 

responses, and, in addition, they can express cell surface receptors that can 

interact directly with inflammatory cells (Stockley 1997). Epithelial cells have 

been shown to express a family pattern recognition receptors called TLRs which 

can be regulated by cytokines, corticosteroids or microbes (Sha, Truong-Tran et 

al. 2004). 

NHBE cells are not immortalised and therefore their responses in vitro reflect in 

vivo responses better than cell lines. Unfortunately NHBE cells are much more 

expensive to maintain than cell lines and are therefore not as widely used. 

NHBE cells only have a limited number useful of passages, are harder to grow, 

and the necessary nutrients have a limited lifespan.  

BETTYO2 cells are normal human bronchial epithelial cells that have been 

immortalised by the expression of the catalytic unit of human telomerase 
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(hTERT). BETTYO2 cells are much easier to grow and maintain and also much 

cheaper to maintain.  

This chapter focuses on BETTYO2 and NHBE cells and investigates the effects 

of inflammatory mediators on both types of cells to determine whether 

BETTYO2 cells would make a better model for lung cells than other cell lines 

that are currently commercially available. 

4.2 Methods 

4.2.1 Experimental Procedure 

BETTYO2 and NHBE cells were passaged onto 96 well plates at 10,000 cells per 

well and 15,000 cells per well, respectively.  

In the first set of experiments, the cells were incubated with LPS at a 

concentration range of 0.001 – 1 μg/ml for 24 hours. After incubation, 50 μl of 

medium was removed from each well and NO production was measured using 

the Griess method as described in chapter 2 (2.6 NO Assay). The cell viability of 

the treated cells was then analysed using the MTT Assay (2.5 Cell Viability 

Assay). 

In the second set of experiments, the cells were treated with the NFκB inhibitors 

BAY11-7082 (0.3 – 10 μM) and QNZ (10 – 300 μM) for 24 hours. Following 

incubation, cell viability was measured using the MTT Assay (see Chapter 2). 

BETTYO2 and NHBE cells were also passaged onto 24 well plates at 25,000 cells 

per and 37,500 cells per well, respectively, and incubated for 24 hours with 
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different treatments. In the first set of experiments, the cells were incubated 

with LPS at a range of 0.001 – 1 μg/ml. In the second, the cells were treated with 

0.001 μg/ml LPS and 1 – 10 μM BAY11-7082. Finally, in the third set of 

experiments, the cells were incubated with 0.01 μg/ml LPS, 1 μM fluoxetine and 

1 μM desipramine. Post incubation, 400 μl of the medium was removed from 

each well and IL-6 and IL-8 production were measured with the IL-6 and IL-8 

ELISA (2.8 Cytokine ELISA). 
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(C) 

 

 

Figure 4.2.1 Standard curve used to calculate IL-6 production by NHBE and 

BETTYO2 cells. (A) was the standard curve for Figure 4.3.3, (B) was the 

standard curve for Figure 4.3.6 and (C) was the standard curve for Figure 4.3.7. 

Each standard curve was n=1 with 2 replicates. 

BETTYO2 cells were grown to 85% confluency in 75 cm2 flasks and then treated 

for 24 hours with 0.01 μg/ml LPS, , 0.01 μg/ml LPS plus 1 μM fluoxetine, 0.01 

μg/ml LPS plus 1 μM desipramine, 1 μM fluoxetine alone, and 1 μM 

desipramine alone. A control sample was also done, where the cells were 

treated with fresh medium. Post incubation, nuclear protein was extracted and 

NFκB expression determined by Western Blot (see Chapter 2) The Western blot 

analysis was completed using NFκB p65 Antibody (mouse) as the primary 

antibody (1:500 dilution in 1% milk) and goat anti-mouse (1:2000 dilution in 5% 

milk) as the secondary antibody (2.14 Western blot analysis). A lamin B1 

loading control was also completed to ensure equal loading into each well. 
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Statistical analysis was carried out on all results using ANOVA where p<0.05 

was considered significant. The post hoc test Fisher’s least significant difference 

(LSD) was used to check the significance between groups, where p<0.05 was 

considered significant.  

4.3 Results 

4.3.1 Effect of LPS on the viability of NHBE and BETTYO2 cells 

LPS concentrations of 0.003 – 1 μg/ml caused no significant effect on lung cell 

viability of NHBE cells (Fig 4.3.1 A) or BETTYO2 cells (Fig 4.3.1 B) after 24 

hours. The effects were similar in both cell types.  

4.3.2 Effect of LPS on NO production by NHBE and BETTYO2 

cells 

NHBE (Fig 4.3.2 A) and BETTYO2 (Fig 4.3.2 B) cells did not produce any NO 

after 24 hours incubation with increasing concentrations of LPS (0.003 – 1 

μg/ml). The concentrations detected were above the limit of quantification (1 

μM nitrite). 

4.3.3 Effect of LPS on cytokine production by NHBE and 

BETTYO2 cells 

LPS caused a dose dependent increase in IL-6 production by both NHBE (Fig 

4.3.3 A) and BETTYO2 (Fig 4.3.3 B) cells. The effects observed were similar in 

both cell types. IL-6 production was a little higher in BETTYO2 cells than in 

NHBE cells. IL-8 results are not shown as they were not consistent. 

  



 

80 

 (A) 

 

(B) 

 

Figure 4.3.1: Effects on the viability of (A) NHBE cells and (B) BETTYO2 cells 

after 24 hours incubation with LPS (μg/ ml). Data are means ± SD from three 

independent experiments with six replicates each. Statistical analysis was 

carried out by ANOVA where p<0.05 was considered significant. Fisher’s LSD 

was used to check significance between groups (*=p<0.05 compared with 

control) (Original in colour). 
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(A) 

 

(B)  

 

Figure 4.3.2: Effects on the production of NO by (A) NHBE cells and (B) 

BETTYO2 cells after 24 hours incubation with LPS (μg/ ml). Data are means ± 

SD from three independent experiments with six replicates each. Statistical 

analysis was carried out by ANOVA where p<0.05 was considered significant. 

Fisher’s LSD was used to check significance between groups (*=p<0.05 

compared with control) (Original in colour). 
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 (A) 

 

(B) 

 

Figure 4.3.3: Effects on the production of IL-6 by (A) NHBE cells and (B) 

BETTYO2 cells after 24 hours incubation with LPS (μg/ ml). Figure 4.2.1 (A) was 

used to calculate IL-6 levels. Data are means ± SD from three independent 

experiments with six replicates each. Statistical analysis was carried out by 

ANOVA where p<0.05 was considered significant. Fisher’s LSD was used to 

check significance between groups (*=p<0.05 compared with control) (Original in 

colour). 
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4.3.4 Effect of NFκB inhibitors on the viability of NHBE and 

BETTYO2 cells. 

BAY11-7082 had no significant effect on the viability of BETTYO2 cells or 

NHBE cells (Fig 4.3.4). The effects were similar in both cell types. QNZ caused a 

significant reduction in cell viability of BETTYO2 cells and NHBE cells (Fig 

4.3.5). This effect was concentration dependent and was similar in both cell 

types. 

4.3.5 Effect of NFκB inhibition on LPS-mediated IL-6 production 

by NHBE and BETTYO2 cells. 

When NHBE (Fig 4.3.6 A) and BETTYO2 (Fig 4.3.6 B) cells were treated with 3 

μM BAY11-7082 plus LPS, IL-6 production was lower than with LPS alone. The 

production of IL-6 in the samples where the cells were treated with BAY11-7082 

were similar to the levels in the control samples. Concentrations of 10 μM 

BAY11-7082 reduced IL-6 levels back to control amounts when combined with 

0.01 μg/ml LPS. These effects were observed in both NHBE and BETTYO2 cells. 
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(A) 

 

(B) 

 

Figure 4.3.4: Effects on the viability of (A) BETTYO2 cells and (B) NHBE cells 

after 24 hours incubation with BAY11-7082 (μM). Data are means ± SD from 

three independent experiments with six replicates each. Statistical analysis was 

carried out by ANOVA where p<0.05 was considered significant. Fisher’s LSD 

was used to check significance between groups (*=p<0.05 compared with 

control) (Original in colour). 
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(A) 

 

(B) 

 

Figure 4.3.5: Effects on the viability of (A) BETTYO2 cells and (B) NHBE cells 

after 24 hours incubation with QNZ (nM). Data are means ± SD from three 

independent experiments with six replicates each. Statistical analysis was 

carried out by ANOVA where p<0.05 was considered significant. Fisher’s LSD 

was used to check significance between groups (*=p<0.05 compared with 

control) (Original in colour). 

0 

20 

40 

60 

80 

100 

Control 10 30 100 300 

Ce
ll 

V
ia

bi
lit

y 
(%

) 

QNZ concentration (nM) 

* 

* 

* 
* 

0 

20 

40 

60 

80 

100 

Control 10 30 100 300 

Ce
ll 

V
ia

bi
lit

y 
(%

) 

QNZ concentration (nM) 

* 

* 
* 

* 



 

86 

 (A) 

 

(B) 

 

Figure 4.3.6: Effects on the production of IL-6 by (A) NHBE cells and (B) 

BETTYO2 cells after 24 hours incubation with 0.01 μg/ml LPS in combination 

with 1 μM, 3 μM and 10 μM BAY. Figure 4.2.1 (B) was used to calculate IL-6 

levels. Data are means ± SD from three independent experiments with six 

replicates each. Statistical analysis was carried out by ANOVA where p<0.05 

was considered significant. Fisher’s LSD was used to check significance 

between groups (*=p<0.05 compared with control, o=p<0.05 compared with LPS 

alone) (Original in colour). 
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4.3.6 Effect of fluoxetine and desipramine on LPS-mediated 

cytokine production by NHBE and BETTYO2 cells. 

When LPS treatment was combined with fluoxetine or desipramine, IL-6 

production was significantly lower than without the fluoxetine or desipramine 

treatment. The IL-6 levels produced by NHBE cells were 21% lower with the 

combination treatments than with LPS alone (Fig 4.3.7 A). IL-6 levels produced 

by BETTYO2 cells (Fig 4.3.7 B) were lower when the LPS treatment was 

combined with fluoxetine (34% reduction), than when combined with 

desipramine (30% reduction). The effects observed were more pronounced in 

BETTYO2 cells than in NHBE cells. When the BETTYO2 and NHBE cells were 

treated with fluoxetine and desipramine alone, the levels of IL-6 produced 

mirrored the levels in the control samples.  

4.3.7 Effect of fluoxetine and desipramine on LPS-mediated NFκB 

protein expression by BETTYO2 cells. 

When BETTYO2 cells were exposed to LPS treatment (0.01 μg/ml), NFκB 

protein expression was significantly higher than the control sample (Fig 4.3.8 

A). When LPS treatment combined with fluoxetine and desipramine, NFκB 

protein expression levels were similar to the control sample. Equal loading was 

ensured by using a lamin B1 as a control (Fig 4.3.8 B). 
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 (A) 

 

(B) 

 
Figure 4.3.7: Effects on the production of IL-6 by (A) NHBE cells and (B) 

BETTYO2 cells after 24 hours incubation with 0.01 μg/ml LPS in combination 

with 1 μM fluoxetine or desipramine. Figure 4.2.1 C was used to calculate IL-6 

levels. Data are means ± SD from three independent experiments with six 

replicates each. Statistical analysis was carried out by ANOVA where p<0.05 

was considered significant. Fisher’s LSD was used to check significance 

between groups (*=p<0.05 compared with control, o=p<0.05 compared with LPS 

alone) (Original in colour). 
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(A) 

 

1     2  3      4    5      6 

(B) 

 

1     2  3      4    5      6 

Figure 4.3.8: Effect of anti-depressants on NFκB p65 nuclear translocation of 

BETTYO2 cells by western blot after exposure to LPS (A). Effects of 0.01 μg/ml 

LPS alone and when combined with fluoxetine (1 μM) or desipramine (1 μM). 

(1 - Control, 2 – fluoxetine, 3 – desipramine, 4 – LPS, 5 - LPS + fluoxetine, 6 - LPS 

+ desipramine) (n = 2). (B) shows the lamin B1 loading control.  

4.4 Discussion 
For the first time we have characterised BETTYO2 cells and compared them to 

NHBE cells. NHBE cells have been shown to produce increased cytokines when 

stimulated with LPS (van Wissen, Snoek et al. 2002). LPS did not affect the 

viability of NHBE cells, and did not increase NO production. These results were 

mimicked in the BETTYO2 cells too. The LPS did cause an increase in IL-6 

production in both NHBE and BETTYO2 cells. 

BAY11-7082 and QNZ are novel NFκB inhibitors. BAY11-7082 prevents a step 

of the phosphorylation of inhibitory protein IκB bound to NFκB (Ohkita, 

Takaoka et al. 2002). BETTYO2 and NHBE cells were treated with NFκB 
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inhibitors in order to determine the mechanism by which the antidepressant 

drugs fluoxetine and desipramine reduced the effects of LPS on NHBE and 

BETTYO2 cells. 

When the BETTYO2 and NHBE cells were treated with QNZ, it caused a 

significant decrease in the viability of the cells which was dose dependent. 

BAY11-7082 on the other hand, did not affect the lung cells and so was used to 

investigate the inflammatory effects of fluoxetine and desipramine.  

When combined with LPS and BAY11-7082 treatment, the IL-6 produced by 

BETTYO2 and NHBE cells were similar levels to those of the control samples. 

This indicates that the NFκB inhibitor prevented the effects of LPS on the 

production of IL-6 by BETTYO2 and NHBE cells. By inhibiting the effects of 

LPS on the release of IL-6, it means that the effects of LPS must be through the 

NFκB pathway. The NFκB inhibitor reduced the effects of LPS down to normal 

levels – which was identical to the effects observed when the cells were treated 

with fluoxetine and desipramine alongside LPS.  

The BETTYO2 cell line is a novel cell line that could be used to better 

characterise inflammation pathways inside lung cells. Where NHBE cells are 

limited, BETTYO2 cells have unlimited passages and reduced variability as all 

cells would be from the same donor.  

The NHBE and BETTYO2 cells were treated with fluoxetine and desipramine 

alongside the LPS to determine whether the anti-depressant drugs had any 
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effect on IL-6 production. Both fluoxetine and desipramine, when combined 

with LPS, reduced the IL-6 production in both NHBE and BETTYO2 cells by 20-

30%.  

The exact mechanism by which the fluoxetine and desipramine prevented the 

increased IL-6 production is still to be established, but there are a few 

possibilities. At reduced levels of tryptophan, IL-6 and IL-8 mRNA degradation 

is attenuated, resulting in markedly enhanced IL-6 and IL-8 mRNA levels in 

airway epithelial cells (van Wissen, Snoek et al. 2002). These changes were 

prevented with the addition of tryptophan (van Wissen, Snoek et al. 2002). 

Tryptophan is used to consume superoxide, and thus inhibition of the IL-6 and 

IL-8 responses by tryptophan may also relate to decreased levels of superoxide 

(van Wissen, Snoek et al. 2002). ROS can stimulate the production of IL-6 by 

airway epithelial cells (Yoshida, Maruyama et al. 1999). Fluoxetine is an SSRI 

which leads to increased levels of tryptophan. This could account for the results 

where the addition of fluoxetine reduced the IL-6 production by both NHBE 

and BETTYO2 cells when treated with LPS. 

Desipramine and fluoxetine have been shown to affect the capacity of 

monocytes and lung epithelial cells to produce cytokines in vitro (Roumestan, 

Michel et al. 2007). Roumestan et al found that both desipramine and fluoxetine 

significantly repressed TNF-α-induced NFκB activity by about 40% as well as 

reducing TNF-α-induced RANTES release. Additionally, fluoxetine has been 

shown to trigger anti-inflammatory effects through the potentiation of 
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serotoninergic transmission ending up in activation of the pituitary-

adrenocortical axis (Bianchi, 1994). Desipramine and fluoxetine were also found 

to reduce the inflammatory reaction in two animal models of human disease 

and were found to act directly on relevant peripheral cell types to decrease 

expression of anti-inflammatory mediators by possibly affecting gene 

transcription (Roumestan, Michel et al. 2007). 

Fluoxetine was found to suppress the NFκB pathway in intestinal epithelial 

cells (Koh, Kim et al. 2011). Fluoxetine treatment suppressed NFκB activity 

dose-dependently in Kainic Acid-treated mouse brains (Jin, Lim et al. 2009). 

Fluoxetine suppressed NFκB activity dose-dependently in the post-ischemic 

brain and also in LPS-treated primary microglia and neutrophil cultures, 

suggesting that NFκB activity inhibition explains in part its anti-inflammatory 

effect (Lim, Kim et al. 2009). 

The investigations so far have demonstrated that the BETTYO2 cells could be 

used as a good lung cell model as they have responded in a similar way to 

NHBE cells, however, further characterisation is recommended. 

Further investigations are also required in order to determine if the mechanism 

by which by fluoxetine and desipramine reduces the effects of LPS on BETTYO2 

and NHBE cells is in fact via the NFκB pathway.  
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Chapter 5: Inflammation and the RAW 264.7 
cell line 
5.1 Introduction 

Acute respiratory distress syndrome (ARDS) is a life threatening condition that 

prevents enough oxygen from getting into the bloodstream which is caused by 

inflammation or injury to the lung. Gram-negative sepsis is the most common 

cause of ARDS (Camhi, Alam et al. 1995). When LPS is administered in vivo, the 

pathophysiological changes observed mimic those seen in ARDS (Camhi, Alam 

et al. 1995). An early feature of ARDS is the influx of inflammatory cells into the 

interstitium and alveolar space, where the cells release toxic oxygen radicals 

capable of initiating or amplifying lung injury (Haslett, Guthrie et al. 1985).  

Inflammatory cells produce nitric oxide (NO) in response to LPS. Excessive NO 

production is important in the pathogenesis of inflammation and can lead to 

tissue damage (Choi, Jin et al. 2011).  The macrophage cell line, RAW 264.7, was 

used to investigate this effect by LPS. 

Antidepressant drugs have demonstrated anti-inflammatory effects, but the 

mechanisms are currently unknown. Antidepressant drugs have been found to 

modulate immune cell function and therefore the macrophage RAW 264.7 cell 

line was studied to determine the anti-inflammatory effects of antidepressant 

drugs. 
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This chapter investigates whether antidepressant drugs exhibit anti-

inflammatory effects when the macrophage RAW 264.7 cell line and is exposed 

to LPS. 

5.2 Methods 

5.2.1 Experimental Procedure 

The RAW 264.7 cell line was passaged differently to other cell lines. Unlike with 

other cell lines, trypsin/EDTA was not used to detach the cells from the flasks, 

instead a cell scraper was used. The cells were added to a sterile universal tube 

containing 5 ml medium and mixed. Cells were spun at 1,500 rpm in the 

Heraeus Multifuge 3S centrifuge for 5 minutes. The supernatant was removed 

and cells were resuspended in 1 ml of fresh medium, and clumps were 

dispersed by pipetting the cell mixture up and down the side of the universal. 

After a 2 fold dilution (15 μl cell suspension and 15 μl trypan blue) the cells 

were counted using a haemocytometer slide. The percentage of viable cells was 

noted and the cells were plated out as required. 

RAW 264.7 cells were passaged onto 96 well plates at 10,000 cells per well and 

treated under varying conditions for 24 and 48 hours.  

In the first set of experiments, the cells were incubated with LPS at a 

concentration range of 0.0003 – 3 μg/ml. After incubation, 50 μl of medium was 

removed from each well and NO production was measured using the Griess 

method as described in chapter 2 (2.6 NO Assay). The cell viability of the 

treated cells was then analysed using the MTT Assay (see Chapter 2). 
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In the second set of experiments, the cells were treated with the antidepressant 

drugs fluoxetine (0.003 – 1 μM) and desipramine (0.003 – 1 μM). Following 

incubation, cell viability was analysed using the MTT Assay (2.5 Cell Viability 

Assay). 

In the third set of conditions, the cells were incubated with 0.003 μg/ml LPS in 

combination with fluoxetine (0.3 and 1 μM) and desipramine (0.3 and 1 μM). 

Finally, the cells were incubated with 0.01 μg/ml LPS in combination with 

fluoxetine (0.3 and 1 μM) and desipramine (0.3 and 1 μM). In both of these 

experiments, post incubation, 50 μl of medium was removed from each well to 

measure NO production (2.6 NO Assay) and once again, cell viability was 

analysed for the treated cells using the MTT Assay (2.5 Cell Viability Assay). 

RAW 264.7 cells were grown to 85% confluency in 75 cm2 flasks and then 

treated for 24 hours with 0.01 μg/ml LPS, , 0.01 μg/ml LPS plus 1 μM fluoxetine, 

0.01 μg/ml LPS plus 1 μM desipramine, 1 μM fluoxetine alone, and 1 μM 

desipramine alone. A control sample was also taken, where the cells were 

treated with fresh medium. After incubation, medium was removed from each 

flask and analysed for NO production. Protein was then extracted and iNOS 

expression determined using by Western Blot (see Chapter 2). The Western blot 

analysis was completed using iNOS Antibody (rabbit) and, Actin (rabbit), as the 

primary antibodies (1:500 dilution in 1% milk), and goat anti-rabbit (1:2000 

dilution in 5% milk) as the secondary. Once the film was developed, it was 
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analysed by densometry, using an Actin loading control to determine iNOS 

levels. 

Statistical analysis was carried out on all results using ANOVA where p<0.05 

was considered significant. The post hoc test Fisher’s least significant difference 

(LSD) was used to check the significance between groups, where p<0.05 was 

considered significant.  

5.3 Results 

5.3.1 Effect of LPS on the viability of, and NO production by, 

RAW 264.7 cells 

LPS caused both a dose and time dependent decrease in the cell viability of 

RAW 264.7 cells. A 20% decrease was observed after 24 hours (Fig 5.3.1 A) at 

0.003 μg/ml, and this same decrease was observed at 0.001 μg/ml LPS after 48 

hours (Fig 5.3.1 B). In addition to this effect, LPS also caused a significant dose 

and time dependent increase in NO production by RAW 264.7 cells. After 24 

hours exposure at 0.0003 μg/ml LPS, the NO levels doubled. After 48 hours at 

the same concentration, the levels of NO produced more than tripled when 

compared with control. Although these results were above the limit of detection 

(0.4 μM nitrite), and after 48 hours, also above the limit of quantification (1 μM 

nitrite), this concentration LPS was deemed too close to these limits. Therefore, 

0.003 μg/ml was used as the lowest concentration of LPS going forward to 

ensure the results were always above the limit of quantification. 
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The basal NO levels observed in the control sample after 48 hours incubation 

with LPS (1 μM) are quite different to those observed in Figure 5.3.3 (8 μM) and 

Figure 5.3.4 (9 μM). There does not appear to be an explanation for the 

difference between these results, however, we can speculate that the differences 

could be related to the passage number of the RAW 264.7 cells as well as 

possible differences in growth characteristics. The storage conditions (e.g. 

samples being frozen for different lengths of time) may also have affected the 

nitrite to nitrate ratio. However, in all three sets of results, LPS treatment 

caused a significant increase in NO concentration. 

5.3.2 Effect of fluoxetine and desipramine on the viability of RAW 

264.7 cells 

Fluoxetine and desipramine did not have any effect on the cell viability of RAW 

264.7 cells. The RAW 264.7 cell viability levels remained at above 99% 

throughout the treatment. This was observed after both 24 (Fig 5.3.2 A) and 48 

(Fig 5.3.2 B) hours incubation with fluoxetine and desipramine. 
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(A) 

 

(B) 

 

Figure 5.3.1: Effects on (A) the viability of, and (B) NO production by, RAW 

264.7 cells after 24 and 48 hours incubation with LPS (μg/ ml). Data are means ± 

SD from three independent experiments with six replicates each. Statistical 

analysis was carried out by ANOVA where p<0.05 was considered significant. 

Fisher’s LSD was used to check significance between groups (*=p<0.05 

compared with control) (Original in colour).  
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(A) 

 

(B)  

 

Figure 5.3.2: Effects on the cell viability of RAW 264.7 cells After 24 and 48 

hours incubation with (A) fluoxetine and (B) desipramine (μM). Data are means 

± SD from three independent experiments with six replicates each. Statistical 

analysis was carried out by ANOVA where p<0.05 was considered significant. 

Fisher’s LSD was used to check significance between groups (*=p<0.05 

compared with control) (Original in colour). 
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5.3.3 Effect of 0.003 μg/ml LPS combined with fluoxetine and 

desipramine on RAW 264.7 cells 

A significant reduction in cell viability, which was time dependent, was 

observed when RAW 264.7 cells were incubated with 0.003 μg/ml LPS (Fig 5.3.3 

A). When incubated with fluoxetine and desipramine alongside the LPS the 

effects of LPS on cell viability were altered. At 0.3 μM fluoxetine, after 24 hours, 

the effects observed were not significantly different to those observed with LPS 

alone. At 1 μM fluoxetine, however, there was a significant improvement in cell 

viability when compared to LPS alone, and this was not significantly different 

to the control result. After 48 hours incubation, the effects were significantly 

different to both the control levels and those levels after incubation with LPS. 

The results observed with desipramine were similar to those of fluoxetine. 

When LPS was combined with desipramine, cell viability was significantly 

improved compared to LPS alone. After 24 hours, 0.3 μM desipramine 

combined with LPS gave cell viability levels that were not significantly different 

to control levels. 

A significant increase in NO production by RAW 264.7 cells was observed after 

24 and 48 hours incubation with LPS alone (Fig 5.3.3 B). When the LPS was 

combined with fluoxetine or desipramine, NO production was significantly 

reduced compared to the levels observed with LPS alone (fluoxetine: 65% 

decrease at 24 hours and 48% decrease at 48 hours; desipramine: 38% decrease 

at 24 hours and 32% at 48 hours), but this was still significantly higher than the 

levels observed in the control sample.  
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 (A)  

 

(B) 

 

Figure 5.3.3: Effects of 0.003 μg/ml LPS, in combination with fluoxetine and 

desipramine, on (A) cell viability and (B) NO production by RAW 264.7 cells 

after 24 and 48 hours. Data are means ± SD from three independent experiments 

with six replicates each. Statistical analysis was carried out by ANOVA where 

p<0.05 was considered significant. Fisher’s LSD was used to check significance 

between groups (*=p<0.05 compared with control, O=p<0.05 compared with 

0.003 μg/ml LPS) (Original in colour). 
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5.3.4 Effect of 0.01 μg/ml LPS combined with fluoxetine and 

desipramine on RAW 264.7 cells 

A time dependent, significant reduction in cell viability was observed when 

RAW 264.7 cells were incubated with 0.01 μg/ml LPS (Fig 5.3.4 A). The cells 

were also incubated with fluoxetine and desipramine alongside the LPS and the 

effects of LPS on cell viability were observed. After 24 hours, the effects 

observed when combined with LPS, were not significantly different to those 

observed with LPS alone. The results after 48 hours incubation were more 

promising. After 48 hours, although the cell viability of RAW 264.7 cells was 

lower than the control levels, they were significantly higher than when the cells 

were exposed to LPS alone. These results were similar with both fluoxetine and 

desipramine. 

A large increase in NO production by RAW 264.7 cells was observed after 24 

and 48 hours incubation with LPS alone (Fig 5.3.4 B). When the LPS was 

combined with fluoxetine or desipramine, NO production levels were still 

significantly higher than those in the control samples, but this was significantly 

reduced compared to the levels observed with LPS alone (fluoxetine: 41% 

decrease at 24 hours and 43% decrease at 48 hours; desipramine: 29% decrease 

at 24 hours and 23% at 48 hours). 
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Figure 5.3.4: Effects of 0.01 μg/ml LPS, in combination with fluoxetine and 

desipramine, on (A) cell viability and (B) NO production by RAW 264.7 cells 

after 24 and 48 hours. Data are means ± SD from three independent experiments 

with six replicates each. Statistical analysis was carried out by ANOVA where 

p<0.05 was considered significant. Fisher’s LSD was used to check significance 

between groups (*=p<0.05 compared with control, O=p<0.05 compared with 

0.003 μg/ml LPS) (Original in colour). 
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5.3.5 RAW 264.7 cells 

LPS caused an increase in both NO production (Fig 5.3.5 A) and iNOS 

expression (Fig 5.3.5 C) in RAW 264.7 cells. When combined with fluoxetine, 

these levels were significantly reduced. 

Levels of NO produced by RAW 264.7 cells were 6 times higher after exposure 

to LPS than at control levels. When the cells were exposed to fluoxetine or 

desipramine in addition to LPS, this level was reduced to less than 3 times that 

of control – a significant decrease.  

The effects on iNOS expression correlated well with the NO production by 

RAW 264.7 cells under the same conditions. After exposure to LPS, the levels of 

iNOS increased 4 fold. When the LPS was combined with fluoxetine or 

desipramine, iNOS levels were significantly reduced, although not back down 

to control levels. Desipramine reduced iNOS expression a little better than 

fluoxetine. 
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Figure 5.3.5: Effect of anti-depressants on NO activity and iNOS expression of 

RAW 264.7 cells after exposure to LPS. Effects of 0.01 μg/ml LPS alone and 

when combined with 1 μM fluoxetine or 0.3 μM desipramine, on (A) NO 

production and (C) iNOS expression of RAW 264.7 cells. (B) shows the protein 
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expression by western blot (1 - Control, 2 - LPS, 3 - LPS + fluoxetine, 4 - LPS + 

desipramine, 5 - fluoxetine, 6 - desipramine). Data are means ± SD from three 

independent experiments with six replicates each. Statistical analysis was 

carried out by ANOVA where p<0.05 was considered significant. Fisher’s LSD 

was used to check significance between groups (*=p<0.05 compared with 

control, O=p<0.05 compared with 0.01 μg/ ml LPS) (Original in colour). 

5.4 Discussion 
We have found for the first time that fluoxetine and desipramine affects iNOS 

protein expression in LPS-stimulated RAW 264.7 macrophages. Fluoxetine and 

desipramine were found to significantly reduce the production of NO and 

expression of iNOS in LPS-stimulated RAW 264.7 macrophages. Fluoxetine 

reduced NO production and inhibited iNOS induction. 

When LPS was combined with fluoxetine, the effects of LPS were significantly 

reduced. Fluoxetine helped to protect the viability of RAW 264.7 cells from the 

effects of LPS, whilst also decreasing the production of NO. The reason for the 

protection of the viability of RAW 264.7 cells could be linked to the decreased 

production of NO. The NO produced after exposure to LPS could have been a 

major contributing factor towards the cell death of the RAW 264.7 cells and 

therefore this decreased production would correlate to protection of the 

viability of RAW 264.7 cells. 
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The effects observed when the LPS was combined with desipramine, were 

similar to those of LPS combined with fluoxetine – reducing the production of 

NO, whilst preventing the reduction of cell viability. 

NO has been demonstrated to be a crucial and versatile molecule in the 

regulation of vascular tone, neurotransmission, acute and chronic inflammation 

and host defence mechanisms (Michel and Feron 1997). It is involved in innate 

immunity as a toxic agent towards infectious organisms, but can induce or 

regulate the death and function of host immune cells, thereby regulating 

specific immunity (Bogdan, Röllinghoff et al. 2000). NO may induce toxic 

reactions against other tissues of the host because it is generated at high levels 

in certain types of inflammation (Tripathi, Tripathi et al. 2007). On a cellular 

level, NO exerts varied effects on leukocyte cell function, including the 

induction of macrophage apoptosis, the stimulation of macrophage cytoplasmic 

motility, the modulation of  neutrophil adhesion and the differential regulation 

of cytokine synthesis by leukocytes (Bredt and Snyder 1994). Macrophages are 

capable of sustained release of high levels of NO initiated by inflammatory 

cytokines and bacterial products (Tripathi, Tripathi et al. 2007). NO may play a 

part in tissue damage as it may be cytostatic or cytotoxic for invading 

microorganisms, the cells that produce it and for neighbouring cells (Tripathi, 

Tripathi et al. 2007). 

There are several possible mechanisms by which fluoxetine and desipramine 

exhibit these anti-inflammatory effects and the first of these could be linked to 
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the production, or inhibition of production both by fluoxetine and desipramine, 

of NO. 

NO is produced by macrophages by the action of an enzyme called inducible 

NOS. iNOS is a cytosolic enzyme that is absent in resting macrophages but can 

be induced in response to microbial products that activate TLRs, especially in 

combination with IFN-γ. iNOS catalyzes the conversion of arginine to citrulline, 

and freely diffusible nitric oxide may combine hydrogen peroxide or 

superoxide, generated by phagocyte oxidase, to produce highly reactive 

peroxynitrite radicals that can kill microbes.  

One possible mechanism by which fluoxetine reduces the secretion of NO by 

RAW 264.7 cells could be through the NFκB pathway. NFκB is a transcription 

factor that is considered the major regulator or inflammation in CNS 

(O'Sullivan, Ryan et al. 2009). LPS from gram-negative bacteria binds to serum 

LPS-binding protein to be followed by binding the membranous CD14 

molecules of macrophages which is then recognised by TLR4 (Yoshitake, Kato 

et al. 2008). LPS-induced TLR4 signaling activates NFκB and induces iNOS 

expression in macrophages (Akira, Uematsu et al. 2006). Recent studies have 

reported that NFκB regulates the expression of iNOS (Choi, Jin et al. 2011) and 

NO is produced by iNOS in response to LPS through the activation of NFκB 

(Arias-Salvatierra, Silbergeld et al. 2011). iNOS stimulates the oxidative 

deamination of ι-arginine to produce NO (Choi, Jin et al. 2011). Fluoxetine has 

been found to suppress NFκB activity dose-dependently in LPS-treated primary 
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microglia and neutrophil cultures, suggesting that NFκB activity inhibition 

explains in part its anti-inflammatory effect (Lim, Kim et al. 2009). 

As described earlier, iNOS can be induced in response to activated TLRs. 

Fluoxetine has been found to inhibit the signalling of TLRs 3, 7, 8, and 9, 

providing another potential mechanism for its anti-inflammatory action (Sacre, 

Medghalchi et al. 2010).  

Desipramine’s action has also been linked to the NFκB pathway. Desipramine 

was found to reduce the pro-inflammatory cytokines IL-1β and TNF-α, the 

enzyme iNOS, and the microglial activation markers CD11b and CD40, all anti-

inflammatory actions which are associated with reduced activation of NFκB 

(O'Sullivan, Ryan et al. 2009).  

Some antidepressants are able to inhibit induction of iNOS in the brain, an 

effect which could be mechanistically related to the ability of L-arginine to 

counteract their antidepressant-like effects (Krass, Wegener et al. 2011). 

Other investigations have led to questioning other mechanisms as possible 

explanations into the anti-inflammatory effects of fluoxetine. Fluoxetine has 

been found to prevent LPS-induced degeneration of nigral dopaminergic 

neurons in rat substantia nigra in vivo (Chung, Chung et al. 2010) These 

neuroprotective effects were associated with fluoxetine-mediated suppression 

of microglial NADPH oxidase activation and iNOS upregulation, and 

decreased ROS generation and oxidative stress (Chung, Chung et al. 2010). A 
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reduction in oxidative stress also leads to a reduction in NFκB (Barazzoni, 

Zanetti et al. 2012). 

Fluoxetine and citalopram have also been found to significantly inhibit disease 

progression in mice with collagen-induced arthritis, with fluoxetine showing 

the greatest degree of efficacy at clinical and histologic levels (Sacre, 

Medghalchi et al. 2010). Both drugs were found to significantly inhibit the 

spontaneous production of TNF, IL-6, and IFN-γ-inducible protein 10 in human 

rheumatoid arthritis synovial membrane cultures (Sacre, Medghalchi et al. 

2010). There results could link into the likely mechanism via the NFκB pathway. 

In addition, desipramine has been found to suppress chemokine and cell 

adhesion molecule (CAM) expression in rat brain following a systemic 

challenge with LPS (Joan, Karen et al. 2010). 

As you can see, there are a wide variety of possible mechanisms by which 

fluoxetine, and desipramine, could reduce the effects of LPS on RAW 264.7 

cells.  

Macrophages play an important role in the initiation and amplification of 

ARDS. Therefore, the development of methods to reduce the number of 

activated macrophages, or to inhibit their production of iNOS and NO, suggests 

a promising possible therapeutic approach for ARDS treatment. 
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Chapter 6: General Discussion 

6.1 Main Findings 

I have demonstrated, for the first time, that the BETTYO2 cell line has similar 

cellular characteristics to primary NHBE cells. This novel cell line shares similar 

responses to inflammatory stimuli such as LPS, inducing the production of 

inflammatory cytokines through activation of NFκB. In addition, for my specific 

project which was examining the novel Immunomodulating effects of 

antidepressant drugs, the BETTYO2 cells, unlike the other cell lines (A549 and 

16HBE14o-), exhibited identical cellular effects following exposure to 

antidepressant drugs as primary NHBE cells. 

Our data suggests that BETTYO2 cells appear to reflect the cellular 

characteristics of primary lung cells better than the more widely used lung cell 

lines. This may be due to the different technique used to immortalise BETTYO2 

cells. BETTYO2 cells are normal human bronchial epithelial cells that have been 

immortalised using hTERT compared to the A549 and 16HBE14o- cells which 

are tumour derived cell lines. 

There are great advantages of having a lung cell line which closely mimics the 

cellular characteristics of NHBE cells, particularly where the cell line mimics the 

response to inflammatory stimuli, and therefore could be used as an effective 

model of lung inflammatory effects on the lung cells themselves. The ability to 

use a cell line to mimic an inflammatory process is very valuable, allowing for 
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an increased amount of cellular material, expanding the number of techniques 

and analysis that can be carried out, as well as reducing variability which can 

be observed with primary tissue, which can often make analysis more 

complicated. We have shown that the BETTYO2 cell line may be an ideal model 

for the effect of inflammation on lung cells and should be more widely used for 

this purpose. Future work with the BETTYO2 cells in the field of inflammation 

may increase our understanding of the inflammatory process in lung cells, 

revealing new cellular pathways which may be exploited to develop new 

therapeutic approaches to ARDS. 

Previous work has shown antidepressants to be anti-inflammatory in a variety 

of animal models. Fluoxetine demonstrated potent neuroprotection against 

hypoxic-ischaemia brain injury in rat pups (Chang, Tzeng et al. 2006), 3,4-

methylenedioxymethamphetamine-induced neurotoxicity on the serotonin 

transporter in rat brains (Li, Huang et al. 2010) and kainic acid-induced 

neuronal death in the mouse hippocampus (Jin, Lim et al. 2009). Fluoxetine has 

been found to modulate neural stem cell survival and serotoninergic 

differentiation through modulating Bcl-2 expression (Lim, Kim et al. 2009). 

Most recently, fluoxetine was found to significantly inhibit LPS-induced 

activation of microglia and the subsequent release of pro-inflammatory factors 

such as TNFα, IL-1β, NO and ROS (Zhang, Zhou et al. 2012). Administration of 

the TCA desipramine in rats has been shown to result in a virtual ablation of 

neuron derived TNF-α (Ignatowski, Noble et al. 1997; Reynolds, Ignatowski et 
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al. 2005). Desipramine treatment restores reduced glutathione and catalase 

activity, attenuated enhanced lipid peroxidation and raised nitrite levels, 

suggesting a neuroprotective effect against sleep deprivation-induced 

behaviour alteration and oxidative damage (Vircheva, Nenkova et al. 2011). 

Protective desipramine effect on oxidative stress was also established in other 

experimental animal models such as olfactory-bulbectomised rat model of 

depression (Song, Killeen et al. 1994), chronic fatigue syndrome (Kumar and 

Garg 2009), and transient global ischaemia (Gaur and Kumar 2010). However, 

as antidepressants can affect serotonin levels, the exact mechanism of action is 

unclear as it may be a direct action by the drug on cellular pathways, or an 

indirect result through increased serotonin levels. Indeed neurotransmitters, 

such as acetylcholine, have been shown to have immune-modulatory roles as 

well as their more classic role as chemical transmitters in the nervous system. 

I have shown that fluoxetine and desipramine have direct anti-inflammatory 

effects in isolated lung cells, reducing the release of inflammatory cytokines 

induced by LPS, whilst also having a direct anti-inflammatory effect in immune 

cells, by decreasing express, and therefore production, of nitric oxide in 

response to LPS. These results demonstrate, for the first time, that fluoxetine 

and desipramine have a dual effect on both lung epithelia and immune cells. 

We and others have shown that these anti-inflammatory effects of 

antidepressants appear to be related to an inhibition of the NFκB pathway. As 

the NFκB pathway is essential for the activation of inflammatory pathways in 
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cells, the inhibitory effects of antidepressants on NFκB may explain their dual 

effects affecting both immune and lung cells. This wide-ranging effect of 

antidepressants may allow them to be more effective in inflammatory 

conditions, not just suppressing the immune system, but also affecting target 

cells. Affecting the tissue cells, in addition to the immune system, may reduce 

infiltration of inflammatory cells into the lung and provide an enhanced anti-

inflammatory effect. Indeed, expression of chemokines and adhesion molecules, 

which are involved in the recruitment of immune cells to sites of inflammation, 

is mediated by activation of NFκB and inhibition by antidepressants would be 

an effective mechanism of reducing inflammation. Direct immunosuppressive 

effects, which we have observed, would again be by inhibition of NFκB as well 

as reducing the expression of iNOS and nitric oxide production, so protecting 

cells from the damaging effects of this free radical, may also reduce the release 

of inflammatory cytokines.  

6.2 Main Limitations 
Though I have expanded on the mechanisms by which antidepressants have 

immunosuppressive effects in this thesis, there are questions that I have not 

been able to answer within this thesis. These include how do fluoxetine and 

desipramine inhibit NFκB? Does it affect other transcription factors such as AP1 

or are they specific NFκB inhibitors? Is it LPS/TLR4 specific or would the results 

be similar when the cells were exposed to different inflammatory stimulators 

such as dsRNA or flagellin/TLR5 activators? Are there any other cellular 
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pathways that can be affected by antidepressants such as stress kinases (p38), 

and tyrosine kinases (JNK)? 

One of my main limitations includes the lack of mechanistic studies in terms of 

how these drugs inhibit the LPS effect. To date, there is no direct evidence of 

how LPS-mediated NFκB activation is inhibited. Do fluoxetine or desipramine 

inhibit the signal transduction pathway from TLR4 activation to translocation of 

NFκB or do they directly affect LPS, either by binding to it or blocking TLR4. 

Imipramine, another SSRI, has been shown to be a TLR4 antagonist 

(Hutchinson, Loram et al. 2010) so do fluoxetine and desipramine share this 

characteristic? 

LPS is only one immune stimulator, and fluoxetine and desipramine may only 

be affecting TLR4, potentially as an antagonist, which would mean that these 

drugs would only protect against this immune response. As mentioned earlier, 

another SSRI, imipramine, has been shown to be a TLR4 antagonist and 

therefore fluoxetine may be the same. However, this seems unlikely as other 

groups have demonstrated in vivo anti-inflammatory effects where fluoxetine 

and desipramine protected against carrageenan-induced paw inflammation 

(Bianchi, Rossoni et al. 1995; Vircheva, Nenkova et al. 2011), and ovalbumin-

induced lung inflammation (Roumestan, Michel et al. 2007) and fluoxetine 

protected against ligature-induced periodontitis (Branco-de-Almeida, Franco et 

al. 2012), and monocrotaline-induced lung inflammation (Li, Wang et al. 2011). 

Since, in each of these cases, the immune stimulator was different, the effects of 
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fluoxetine and desipramine on NFκB activation may explain their effectiveness 

in such a wide range of inflammatory models. 

Although I did not test fluoxetine or desipramine in a model of lung 

inflammation, in vivo, unpublished data from Mabley et al (personal 

communication), has shown protection, reducing inflammatory cell infiltration 

as well as expression and levels of pro-inflammatory cytokines. This data 

supports my hypothesis of a dual effect of these drugs on both the target lung 

tissue and the immune system. In addition, published studies, although not 

considered models of ARDS, have shown that fluoxetine does protect against 

monocrotaline-induced lung inflammation (Li, Wang et al. 2011) and 

ovalbumin-induced lung inflammation (Roumestan, Michel et al. 2007) in vivo, 

suggesting that they may well protect against the lung inflammation observed 

in ARDS. 

6.3 Future Perspective 
A number of future investigations should be taken in order to answer some of 

the questions highlighted within the main limitations.  

The mechanism of action of both fluoxetine and desipramine would need to be 

determined. Firstly, a TLR4 binding assay should be completed to determine if 

fluoxetine or desipramine are direct antagonists. This should also be coupled 

with testing these drugs against other pro-inflammatory stimuli such as the 

TLR5 agonist flagellin and TLR3 agonist dsRNA to further characterise the anti-

inflammatory effects of antidepressant drugs. 
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It would be interesting to investigate the effects of imipramine further, by 

determining whether imipramine protects against inflammation induced by 

immune stimulators other than LPS (e.g. dsRNA or flagellin), in vivo, and then 

compare these results to those observed for fluoxetine and desipramine. 

The effect of antidepressant drugs on the NFκB activating pathways also needs 

to be investigated further, in particular effects on the JNK, p38 signalling kinase 

activity following LPS exposures should be measured to see if they are 

inhibited by these drugs. NFκB activation is regulated by being bound to a 

regulatory protein called IκB which, when phosphorylated by IKK, releases the 

NFκB that translocates to the nucleus to activate the cellular inflammatory 

pathways. Antidepressant drugs may affect IκB levels in the cytoplasm, 

increasing them to reduce the possibility of NFκB activation, this could be 

assessed using RT-PCR to detect increased expression levels while western blot 

can be used to detect increase protein transcription. NFκB protein expression 

may also be affected either increasing or decreasing the various subunits (p50 

subunit is an inhibitory subunit, while p65 is an activator subunit). Changes in 

cellular levels of NFκB subunits induced by antidepressants can be determined 

using RT-PCR for expression and western blot for transcription, increased 

expression of inhibitory subunits such as p50, or reduced expression of 

activating subunits such as p65, would reduce NFκB-mediated gene 

transcription. Other investigations of the NFκB pathway would include 

investigating the phosphorylation state of IκB, do antidepressant drugs affect 
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the activity of IKK as inhibition of this enzyme would prevent NFκB activation. 

An IKK activity assay could be completed to see if fluoxetine, or desipramine, 

inhibit this enzyme. Western blot for IκB/phosphorylated IκB following LPS 

exposure can also be used to determine whether the ratio changes when 

antidepressants are present as this would also influence NFκB activation. 

Understanding how the NFκB pathway is affected by antidepressants will not 

only allow for proper targeting of these drugs in inflammatory conditions, but 

may also open up further therapeutic approaches which could be exploited to 

develop treatments for ARDS. 

The majority of data published on lung inflammation focuses on fluoxetine 

rather than desipramine. Preliminary data suggests that fluoxetine can reduce 

lung inflammation by LPS in vivo (Mabley et al, personal communication). 

Future work should include in vivo experiments determining whether 

antidepressants, especially desipramine, can protect against lung inflammation 

induced by LPS and other immune activators. These studies would include 

looking at the changes in morphology of the lungs, immune cell infiltration, and 

pro-inflammatory cytokine production to identify whether the dual effect on 

both target cells and immune cells is observable. The in vivo experiments are 

essential for pre-clinical assessment of antidepressant drugs for use in 

inflammatory conditions such as ARDS.  
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6.4 Conclusion 
The observation that antidepressants have anti-inflammatory properties might 

have important clinical implications since these drugs are heavily prescribed 

worldwide and treatment can often last for several months with possible 

immunosuppressive properties explaining some side effects of these drugs. 

Currently, treatment for ARDS remains largely supportive as, despite 

significant advances in the understanding of the underlying pathogenic 

mechanisms of ARDS, no satisfying therapeutic approach has emerged. The 

current data indicating antidepressant drugs have significant 

immunosuppressive characteristics strengthens the possibility that they may 

have therapeutic utility in various inflammatory conditions. Further 

investigations are required to determine whether antidepressants may be a 

useful adjuvant to the current treatments employed in ARDS.  
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