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1. Thesis Abstract 

Introduction: ARDS is a syndrome of acute respiratory failure that presents with 

progressive arterial hypoxemia, dyspnea, and a marked increase in the work of 

breathing. Mechanical ventilation is necessary to support life in ARDs but can 

worsen lung injury – this is termed ‘ventilation induced lung injury’. At the 

cellular level, respiratory epithelial cells are subjected to cyclic stretch, i.e. 

repeated cycles of positive and negative strain, during normal tidal ventilation. In 

aerated areas of diseased lungs, or even normal lungs subjected to injurious 

positive pressure mechanical ventilation, the cells are at risk of being 

overdistended, and worsening injury by disrupting the alveolar epithelial barrier.  

Reducing the tidal volume minimises this overdistention but results in elevated 

carbon dioxide in the bloodstream. This hypercapnic acidosis (HCA) in itself 

confers protection from stretch injury, potentially via a mechanisms involving 

inhibition of Nuclear Factor kappa B (NF-kB), a transcription factor central to 

inflammation, injury and repair.  Mesenchymal stem cells are being investigated 

as a possible therapy for ARDS. We aimed to investigate the effects and 

mechanisms of action of HCA and of MSC therapy in stretch induced pulmonary 

epithelial injury, and focus on the role of the NF-kB pathway in mediating these 

effects. 

 

Methods: We first established an in vitro model of pulmonary epithelial stretch 

induced injury. We applied cyclical strain to alveolar cells to simulate ventilator-

induced lung injury at a cellular level using a Flexercell apparatus. We trialled a 

number of cell lines, established the degree and duration of equibiaxial strain  

required to induce NF-kB induction, cell inflammation, injury and cell death. We 

conducted experiments to establish time of onset of injury and the impact of 

recovery time on the cells. We then compared the effects of hypercapnic acidosis 

versus normocapnia in parallel, on stretch-induced injury and NF-kB induction. 

Specific experiments examined the effect of different degrees of HCA, the effect 

of pre versus post treatment with HCA, and dissected the role of NF-kB. We 

subsequently examined the potential for MSCs,  non-stem cells, and for MSC 

secreted products, to attenuate injury and inflammation. 
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Results:  We established that lung injury in vitro can be evident after as little as 

one hour of harmful cyclic stretch. Cyclic stretch of at least 20% injures lungs, 

promotes interleukin-8 release and induces NF-kB activation. HCA reduces 

pulmonary epithelial injury, decreases cytokine release, and inhibits NF-kB 

activation. The protective effects conferred by HCA are dose-dependent. HCA 

confers greater protection in the acute phase than following prolonged exposure. 

HCA inhibits pulmonary epithelial NF-kB activation by maintaining IkBa (an 

inhibitory factor) in the cytoplasm, and preventing stretch-induced 

phosphorylation of the latter. Overexpression of IkBa attenuates NF-kB 

activation and pulmonary epithelial injury. IkBa ‘occluded’ the effect of HCA on 

NF-κB activation, in that there was no further decrease in NF-kB activation in the 

presence of HCA in pulmonary epithelial cells overexpressing IkBa 

The use of the MSC secretome, whether conditioned medium or microvesicles 

derived from human MSCs, attenuated lung injury and inflammation after 

prolonged stretch, confirming the paracrine mechanism of benefit. The effect of 

MSCs on stretch induced injury did not appear to be mediated via reduction of 

NF-κB activation. 

 

Conclusions:  

This novel in vitro model of pulmonary epithelial stretch induced injury broadens 

and extends our understanding of the molecular mechanisms of lung injury, and 

provides a useful prototype for testing strategies to attenuate lung inflammation in 

vitro. This series of studies broadens our understanding of HCA and lung injury 

and the complex relationship between VILI, HCA and NF-kB. It also confirms the 

protective paracrine effects of MSC therapy in prolonged stretch injury and paves 

the way for new experiments in this field aimed at translating MSCs towards 

clinical testing. 
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2. Introduction 

2.1 Acute Respiratory Distress Syndrome 

Acute Respiratory Distress Syndrome is a devastating disease spectrum that is 

associated with significant morbidity and mortality worldwide. It is characterized 

by severe inflammation of the lung parenchyma with associated protein-rich 

pulmonary oedema leading to hypoxaemia refractory to supplemental oxygen, and 

respiratory failure. Most patients require mechanical ventilation (MeV) as a life-

saving measure in an intensive care setting. Many patients frequently develop 

subsequent multi-organ failure. The mortality burden of ARDS approaches that of 

breast cancer and HIV (1), and can be as high as 60%. There is currently no 

known treatment, and management remains supportive. 

 

2.1.1 History 

ARDS was first described by Ashbaugh and Petty (2) in 1967, where they 

described “acute onset of tachypnoea, hypoxaemia, and loss of compliance” in 12 

patients after “a variety of stimuli”. These stimuli include sepsis, which is 

causative in more than 75% of cases, whether pneumonia or extrapulmonary (3). 

Other risk factors include multiple trauma, near-drowning, pancreatitis and 

peritonitis. They noted that positive pressure ventilation in these patients 

alleviated the associated atelectasis. Prior to this term, coined by Ashbaugh and 

his colleagues, the syndrome itself had a variety of synonyms, mainly relating to 

either the primary aetiology or the appearance of the lung, e.g. Da Nang Lung, 

Shock Lung, diffuse alveolar injury, traumatic wet lung, stiff lung etc. 
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Image 1: Chest radiograph of patient with severe ARDS 

 

2.1.2 Definitions & Classification of ALI/ARDS 
Various attempts to define and classify this disease are well documented in the 

literature. Despite initial identification in 1967, it was not until over a quarter of a 

century later in 1994 that a consensus regarding definition of the disease was 

agreed upon by a task force comprised of experts from the American Thoracic 

Society (ATS), the European Society of Intensive Care Medicine (ESICM) and 

the National Heart, Lung, and Blood Institute (NHLBI), in the first American-

European Consensus Conference (AECC) which went on to publish criteria for 

ARDS (4). The AECC definition had 4 criteria: 

1. Acute onset. 

2. Hypoxemia, measured as an arterial partial pressure of oxygen to fraction of 

inspired oxygen (PaO2/FiO2) ratio less than 200 (the ratio is > 450 in healthy 

individuals). 

3. Bilateral infiltrates on chest radiograph. 
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4. There could be no evidence of left atrial hypertension, in other words, 

cardiac failure, as determined by either clinical examination or measurement 

of a pulmonary capillary wedge pressure (PCWP) of greater than 18 cm 

H2O. 

The concept of Acute Lung Injury (ALI) was also introduced at this conference, 

and defined similarly to ARDS, except that the PaO2/FiO2 ratio needed only be 

less than 300. 

In 2012, over half a century since its first description, ARDS was redefined and 

given a revised set of criteria by an international panel of experts from the 

European Society of Intensive Care Medicine (ESICM) and the American 

Thoracic Society (ATS) after a recent meeting in Berlin (5) . The main revisions 

and modifications were: 

• Acute onset was defined as onset within a week of a known clinical insult. 

• Further clarification of radiographic findings. 

• Removal of the term Acute Lung Injury. The use of this term is now 

restricted to preclinical disease models. 

• A mild, moderate and severe classification of ARDS based on oxygenation 

and PEEP settings. 

• Removal of the PAWP criteria. This is mainly due to declining use of 

pulmonary artery catheters. It was decided that patients whose respiratory 

failure is not fully explained by cardiac failure or fluid overload as judged 

by the treating physician using all available data may qualify as having 

ARDS.  
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 Mild Moderate Severe 

Acute Onset Onset within 1 week of a known clinical insult or new/worsening 
respiratory symptoms 

Low Oxygen (Hypoxia) PaO2/FiO2 201-300 
with PEEP/CPAP ≥ 5 

PaO2/FiO2 ≤200 
with PEEP/CPAP ≥ 

5 

PaO2/FiO2 ≤ 
100 with 

PEEP/CPAP ≥ 
5 

Lung Water Lung oedema not fully explained by cardiac failure or fluid 
overload (Echo if no risk Factor) 

Abnormal Chest X-Ray Bilateral opacities not fully explained by effusions, lobar/lung 
collapse or nodules 

 
Table 1: Berlin Definition of ARDS (5) 
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2.1.3 Epidemiology of ARDS 
In Ashbaugh’s original case series of 12 patients (2), 7 out of the 12 (58%) died. 

There are 150,000 reported cases of ARDS in the United States every year(6) . 

Acute lung injury was evident in 7.1% of European ICU admissions according to 

the ALIVE study group (7). ARDS cases represent almost 18% of ventilated 

patients in Intensive Care Units (ICUs) (8). The current mortality rate, taking into 

account a recent meta-analysis by Phua and colleagues, is greater than 40% (9). 

2.2 Mechanical Ventilation 

One of the earliest references to artificial ventilation occurred in 175AD when the 

Greek anatomist Galen attempted to inflate a dead animal’s lungs using a bellows 

(10). Fourteen centuries later, the Brabançon anatomist, Vesalius, described 

assisted ventilation in his work on resuscitation, when he stated: 

“But that life may in a manner of speaking be restored to the animal, an opening 

must be attempted in the trunk of the trachea, into which a tube of reed or cane 

should be put; you will then blow into this, so that the lung may rise again and the 

animal take in air.”(11) 

Mechanical ventilation has been the mainstay of life-supporting treatment in 

intensive care medicine. One of the first mechanical ventilators was the iron lung, 

a metal cylinder that completely engulfed the patient up to the neck. Negative 

pressure applied in the chamber using a vacuum pump, was used to expand the 

chest. This reduced the intrapulmonary pressure, permitting ambient air to flow 

into the lungs. When the vacuum pressure was stopped, the negative pressure 

dropped to zero, and passive exhalation occurred secondary to elastic recoil of the 

lungs and chest wall. However this mode of ventilation was cumbersome and 

caused patient discomfort. 

The modern positive pressure ventilator evolved from concepts and designs used 

by the military in World War II to deliver oxygen and gas volume to fighter pilots 

at high altitude. 

The Scandinavian polio epidemic in the 1950s proved to be pivotal in the 

widespread use of mechanical ventilation. 1400 Danish medical students were 

recruited to assist patients with respiratory paralysis, by manually pumping 50% 

oxygen into the lungs of polio patients through a tracheostomy for as long as was 
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required. Their efforts reduced mortality from 80% to 25%, and led to the 

institution of positive pressure ventilation in the operating rooms and intensive 

care units(12) 

In positive pressure ventilation, the airway pressure is applied at the patient’s 

airway via an endotracheal or tracheostomy tube. This permits gas flow into the 

lungs until the end of the ‘breath’ delivered by the machine. Elastic recoil of the 

chest occurs when the airway pressure is zero, leading to passive exhalation. 

 

2.2.1 Role in Sustaining Life in ARDS Patients 
Mechanical ventilation is essential to provide adequate gas exchange in patients 

with ARDS and other forms of respiratory failure (13). It constitutes a life-

sustaining intervention, in critically ill patients with severe respiratory failure. 

Traditionally, most patients, including those with ARDS, that required mechanical 

ventilation were ventilated with tidal volumes of 10-15 mL/kg, in order to 

maintain “normal” oxygen and carbon dioxide levels, and minimize 

atelectasis(14, 15). To achieve these goals, grossly high peak inspiratory pressures 

of up to 50 cmH2O were tolerated quite often in the absence of obvious 

complications of barotrauma, such as the development of pneumothoraces. 

2.2.2 Ventilator-Induced Lung Injury 
However, it was later recognized that mechanical ventilation could also make the 

already damaged lungs worse, a concept termed “Ventilator-Induced Lung Injury” 

(VILI). Webb and Tierney, in their landmark work in this area, discovered that 

ventilating rat lungs with peak pressures of up to 45cm H20 resulted in faster onset 

and more severe pulmonary oedema than when ventilating at pressures of 30cm 

H2O, and that positive end-expiratory pressure (PEEP) could alleviate that 

damage (16). VILI can cause or worsen ARDS, and is in fact, a form of ARDS 

both clinically and pathologically. Animal lungs injured by mechanical ventilation 

show patterns of atelectasis, severe congestion and enlargement due to oedema. 

Contemporary ventilation strategies entail the use of lower tidal volumes (6-

8mL/kg) compared to more traditional tidal volumes of 10-15mL/kg thus 

minimising lung over-distension and further injury. 
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2.2.2.1. The concept of baby lung 

ARDS typically does not have a uniform distribution, and affects some segments 

of lung more severely than others. CT-guided studies have demonstrated 

particular segments of lung with relatively normal elastance (baby lung)(17-19). 

Therefore even “normal” tidal volumes during mechanical ventilation can damage 

these smaller segments of aerated lung tissue. Gattinoni described the baby lung 

as the “small” lung open at end-expiration, and the smaller the baby lung, the 

greater the potential for VILI(17). The Vt/baby lung ratio is more relevant than 

the Vt/kg ratio for VILI in this context. 

2.2.2.2. VILI in non-ARDS lungs 

Even patients without ARDS are at risk of lung injury if being mechanically 

ventilated for other reasons. Gajic demonstrated in a single centre study that in 

patients ventilated for 2 days or longer who did not have ALI/ARDS at the onset 

of mechanical ventilation, 25% developed ALI/ARDS within 5 days of 

mechanical ventilation. Large tidal volume was identified as the major risk factor, 

with an odds ratio of developing ALI of 1.3 for each milliliter above 6mL/kg 

PBW(20). Gajic went further and analysed a sample of patients recruited 

prospectively in a large multicentre study on mechanical ventilation by 

Esteban(21). He confirmed that large Vt (odds ratio 2.6 for tidal volume >700 ml) 

and high peak airway pressure (odds ratio 1.6 for peak airway pressure >30 cm 

H2O) were independently associated with development of ARDS in patients who 

did not have ARDS at the onset of mechanical ventilation (“late ARDS”)(22).  

Patients are susceptible to injury, even if ventilated with large tidal volumes for 

just a matter of hours (see Table 2). Michelet randomized patients presenting for 

oesophaectomy to conventional ventilation strategy (Vt of 9 mL/kg during two-

lung and one-lung ventilation; no PEEP) or a protective ventilation strategy (Vt of 

9 mL/kg during two-lung ventilation, reduced to 5 mL/kg during one-lung 

ventilation; PEEP of 5 cm H2O throughout the operative time)(23). In this study, 

the protective strategy resulted in decreased levels of inflammatory cytokines, 

improved oxygenation during one-lung ventilation and one hour after surgery, and 

reduced postoperative mechanical ventilation. Lee et al demonstrated that a low 

tidal volume strategy was safe in postoperative surgical intensive care patients. 

Patients randomized to receiving a tidal volume of 6mL/kg versus 12 mL/kg 
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actual body weight had reduced incidence of pulmonary infection, shorter 

duration of intubation and shorter length of stay(24). 

 

 
Table 2 – Prospective Studies on Tidal volumes in Patients without ARDS 
(reproduced with permission from Schultz et al.(25). 
 

2.3 Mechanisms of VILI 

It was later appreciated that simple barotraumas, i.e. gross air leaks induced by 

large transpulmonary pressures, was not the only way that ventilators could 

damage lungs. Important mechanistic insights have emerged from extensive 

research to elucidate the potential mechanisms by which certain ventilator settings 

may cause specific biological damage. The concept of volutrauma infers that the 
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distention of the lung is the key element in causing lung injury and not the 

pressure at the airway opening (26). Atelectrauma is a term used to describe 

repeated opening and reopening of atelectatic areas leading to high shear stress 

and subsequent necrosis, classically with high ventilator distending pressures and 

no PEEP (27). Biotrauma, a relatively recent concept, states that excessive release 

of proinflammatory mediators and immune system hyperstimulation is the 

primary mechanism by which injurious ventilation damages the lungs (28). 

 

2.3.1 Impact of Cyclic Stretch on Lung Cells 
 

 
Image 2: Cellular and molecular pathogenesis of ventilator-induced lung injury.  
Schematic view of a bronchiolar duct and an alveolus submitted to cyclic stretch. Left panel: alveolar and 
bronchiolar cells involved in the inflammatory response during acute lung injury. Right panel: synergy 
between bacteria, bacterial products (lipopolysaccharide, LPS) and cell activation due to cyclic cell stretch 
(large arrows) for the production of pro-inflammatory cytokines—interleukin (IL)-1β and tumor necrosis 
factor (TNF)-α—by myeloid cells in the alveolar space, and for the secretion of the neutrophil 
chemoattractant IL-8 by alveolar phagocytes and types I and II epithelial cells. Reproduced with permission 
from Goodman et al. (29) 

 

2.3.2 Cyclic Stretch – Effects at Cell Membrane Level 
 
At the cellular level, respiratory epithelial cells are subjected to cyclic stretch, i.e. 

repeated cycles of positive and negative strain, during normal tidal ventilation. In 

aerated areas of diseased lungs, or even normal lungs subjected to injurious 

positive pressure mechanical ventilation, the cells are at risk of being 



Chapter 2 
 

12 
 

overdistended (30). This overstretching has been postulated as a mechanism of 

cell activation and injury. 

The healthy alveolus contains 2 major cell types capable of secreting cytokines: 

alveolar type II cells (ATII) and alveolar macrophages (AM). Alveolar epithelial 

cells are prone to excessive stretching during high tidal volume lung ventilation, 

or in situations where an injured lung with collapsed or consolidated areas 

receives a ‘normal’ tidal volume. Their duties include maintenance of normal 

alveolar capillary barrier function, alveolar fluid absorption and lung surfactant 

synthesis. These cells are known to respond to mechanical stretch in a number of 

ways: they can rearrange their plasma membrane and cytoskeletal structure (31); 

adjust surface expression of receptors (32); broadcast signals after stretching to 

neighboring cells via intercellular channels (33) and; induce matrix remodeling 

(34). Cell stretch is now accepted as the major stimulus for surfactant secretion 

(35, 36); this is termed physiologic stretch, which cells are well adapted for, and 

which is necessary for certain functions. This should be distinguished from 

excessive or pathological stretch, which can be an important stimulus for cytokine 

synthesis and secretion from these cells. These important interactions require an 

intricate sensory system at membrane level, termed mechanosensors. 

2.3.3 Mechanosensing and Mechanotransduction 
Mechanosensors are defined as the system that detects the mechanical stimuli on 

the cell and converts it into a biological signal (37). The key structures that 

facilitate mechanoreception are integrins, focal adhesins, the cytoskeleton and the 

extracellular matrix (ECM). 

Integrins are part of a family of transmembrane proteins and are the main 

receptors that connect the cytoskeleton to the ECM. They function by organizing 

themselves in clusters, called focal adhesion plaques (38). These plaques contain a 

number of actin-associated proteins such as paxillin, talin and vinculin. Integrins, 

through these focal adhesion plaques, transmit mechanical stress across the 

plasma membrane, convey tractional forces from the cytoskeleton to the ECM, 

and stresses from the ECM back to the cells (39). They also regulate signaling 

pathways (40), making them good mechanotransducers. The cytoskeleton itself 

has been postulated to sense cellular deformation independently. The ECM acts 

not merely as a scaffold, but is a complex and dynamic meshwork of fibrous 
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proteins (collagen and elastin), structural proteins (laminin and fibronectin), 

glycosaminoglycans, proteglycans and matrix metalloproteinases, the latter 

responsible for regulating ECM turnover (41). Apart from maintaining structure 

and function, the ECM also has important roles in modulating inflammatory 

response and influencing tissue repair and remodeling. 

Mechanotransduction describes the conversion of mechanical stimuli into 

biochemical and biomolecular signals (42). Ingber’s hypothesis (43) was as 

follows: the interstitium senses physical forces via the integrin adhesion receptor. 

Cells sense distortion of the ECM as a pull on these adhesion receptors. The 

cytoskeleton, having received the stimulus via integrins, then responds by 

rearranging its network of actin microfilaments, microtubules, and intermediate 

filaments, as well as associated organelles (e.g., mitochondria) and nuclei, hence 

bolstering the whole cell against the potential injurious effects of mechanical 

deformation (44). 

2.3.4 Ventilator-Induced Lung Inflammation 
Multiple animal models of VILI have demonstrated that injurious ventilation in 

the form of volutrauma or atelectrauma results in significant leukocyte 

sequestration and lung damage (16, 45, 46). Cytokines are an important group of 

mediators in this process. These are low-molecular-weight glycoproteins, 

produced by a number of cells, which communicate with cell-surface receptors to 

activate or inhibit the inflammatory cascade. Pro-inflammatory cytokines include 

interleukin IL-1b and TNF-α, which act in the early phase of injury; IL-8 plays a 

role in immune cell recruitment and; IL-6 activates macrophages and 

polymorphonuclear cells. Cytokines with anti-inflammatory actions include IL-10 

and IL-1 receptor antagonist (IL-1ra). Mechanical ventilation can activate the 

production and release of cytokines in lung cells by a number of mechanisms: 

 

1. Mechanotransduction: the conversion of physical forces on the cell 

membrane/receptors into promotion of intracellular signal transduction 

pathways leading to increased synthesis and secretion of cytokines (37, 

47). 
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2. Cell necrosis may result from injurious stretch, leading to secretion of 

preformed cytokines, which then modulate the production of more 

cytokines (37, 48). 

3. Vascular endothelial cells may exert an increased inflammatory response 

as a consequence of increased pressure in the pulmonary vasculature by 

MV (37). 

The localized inflammatory response resulting from these mechanisms can rapidly 

become systemic if the endothelial-epithelial barrier is disrupted secondary to 

necrosis, permitting ‘spillover’ of cytokines, endotoxins and bacteria to spread 

from alveoli into the systemic circulation. Previous studies have linked the 

systemic inflammatory response that accompanies aggressive mechanical 

ventilation with cytokine release from lung cells (49), and consequent 

translocation of cytokines into the bloodstream (50-52). This loss of pulmonary 

containment of inflammation, termed decompartmentalization, explains the high 

mortality of patients with ARDS from multi-organ failure. This concept of a 

systemic effect from an initial lung injury is supported by direct evidence from ex 

vivo studies (53), in vivo animal studies (52, 54) and indirect supportive data from 

human studies (55). Chiumello demonstrated, in an in vivo rat acid aspiration 

model of lung injury, that in rats ventilated with high tidal volumes and zero 

PEEP there was a greatly significant elevation in serum levels of TNF-α 

compared to rats ventilated at low tidal volumes with or without PEEP and high 

tidal volumes with PEEP (56). Of note, PEEP is shown to be protective here, as in 

the high tidal volume group with PEEP, there was no TNF-α response.  

2.3.5 Cyclic Stretch and Transcriptional Activation 
Mechanotransduction also stimulates gene transcription following 

mechanosensing. A growing body of evidence has implicated the mitogen-

activated protein kinase (MAPK) pathway as integral in transduction of signals 

from the mechanosensory apparatus to the nucleus and driving gene transcription 

(57, 58). MAPKs are signaling enzymes activated by phosphorylation in response 

to a range of extracellular stimuli such as cytokines and growth factors. They play 

important roles in cell proliferation, inflammation and apoptosis (59). The MAPK 

family also includes the extracellular signal-regulated kinases 1 and 2 (ERK1/2). 
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These enzymes play a principal part in the transduction of mitogenic and 

differentiation signals, resulting in activation of transcription factors (60). ERK1 

and 2 are activated by cyclic stretch in alveolar epithelial cells (61), as well as in a 

variety of other cell types, including cardiac myocytes (62), endothelial cells (63), 

and vascular smooth muscle cells (64). Many cyclic stretch studies have 

demonstrated increased alveolar levels of IL-8, which is highly suggestive of 

increased transcription of this inflammatory cytokine by mechanical stretch (65-

67). Cyclic stretch has also been demonstrated to induce activation of a powerful 

transcription factor Nuclear Factor kB (NF-kB), a pivotal regulator of genes 

central to lung injury, inflammation and repair.  

 

2.4 The Role of NF-kB in Lung Injury 

2.4.1 What is NF-kB? 

NF-κB is a transcription factor central to gene regulation in innate immunity, 

inflammation and apoptosis. Initially discovered in 1986 by Sen and Baltimore 

(68), and described as a nuclear factor necessary for immunoglobulin kappa light 

chain transcription in B cells (hence the name, nuclear factor-κB), this 

transcription factor has been extensively investigated with over 30,000 papers and 

almost 3000 reviews in the literature (69) . NF-κB regulates the gene expression 

of major chemokines such as macrophage inflammatory protein (MIP-2), 

cytokine-induced neutrophil chemoattractant (CINC), pro-inflammatory cytokines 

(TNF-α, IL-1β), and adhesion molecules (ICAM-1, Eselectin), all of whom are 

major players in lung injury (70). 

2.4.2 The NF-kB Family 

The members of the NF-kB family consist of p50, p52, p65 (RelA), c-Rel, and 

RelB, encoded by the NFKB1, NFKB2, RELA, REL, and RELB genes, 

respectively. These members share an N-terminal Rel homology domain (RHD), 

which is responsible for DNA binding and homo- and heterodimerization (Image 

3). The most common active form of NF-kB is the p50/p65 heterodimer. p65, c-

Rel and Rel B are promoters of positive regulation of gene expression, whereas 
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p50 and p52 are potential repressors of transcription, due to the absence of a 

Transcription Activation Domain (TAD), which is present in the other 3 members. 

 

 
Image 3: The NF-κB, IκB, and IKK Protein Families.  

Members of the NF-κB, IκB, and IKK proteins are shown. The number of amino acids in each human protein 
is indicated on the right. Post-translational modifications that influence IKK activity or transcriptional 
activation are indicated with P, U, or Ac for phosphorylation, ubiquitination, or acetylation, respectively. 
Inhibitory events and phosphorylation and ubiquitination sites on p100, p105, and IκB proteins that mediate 
proteasomal degradation are indicated with red Ps and Us, respectively. RHD, Rel homology domain; TAD, 
transactivation domain; LZ, leucine zipper domain; GRR, glycine-rich region; HLH, helix-loop-helix domain; 
Z, zinc finger domain; CC1/2, coiled-coil domains; NBD, NEMO-binding domain; MOD/UBD, minimal 
oligomerization domain and ubiquitin-binding domain; and DD, death domain. (with permission from 
Hayden et al. (71)). 
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2.4.3 The NF-kB Pathway 

 
Image 4: NF-κB signaling pathway  
(freely available from www.kegg.jp) 

 
NF-kB is normally sequestered in the cytoplasm of all cells, in an inactive form, 

by an IkB protein, most commonly IkBa. The IkB proteins are a family of 

inhibitory proteins that are characterized by the presence of multiple ankyrin 
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repeats (Image 3), protein-protein interaction domains that interact with NF-κB 

via the RHD (72). The IkB proteins are traditionally understood to render NF-kB 

inactive by masking its nuclear localization sequence (NLS), thereby preventing 

nuclear translocation and subsequent DNA binding. This may be an 

oversimplification of the exact process. The more accurate situation is that IκBα 

protein masks only the NLS of p65, whereas the NLS of p50 remains exposed and 

is coupled with nuclear export sequences (NES) in IκBα and p65. This results in 

constant shuttling of IκBα/NF-κB complexes between the nucleus and the 

cytoplasm, in spite of steady-state localization that appears almost entirely 

cytosolic (69). Significant advances have been made to uncover a number of 

cellular routes to NF-κB activation (Image 4). 

 

2.4.3.1 The Canonical Pathway 

In its simplest form, the chain of events in this pathway begins with inducing 

stimuli leading to activation of IκB kinase (IKK). This ‘canonical pathway’ in 

turn initiates the phosphorylation, ubiquitination and degradation of IκBα, which 

then allows the unbound NF-κB dimers to translocate to the nucleus, bind to 

specific DNA sequences and promote transcription of target genes (Image 5). 

 

 
Image 5: NF-κB signalling pathway  

(freely available from www.activmotif.com) 
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2.4.3.2 The Non-Canonical Pathway 

This pathway is mediated through IKKα homodimers (unlike the canonical 

pathway, which is channeled through a heterodimeric IKK complex). It causes 

NF-κB activation in response to a specific set of stimuli, including B-cell 

activating factor (BAFF), lymphotoxin b (LTb) and CD40 ligand (CD40L) 

(Image 6). The non-canonical pathway specifically targets the p100 IκB family 

member, which preferentially interacts with RelB in the cytoplasm. Once 

stimulated, p100 is partially degraded to generate p52, thereby freeing up 

p52/RelB NF-κB complexes, which in turn, trigger a subset of NF-κB-dependent 

target genes, involved in B-cell maturation and lymphoid organ formation (73). 

 

 
Image 6: The NF-κB Signaling Cascade  
The NF-κB signaling cascade is initiated at the cell membrane and depends on the IKK complex, which, in 
addition to its c regulatory subunit, contains two catalytic subunits, IKKα and IKKβ. The canonical NF-κB 
pathway is triggered by binding of pathogen-associated molecular patterns, cytokines or antigen to their 
cognate receptors. This leads to phosphorylation and consequent activation of IKKβ, which in turn 
phosphorylates IκB, leading to its ubiquitination and subsequent proteasomal degradation. IκB degradation 
exposes the nuclear localization signal of the NF-κB p65 subunit, allowing the NF-κB dimer to translocate to 
the nucleus, where it can switch on the transcription of its target genes, including among others cytokines, 
chemokines, enzymes and adhesion molecules involved in orchestrating the inflammatory response. The non-
canonical pathway is initiated by extracellular stimuli involved in B-cell maturation and lymphoid 
organogenesis and depends on IKKα, which is activated by the NF-κB-inducing kinase (NIK). Active IKKa 
preferentially phosphorylates the p100 IκB family protein, which sequesters RelB in the cytoplasm. Once 
phosphorylated, p100 is partially degraded to p52 in the ubiquitin–proteasome pathway, allowing 
translocation of the p52-RelB NF-κB dimer to the nucleus. The p52-RelB NF-κB complex induces the 
transcription of a distinct set of NF-κB target genes, including chemokines, cytokines and other genes 
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involved in lymphocyte function and lymphoid organogenesis (reproduced with permission from Gerlo et al. 
(74)). 
 

2.4.4 Role of NF-κB in Injury 
The key physiological purpose of NF-κB is harmonization of the inflammatory 

response. It regulates pro-inflammatory transcriptional programmes that carry out 

this response. NF-κB activation leads to the upregulation of adhesion molecules 

and chemokines in vascular endothelial cells and within the tissue. This, in turn, 

results in recruitment and activation of effector cells, initially neutrophils and then 

macrophages and other leukocytes. NF-κB is also essential for the production of 

antimicrobial effector molecules and for the survival of leukocytes in an 

inflammatory milieu. Although crucial for an intact host defense response, 

excessive activation of NF-κB leads to exaggerated inflammatory injury of lungs 

and other organs (75-77). Mechanical stretch activates the NF-κB pathway in 

cardiac myocytes (78), vascular endothelial cells (79) and alveolar epithelial 

cells(80). 

The presence of this transcription factor in the pathogenesis of lung injury has 

been demonstrated in many experimental studies. NF-κB is activated in lungs of 

patients with ARDS. Upregulation of NF-κB in response to stretch has been 

demonstrated in many in vitro and ex vivo lung studies (81-83). Increased 

activation of NF-κB occurs in alveolar macrophages in established ARDS (81). 

Using an isolated perfused lung model, Uhlig demonstrated activation of NF-κB 

in response to LPS and ventilation with large tidal volumes (84). NF-κB 

regulation can take place at any point of its activation and postactivation pathway 

and probably plays a crucial role in the NF-κB-mediated inflammatory cascade. In 

ARDS for example, Moine et al. (85) showed that NF-κB maintained an activated 

state in spite of increased IκB levels and reductions in Bcl-3 levels (another 

member of the IκB family). This implies that basic aberrations in NF-κB-related 

transcriptional mechanisms are likely central to the generation of the 

inflammatory cascade, which occurs in patients with sepsis and ARDS. 
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Tumour Necrosis Factors TNF-α, TNF-β 

Interleukins IL-1b  IL-2  IL-6  IL-12 

Chemokines IL-8 , MIP-1a, MIP-1 ,MCP , Gro-a, -b, -
g 

Cell adhesion molecules ICAM-1  VCAM-1  E-selectin 

Colony stimulating factors G-CSF    GM-CSF 

Transcription factors & 
subunits 

IkBa 
NF-kB precursor p105,  
NF-kB precursor p100 

Acute-phase proteins C-reactive protein 
Lipopolysaccharide binding protein 

Interferons IFN-b 

Other Nitric oxide synthase, Tissue factor, 
Cyclooxygenase-2, Phospholipase A2 

Table 3 Lung injury relevant genes regulated by NF-κB.  
TNF, tumor necrosis factor; IL, interleukin; MIP, macrophage inflammatory protein; MCP-1, monocyte 
chemoattractant protein-1;Gro, growth-regulated peptide; ICAM-1, intercellular adhesion molecule-1; 
VCAM-1, vascular cell adhesion molecule-1; G-CSF, granulocyte colony-stimulating factor; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; IκB-a, inhibitory κB-a; NF-κB, nuclear factor-κB; IFN-b, 
interferon-b 

 

2.5 Strategies to Protect the Lung during Mechanical 

Ventilation 

Several key publications have demonstrated the beneficial effects of the individual 

components of protective ventilation. Webb & Tierney pioneered this research by 

ventilating rats for 1 hour using different airway pressures with and without 

positive end expiratory pressure (PEEP). 10 rats ventilated with a peak airway 
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pressure of 14 cm H2O had no histological changes in the lung, while mild 

perivascular oedema was evident in those ventilated with a pressure of 30 cm 

H2O. In contrast, all rats ventilated at 45 cm H2O (without PEEP) developed 

severe hypoxia and died within the hour (16). Their lungs had significant 

perivascular and alveolar oedema. Dreyfuss demonstrated a protective effect of 

application of PEEP to rats subjected to high inflation pressures resulting in 

pulmonary oedema (45). He found that the permeability type oedema induced in 

rats subjected to high tidal volume ventilation was significantly reduced by PEEP 

of 10cm H2O, which also maintained the normal ultrastructural aspect of the 

alveolar epithelium. Hickling observed a mortality benefit (26.4% versus 53.3%, 

as predicted by APACHE II scores) in 53 ARDS patients ventilated at low tidal 

volumes (4-7 mL/kg) with resultant hypercapnia(86).  

The ARDSNet study was a multi-centered randomized controlled trial performed 

by the ARDSNet group that was funded by the National Heart, Lung and Blood 

Institute (NHLBI) of the National Institutes of Health (NIH) to conduct clinical 

trials in patients with ARDS(13). 861 patients with acute lung injury or ARDS 

were recruited into the study by 10 academic centers with 75 intensive care units 

(ICUs), which compared a tidal volume (Vt) of 12 mL/kg [based on predicted 

body weight (PBW)] as a control, to a lung protective strategy using a Vt of 6 

mL/kg PBW. In the lower tidal volume group, the tidal volume was reduced to 6 

mL/kg PBW within four hours after randomization and was subsequently reduced 

stepwise by 1 mL/kg PBW if necessary to maintain plateau pressure at a level of 

no more than 30 cm H2O. The minimal tidal volume was 4 mL/kg PBW. If 

plateau pressure dropped below 25 cm H2O, tidal volume was increased in steps 

of 1 mL/kg PBW until the plateau pressure was at least 25 cm H2O or the tidal 

volume was 6 mL/kg PBW. For patients with severe dyspnea, the tidal volume 

could be increased to 7 to 8 mL/kg PBW if the plateau pressure remained 30 cm 

H2O or less A remarkable 22% reduction in mortality was reported in the low Vt 

group compared to the control group. The low Vt group had a significantly higher 

number of ventilator-free days, days without nonpulmonary organ or system 

failure, days without circulatory failure, coagulation failure and renal failure, 

compared to the traditional Vt group. This was the first large-scale trial to show 

that a particular therapy is effective in patients with ARDS and a tidal volume of 6 
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mL/kg PBW became the gold standard as a treatment mode in patients with 

ARDS. 

2.5.1 Mechanisms of Protection by Low Tidal Volume 

Ventilation 

2.5.1.1 Modulation of the Inflammatory Response 

Protective ventilation has actually been shown to reduce the inflammatory 

response at a molecular level, compared to more traditional ventilation . Ranieri 

measured cytokines in bronchoalveolar lavage (BAL) fluid and plasma in ARDS 

patients ventilated with high Vt – low PEEP (Control) versus low Vt – high PEEP 

(Treatment)(87), and found that in the lung-protective group, BAL levels of IL-

1β, IL-6, IL-8, TNF-α, TNF-αsR55, TNF-αsR75, and IL-1ra decreased over time, 

as did plasma levels of IL-6. TNF-αsR75, and IL-1ra. This demonstrated that the 

protective strategy partially attenuated local and systemic inflammation over time. 

Fanelli, in an animal study, compared injurious ventilation (Vt 20 mL/kg and zero 

PEEP) to two low stretch strategies; low stretch/lung rest: Vt of 6 mL/kg and 8–10 

cm H2O of PEEP; low stretch/open lung: Vt of 6 mL/kg, two recruitment 

maneuvers and 14–16 cm H2O of PEEP (88). Both low stretch strategies equally 

blunted the VILI-induced derangement of respiratory mechanics (static volume-

pressure curve), lung histology (hematoxylin and eosin), and inflammatory 

mediators (interleukin-6, macrophage inflammatory protein-2), and attenuated 

MAPK activation. The latter attenuation was larger with the open lung strategy. 

The low stretch/lung rest arm was associated with less apoptosis and more 

ultrastructural evidence of cell damage, indicative of the risks of atelectasis. 

Ventilation of lungs isolated from rats exposed to cecal ligation-induced sepsis 

with a tidal volume of 20 mL/kg, without PEEP, resulted in higher BAL levels of 

TNF-α, IL-1β, and IL-6 compared with unventilated controls and lungs ventilated 

with a tidal volume of 10 mL/kg and a PEEP level of 3 cm H2O (89). Parsons 

looked at cytokine levels in the 861 patients from the ARDSNet study, and noted 

that by day 3, the 6 mL/kg strategy was associated with a greater decrease in 

interleukin-6 and interleukin-8 levels than the 12 mL/kg strategy (90). Another 

study demonstrated reversal of the injurious stretch-induced systemic 

inflammatory response, in terms of cytokine release, within six hours of changing 
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to a protective ventilation strategy, but no impact on the local pulmonary response 

(91). More recently. Determann and colleagues compared low versus 

conventional tidal volumes (6 versus 10 mL/kg PBW) in critically ill patients 

without acute lung injury at the onset of mechanical ventilation (92). They found 

significant reduction in the level of systemic inflammatory cytokines in the low 

tidal volume group and that development of lung injury was higher in the 

conventional tidal volume group (13.5 versus 2.6%; p=0.01) 

 

2.5.2 Impact of Lung Ventilatory Strategies Over Time 
Mortality in ARDS has undoubtedly decreased over time according to a number 

of studies (93-96). Protective ventilation has played a major role in this reduction, 

but other advancements in critical care, such as better supportive care, have been 

influential. Petrucci et al. conducted an extensive meta-analysis in the form of a 

Cochrane review, which they have updated for the third time in 2013 (97) in 

which they examine all trials to date that have studied the impact of lung 

protective ventilatory strategies in ARDS. In this most recent update, the total 

number of trials conducted has remained unchanged, namely 6 trials on 1297 

patients (13, 98-102), focusing on randomized controlled trials comparing 

ventilation using either a lower Vt or low airway driving pressure (plateau 

pressure 30 cm H2O or less), resulting in a tidal volume of 7 mL/kg or less, versus 

ventilation that used Vt in the range of 10 to 15 mL/kg in adults (16 years old or 

older) with acute respiratory distress syndrome and acute lung injury. Overall, the 

main conclusion is that using lower tidal volume ventilation reduces relative risk 

of death by day 28. Hospital mortality is also beneficially affected but the 

evidence to draw any conclusions about morbidity and long-term outcomes is 

scant (97). Secondary analysis of the ARDS network trial database revealed that 

the reduction in Vt from 12 to 6 mL/kg PBW yielded benefit, regardless of the 

level of plateau pressure (103). There has been a tendency over the years by 

clinicians to lower Vt from 8.8 mL/kg actual body weight (ABW) to 6.9 mL/kg 

ABW in critically ill patients and increase in applied positive end-expiratory 

pressure (mean 4.2 cm H2O [SD = 3.8] to 7.0 cm of H2O [SD = 3.0] (93). 
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2.6 The Role of Carbon Dioxide in Modulating Lung 

Injury 

2.6.1 Injurious Effects of Hypocapnia 
In contrast, traditional approaches to mechanical ventilation frequently resulted in 

hypocapnia, which can be severely damaging to lungs. A number of studies in the 

literature have identified hyperventilation and hypocapnia as risk factors for 

adverse outcomes in ARDS (104-106). A possible explanation for this would 

include hypocapnia-induced vasoconstriction and left shifting of the hemoglobin 

oxygen dissociation curve. Both hyperventilation and hypocapnia may be 

independent causes of bronchopulmonary dysplasia in infants (107). Hypocapnia 

reduces lung compliance (108), impairs functional surfactant production (109) and 

increases microvascular permeability in tracheal mucosa(106). Trimble et al., in 

1971 demonstrated that hypocapnia increased work of breathing, aggravated 

ventilation/perfusion mismatch, increased airway resistance, increased the A–a O2 

gradient and decreased the PaO2 in patients with ARDS(110). Other studies have 

found hypocapnia to be directly deleterious in lung injury, and a potentiator of 

ischemia–reperfusion- induced acute lung injury(104). 

2.6.2 Rationale for “Permissive” Hypercapnia to Reduce Lung 

Stretch  
One of the consequences of instituting a low tidal volume ventilatory strategy is a 

gradually increasing PCO2 level greater than the upper limit of normal, termed 

hypercapnia. This ‘permissive hypercapnia” (PaCO2 > 45mmHg) – has been 

adopted as the preferred approach versus normo- or hypocapnic targets in the 

setting of ALI/ARDS. Having been first demonstrated to be effective in the 

setting of acute severe asthma(111) in 1984, the strategy was then trialled by 

Hickling and colleagues (112-115) for ARDS in the 1990s. This hypercapnia is 

accompanied by an acidosis in the acute phase, which is gradually then subjected 

to renal and tissue buffering. Hickling demonstrated no detrimental effects of this 

hypercapnic acidosis (HCA) in experimental studies (86). In subsequent 

preclinical studies, induced HCA – by means of addition of CO2 to the inspired 

gases - reduced the severity of acute lung injury (ALI) induced by free radicals 

(116), endotoxin (117), both primary(118, 119) and secondary(120) ischemia-
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reperfusion, and high lung stretch(120). HCA has attenuated early lung (121, 

122)and systemic (123, 124) sepsis. These preclinical studies have suggest a 

potential direct benefit of HCA. Of the clinical relevance, Kregenow re-analysed 

data from the ARDSNet study (13)and observed that the presence of a HCA at the 

time of randomization in patients subjected to high tidal volume ventilation was 

associated with better 28-day survival (125). 

2.6.3 Therapeutic Hypercapnia – further reducing lung injury? 

Encouraged by the beneficial effects of permissive hypercapnia, some groups 

hypothesized that deliberately increasing the PaCO2, by either initially ventilating 

at very low tidal volumes, or by inhalation of small fractions of CO2, would also 

confer benefit in lung injury – termed “Therapeutic Hypercapnia” (TH). 

Experimental studies exploring this hypothesis have achieved promising results. 

Laffey and colleagues demonstrated a protective effect in an in vivo lung 

reperfusion injury model (119), while Sinclair demonstrated improved lung 

mechanics, gas exchange and injury scores in rabbits ventilated with high tidal 

volumes and targeted hypercapnia versus rabbits with eucapnic targets (126). De 

Smet et al ventilated isolated perfused rat lungs for 2 hours with low (7 mL/kg) or 

moderately high (20 mL/kg) Vt and 5% or 20% CO2, with lipopolysaccharide or 

saline added to the perfusate (127). HCA resulted in improved pulmonary edema, 

decreased lung stiffness, and markedly decreased levels of TNF-α and IL-6 in the 

lavage and perfusate. Interestingly they found HCA to be beneficial, regardless of 

the tidal volume, suggesting that HCA has independent protective effects. More 

recent experimental studies have demonstrated that therapeutic hypercapnia 

improved lung function and reduced inflammation after one-lung ventilation in 

lobectomy patients (128). Its beneficial effects extend outside the lung to the 

heart; TH prevents the adverse effects of sustained exposure to iNO on RV 

systolic function by limiting IL-1-mediated NOS-2 upregulation and consequent 

nitration (129). Other studies have demonstrated that TH is neuroprotective via 

anti-apoptotic mechanisms and improves impaired spatial memory (130). A trial 

currently in progress will assess the feasibility and safety of targeting mild 

hypercapnia for 24 h following intensive care unit admission for cardiac arrest 

patients. It will also provide insight on whether such treatment improves 
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neurological injury biomarkers concentrations, compared with normocapnia 

(131). The evidence is mounting in favour of the anti-inflammatory merits of CO2. 

2.6.4 Mechanisms of Action of HCA 

The exact mechanism by which HCA exerts its beneficial effects in ARDS is yet 

to be elucidated. However, many elegant studies have advanced our understanding 

of the molecular mechanisms at play. One therapeutic mechanism is by the 

attenuation of free radical injury(116). Laffey and colleagues demonstrated anti-

apoptotic effects(119) and inhibition of nitric oxide-derived oxidant 

generation(117). Takeshita’s study provides strong supportive evidence that HCA 

attenuates LPS-induced NF-κB activation by suppression of IκBα degradation, 

which in turn leads to down-regulation of ICAM-1 and IL-8 in pulmonary 

endothelial cells(132). Our own group replicated this finding and in addition 

demonstrated that HCA attenuated ventilation-induced lung injury independent of 

injury severity in Sprague-Dawley rats and decreased mechanical stretch-induced 

epithelial injury and death, via a NF-κB–dependent mechanism(133). 

2.6.5 Can HCA be Injurious to the Lung? 

HCA may also exert potentially deleterious effects in the setting of lung injury 

and may indeed worsen a pre-existing injury in certain situations. One group 

demonstrated that HCA worsens protein malfunction by potentiating protein 

nitration by the free radical, peroxynitrite (134). Other groups, including ours, 

have shown that HCA impairs bacterial killing in the setting of prolonged lung 

infection(135), delays plasma membrane resealing, an essential mechanism of 

cellular repair(136), and inhibits pulmonary epithelial wound healing by 

decreasing cell migration via an NF-κB–dependent mechanism(137). Dixon also 

demonstrated that HCA, along with inhibiting stretch-induced cytokine 

production, also impaired stretch-induced pulmonary surfactant release in rat 

alveolar type II cells(138). 

It can be concluded, therefore, that HCA exerts diverse effects, some of which 

may be beneficial and others harmful, depending on the context. In this way, it 

may constitute a ‘double-edged sword’. 
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2.7 Mesenchymal Stem Cells – can they repair the stretch-

injured lung? 

Mesenchymal stem cells (MSCs) are a population of multipotent adult stem cells 

of stromal origin. They are capable of self-renewal and can classically 

differentiate into mesodermal lineages, including chondrocytes, adipocytes, and 

osteoblasts (139). There is increasing evidence that they may also differentiate 

into cells of non-mesodermal origin such as lung epithelial cells (140). They were 

first discovered in the bone marrow in 1976 by Friedenstein and colleagues (141). 

MSCs are naturally found as perivascular cells or pericytes (142), and numerous 

studies have now demonstrated that they are present in abundance in perivascular 

locations for almost every blood vessel in the body (143-146). 

2.7.1 How do MSCs Work? 
MSCs have some notable properties that make them suitable in combating tissue 

and cellular damage. They have a propensity to home to sites of injury, they are 

equipped to suppress immune reactions and have the power to aid in the repair 

and regeneration of damaged tissues(147-149) . The plasticity of MSCs allows 

them to differentiate at the local site to replace lost injured tissue. They can 

release trophic factors or bioactive molecules, which lead to the activation of 

local, tissue-specific, stem cells and the creation of a regenerative 

microenvironment. This, in turn, can modulate the local immune response, by 

suppression of antibody release (150), by inhibition of dendritic cell maturation 

(151) or by promoting production of T-regulatory cells (152). The bioactive 

factors secreted by MSCs inhibit lymphocytic surveillance of injured tissue, 

thereby preventing autoimmunity. Maitra’s group demonstrated that human MSCs 

could be activated to release bioactive factors that inhibited an in vitro mixed 

lymphocyte assay (153). This property of low immunogenicity meant that MSCs 

could be administered allogeneically and play a therapeutic role, in the words of 

Arnold Caplan, as ‘universal cells’ that could function in any host (154). 

2.7.2 Paracrine Function of MSCs 
There is a growing body of evidence supporting the hypothesis that paracrine 

mechanisms mediated by factors secreted by MSCs play a vital part in the 
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reparative process. Several studies have indicated that the MSCs can exert their 

action remotely (155, 156) by secreting a wide range of growth factors, cytokines 

and chemokines. These would include keratinocyte-growth factor (KGF), 

hepatocyte-growth factor (HGF) Interleukin-1, Interleukin-6 and vascular 

endothelial growth factor (VEGF) to name but a few. Many of these paracrine 

factors have cytoprotective and repair properties and their production is increased 

in a hypoxic environment (157). Chen et al. demonstrated that conditioned 

medium from bone-marrow derived MSCs increased recruitment of macrophages 

and endothelial lineage cells and enhanced wound healing in a mouse model (158) 

. Another supportive study found that MSC-conditioned medium (MSC-CM) 

stimulated cell migration to facilitate airway epithelial cell (AEC) wound repair 

(159). The exact mechanisms involved in this process are still being elucidated, 

but it is possible that the paracrine factors are expressed/secreted in a temporal 

and spatial manner exerting distinctive effects based on the microenvironment 

after injury. Furthermore, these released mediators may have autocrine effects on 

the biology of stem cells themselves (160). 

2.7.3 What Makes MSCs Suitable for ARDS? 
MSCs exhibit several advantages of relevance to ALI/ARDS, including their 

derivation from (multiple) adult tissues, their low immunogenicity, which means 

that they may be given allogeneically (161), and their relative ease of isolation 

and vast expansion potential in culture. ALI has a typically extreme but transitory 

inflammatory response. Where previous strategies to simply attenuate this 

response have failed, the more intricate, ‘immunomodulatory’ properties of adult 

stem cells such as MSCs may be more successful. MSCs may be capable of ‘re-

encoding’ the immune response to decrease the destructive inflammatory 

elements while preserving the host response to pathogens. MSCs may be able to 

boost the repair and resolution of lung injury. Resolution of ALI/ARDS is 

hampered by destruction of the integrity of the epithelial barrier, which limits 

alveolar fluid clearance and depletes surfactant (162). MSCs may restore 

epithelial and endothelial function, either by secretion of paracrine factors to 

enhance renewal of these tissues or by differentiation into these cell types. 

ALI/ARDS is often associated with multi-organ failure, which frequently is the 

reason for mortality in critically ill patients. MSCs have been shown to reduce 
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injury and/or restore function in the heart (163, 164), liver (165, 166) and kidney 

(167, 168). Furthermore, MSCs may directly combat bacterial sepsis, the 

commonest (169) and most severe (170) cause of ALI/ARDS, via a number of 

mechanisms, including augmented bacterial clearance (171), anti-microbial 

peptide secretion (172), and improved phagocytosis. MSCs may be potentially 

transduced to secrete disease modifying molecues, which may augment their 

therapeutic effects. As they home to sites of inflammation following intravenous 

administration after tissue injury (173), MSCs may provide an attractive vector for 

gene-based therapies (174). Regarding delivery route, intratracheal administration 

(175) provides access to both the distal lung epithelium and the pulmonary 

endothelium for stem cell therapies, and because the entire cardiac output transits 

the pulmonary vasculature. Finally, there are more than 100 stem cell clinical 

trials registered on the clinicaltrials.gov database, for a wide range of disease 

processes. The clinical potential of MSCs for ALI/ARDS has been strongly 

supported by investigators demonstrating that human MSCs can attenuate 

endotoxin-induced injury to explanted human lungs (176). 

2.7.4 Preclinical Studies of MSC Therapy in ARDS 
Many pre-clinical studies have successfully demonstrated their beneficial effects. 

Ortiz and colleagues (177) reported that MSCs reduced bleomycin-induced lung 

injury in mice despite an engraftment rate of less than 5%. MSCs and/or their 

secretome attenuated hyperoxia-induced lung inflammation, reduced histologic 

injury, and suppressed long-term remodelling (178, 179). MSCs have been shown 

to enhance recovery and repair(180) in a model of repair following ventilation-

induced lung injury(181). Importantly, MSCs appear to bolster the host response 

to bacterial sepsis; they reduce septic lung injury induced by endotoxin (182, 

183), Escherichia coli pneumonia (174) and systemic sepsis (183). Intravenous 

MSC administration attenuated intraperitoneal endotoxin-induced alveolar 

neutrophil infiltration and reduced pulmonary edema (184). MSC therapy lowered 

bacterial count from the lung following E. coli instillation (185) and following 

cecal ligation and puncture (185). MSCs ameliorated survival, decreased organ 

dysfunction, including indices of ALI, reduced neutrophil oxidative injury and 

protectively increased circulating neutrophils, while decreasing bacterial counts in 

blood, following cecal ligation and puncture-induced systemic sepsis (186). These 
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anti-microbial actions may be partly due to the secretion of anti-bacterial peptides 

(172). 

MSCs appear to aid lung repair and regeneration following injury, partly via the 

release of cytoprotective agents (174, 176, 183, 187). MSC secretion of 

angiopoietin and keratinocyte growth factor restores alveolar epithelial and 

endothelial permeability and enhances resolution of ALI/ARDS in pre-clinical 

models(174, 176, 183, 187) . The latter papers showed that KGF is necessary but 

perhaps not sufficient and that angiopoietin was overexpressed. Curley et al. 

showed that intratracheal MSC therapy in rats enhanced repair after ventilation-

induced lung injury, improving arterial oxygenation, restoring lung compliance, 

reducing total lung water, and decreasing lung inflammation and histologic 

injury(188). Intratracheal MSC therapy attenuated alveolar tumor necrosis factor-

α and interleukin-6 concentrations. They also found the efficacy of this route to be 

comparable to intravenous MSC therapy, and that MSC-CM also enhanced lung 

repair after injury, suggesting a paracrine mechanism of action. 
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Image 7: Therapeutic potential of mesenchymal stem cells and their paracrine factors in acute lung 
injury.  
An injured alveolus is shown here with protein-rich edema fluid with an influx of inflammatory cells 
secondary to both epithelial and endothelial injury. MSCs can be delivered via the air spaces or via the 
circulation. Some of the potential repair pathways are illustrated, as the MSCs interact with injured resident 
alveolar epithelial or lung endothelial cells or immunomodulate the responses of monocytes, PMN, activated 
macrophages, and lymphocytes, with the secretion of several products, including Ang-1, PGE2, IL-1ra, TGF-
β, and KGF. Several other paracrine factors may be important in reducing lung injury and enhancing repair. 
Ang-1 = angiotensin-1; IL-1ra = interleukin-1 receptor antagonist; KGF = keratinocyte growth factor; PGE2 
= prostaglandin E2; PMN = polymorphonuclear leukocytes; TGF-b = transforming growth factor-b. (with 
permission from Matthay et al.)(189)) 
 

2.7.5 Clinical Studies of MSCs for ARDS  
MSCs are currently in early phase clinical trials. Results of these trials may have a 

major impact on subsequent translational efforts for MSCs in ARDS. A pilot 

study was conducted in China, where 12 adult patients with ARDS were 

randomized to receive allogeneic adipose-derived MSCs or placebo in a 1:1 

fashion(190). Patients received one intravenous dose of 1 × 106 cells/kg of body 

weight or saline. In the MSCs group, serum SP-D levels (an ARDS biomarker) at 

day 5 were significantly lower than those at day 0 (p = 0.027) while there were no 

significant changes in IL-8. The IL-6 levels at day 5 showed a trend towards 

lower levels as compared with day 0, but this trend was not statistically significant 

(p = 0.06).This small study demonstrated that infusion of allogeneic adipose-
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derived MSCs was safe and there were no significant adverse events related to the 

MSCs in ARDS.  

The STem cells for ARDS Treatment (START) trial was a multicentre, open-

label, dose-escalation, phase 1 clinical trial, in which ARDS patients received 

either low-dose (1 million MSCs/kg PBW), intermediate-dose (5 million 

MSCs/kg PBW) or high-dose (10 million MSCs/kg PBW)(191). This was a nine 

patient study, with 3 patients per group. Primary outcomes focused on infusion-

associated events and serious adverse effects. There were no prespecified 

infusion-associated events or treatment-related adverse events reported in any 

patients. There were 3 serious adverse events one week after the infusion, but 

none were deemed to be related to the MSCs. On the basis of this, the trial has 

proceeded to Phase 2 testing with a primary focus on safety and secondary 

outcomes including respiratory, systemic, and biological endpoints. 

Simonson administered 2 x 106 MSCs/kg to 2 patients with severe refractory 

ARDS on a compassionate use basis (192). Each patient showed resolution of his 

disease, in terms of his respiratory and cardiovascular status, and reversal of his 

multiorgan failure, following MSC treatment. He also observed a reduction in 

multiple pulmonary and systemic markers of inflammation, including alveolar-

capillary fluid leakage, epithelial apoptosis, and microRNAs, proinflammatory 

cytokines, and chemokines.  

These preliminary studies show potential, but larger trials are required for 

definitive answers. 

 

To clearly understand the complex interplay between HCA and the NF-κB 

pathway may allow us to develop more effective strategies to minimize lung 

injury in ARDS. Generating new insights into the therapeutic potential of MSCs 

may transform traditional approaches to ARDS management by combining lung 

repair tactics with attenuation of injury. 
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3. Aims and Hypotheses 

3.1 Preamble 

Hypercapnic acidosis (HCA) is frequently encountered in patients with ARDS 

managed with protective lung ventilation strategies, that limit tidal and minute 

ventilation to reduce ventilator induced lung injury (VILI). We wish to investigate 

the effects of HCA on the activity of the transcriptional factor NF-κB, which plays 

a key role in the pathogenesis of lung injury inflammation and repair. We also 

wish to examine the potential of Mesenchymal Stromal Cells (MSCs) to attenuate 

VILI, and the role of the NF-κB pathway in mediating these effects,  

The chapter is followed by a sequence of chapters, which provide a detailed 

description of each of the experimental series. Each of these chapters will 

commence with an abstract, an introduction explaining the rationale for that 

particular experiment followed by a description of the methodological details 

relevant to that particular experiment. Each series will conclude with a discussion 

of the specific findings and the specific series limitations. A summary of the key 

findings in the thesis will follow. The overall conclusions of the thesis and a 

discussion of future research directions are the discussed. 

3.2 Overall Aims 

To understand the mechanisms by which HCA inhibits stretch induced activation 

of the NF-κB pathway, and to investigate the therapeutic potential of MSCs and 

the MSC-secretome in minimizing pulmonary epithelial stretch-induced injury. 

3.3 Specific Aims 

The first set of specific aims are to understand the mechanisms by which HCA 

inhibits stretch induced activation of the NF-κB pathway 

1. To establish a working in vitro model of pulmonary epithelial stretch-

induced injury;  

2. To demonstrate the role of NF-κB in mediating the anti-inflammatory 

effects of HCA in stretch-induced injury.  
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3. To elucidate the specific mechanism(s) by which HCA inhibits the NF-κB 

activation pathway 

These and other studies from our group demonstrated that hypercapnic 

acidosis diminished pulmonary inflammation but also inhibited repair, both 

via NF-κB dependent mechanisms. These insights prompted a search for 

strategies to enhance repair following injury, either as a sole therapy, or in 

combination with hypercapnia as an anti-inflammatory strategy. Consequently 

we focused on evaluating the potential of human mesenchymal stromal cells 

(hMSCs) to enhance repair and recovery following VILI. Our specific aims in 

these experiments were: 

4. To determine the therapeutic effects of hMSCs in an in vitro model of 

pulmonary epithelial stretch-induced injury 

5. To determine the effects of the hMSC secretome, in the form of 

conditioned medium, in pulmonary epithelial stretch-induced injury 

6. To determine the effects of hMSC-derived microvesicles (MV) in 

pulmonary epithelial stretch-induced injury 

 

 

3.4 The Overall Hypotheses 

That by generating insights into the mechanisms by which hypercapnic acidosis 

attenuates the Nuclear Factor Kappa B signalling pathway, and the effects of 

MSC therapy on pulmonary epithelial stretch, we can develop approaches to 

diminish inflammation while enhancing repair for patients with ARDS. 

Specific Hypotheses 

1. That injurious cyclical stretch induces NF-κB activation in pulmonary epithelial 

cells 

2. That HCA diminishes pulmonary epithelial injury and inflammation via 

inhibition of the NF-κB pathway. 

3. That HCA inhibits activation of the canonical NF-κB activation pathway. 

4. That the protective benefits conferred by HCA is dose-dependent 
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5. That hMSCs will attenuate pulmonary epithelial stretch-induced injury and 

inflammation. 

6. That the hMSC secretome will attenuate pulmonary epithelial stretch-induced 

injury and inflammation. 
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4. Materials and Methods 

4.1 Pulmonary Epithelial Stretch-Induced Injury 

Experiments 

4.1.1 Introduction 
As discussed in the introduction the effect of Hypercapnic Acidosis on pulmonary 

epithelial stretch-induced injury and the mechanisms underlying any effect are 

largely unknown. To investigate the hypothesis as laid out in Chapter 3, we used a 

cyclical strain model as described below using a number of pulmonary epithelial 

cell lines. 

4.1.2 Cell types 

4.1.2.1 Pulmonary alveolar A549 cells 

D. J. Giard first developed the A549 cell line in 1972, through the removal and 

culturing of cancerous lung tissue in the explanted tumor of a 58-year-old 

caucasian male (193). A549 cells were purchased from The European Collection 

of Cell Cultures (Porton Down, UK) as cryopreserved 90-passage culture and 

used at passages 91-95. These cells were passaged in growth medium (RPMI-

1640, Sigma), supplemented with 10% fetal calf serum, penicillin G (100 U/mL) 

and streptomycin (100 µg/mL; GIBCO BRL, Grand Island, NY) at 37°C in a 

humidified incubator saturated with a gas mixture containing 5% CO2 in air. 

4.1.2.2 A549/NF-κB-luc cell line 

The A549/NF-κB-luc cell line is designed for monitoring the activity of NF-κB 

transcription factor in cell-based assays. To obtain the cell line, A549 cells 

(ATCC P/N CCL-185) were co-transfected with pNF-κB-luc (Panomics P/N 

LR0051) and pHyg followed by hygromycin selection. Hygromycin-resistant cell 

clones were selected using a functional TNF-α assay that induces luciferase 

activity. These cells maintain a chromosomal integration of a luciferase reporter 

construct regulated by multiple copies of the NF-κB response element. These cells 

were passaged in growth medium (RPMI-1640, Sigma), supplemented with 10% 
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fetal calf serum, penicillin G (100 U/mL) and streptomycin (100 µg/mL) at 37°C 

in a humidified incubator saturated with a gas mixture containing 5% CO2 in air. 

4.1.2.3 Human Bronchial Epithelial (HBE) cells 

The 16HBE14o- (HBE) transformed epithelial cell line (194, 195)was a gift from 

D. Gruender (University of Vermont, Burlington, VT, USA) as cryopreserved 

passage 1 culture and used at passages 4-14. These are virally immortalised 

primary human cells which form correctly polarised cell layers in vitro. These 

cells were subcultured in growth medium (Minimum Essential Medium, Alpha 

Modification, Sigma), supplemented with 10% fetal calf serum, penicillin G (100 

U/mL) and streptomycin (100 µg/mL) at 37°C in a humidified incubator saturated 

with a gas mixture containing 5% CO2 in air. 

4.1.2.4 BEAS-2b cells 

BEAS-2b cells are a cell line that has been derived from normal bronchial 

epithelium obtained from autopsy of non-cancerous individuals, infected with a 

replication-defective SV40/adenovirus 12 hybrid, and cloned (196). Squamous 

differentiation can be observed in response to serum. This ability can be used for 

screening chemical and biological agents inducing or affecting differentiation 

and/or carcinogenesis. The cell line has been applied for studies of pneumococcal 

infection mechanisms. BEAS-2B was described to express keratins and SV40 T 

antigen. Subculturing the cells before confluency is necessary as confluent 

cultures rapidly undergo squamous terminal differentiation. These cells were 

subcultured in growth medium (Dulbecco’s Modified Eagle’s Medium/Nutrient 

F12 Ham, Sigma), supplemented with 10% fetal calf serum, penicillin G (100 

U/mL) and streptomycin (100 µg/mL) at 37°C in a humidified incubator saturated 

with a gas mixture containing 5% CO2 in air. 

4.1.2.5 MRC-5 Cell line 

MRC-5 (Lung, diploid, human) 

Derived from normal lung tissue of a 14-week-old male fetus by J. P. Jacobs in 

September 1966 (197), the MRC-5 cell line was established in a growth medium 

consisting of Earle's Basal Medium in Earle's balanced salt solution supplemented 

with 10% calf serum. Following initial cultivation, subcultures were prepared 

twice weekly at a 1:2 ratio. When the cells reached approximately the 7th 
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population doubling, the majority of the cultures were harvested to prepare a 

frozen cell stock. Subsequent observations revealed that the MRC-5 cells are 

capable of attaining 42-46 population doublings before onset of the decline in 

proliferation usually experienced with human fibroblast lines. The MRC-5 cell 

strain (like the WI-38 cell line) is susceptible to a wide range of human viruses. 

These cells were subcultured in growth medium (Minimum Essential Medium, 

Alpha Modification, Sigma), supplemented with 10% fetal calf serum, penicillin 

G (100 U/mL) and streptomycin (100 µg/mL) at 37°C in a humidified incubator 

saturated with a gas mixture containing 5%CO2 in air. 

4.1.2.6 Human Mesenchymal Stromal Cells 

Sub-populations of MSCs were provided by Orbsen Therapeutics Ltd. and 

isolated as follows; Parental hMSCs were initially isolated from bone marrow 

aspirates using plastic adherence. Cells were expanded using the recommended 

cell culture media under conditions of 37°C, 95% humidity, 5% CO2 and hypoxic 

conditions of 2% O2. Orbsen Therapeutics Ltd. identified the ORB-1 protein by 

comparing the Affymetrix Gene Expression Microarray (GEM) profiles derived 

from human BM MSC and human MRC-5 lung fibroblasts. ORB-1 was selected 

for further investigation as the protein is expressed on the surface of human MSC, 

but not human MRC-5 fibroblasts. Additionally, using flow cytometry, anti-ORB-

1 antibody was shown to label CD45-CD271”bright” MNC. This indicated that 

the ORB-1 protein may represent a novel isolation marker for human BM MSC. 

4.1.3 Creation of a normocapnic and hypercapnic environment 
HERAcell CO2 incubators (Kendro Laboratory Products PLC, Bishop’s 

Stortford,UK) were used to grow and conduct all in vitro work. A normocapnic 

environment was created by setting the ambient incubator CO2 concentration to 

the incubator at 5% CO2. A hypercapnic environment was created by setting the 

ambient incubator CO2 concentration to the incubator at 15% CO2. Confirmation 

of the presence of hypercapnic acidosis was achieved by serial measurements of 

the pH of cell culture media over the course of 24 and 48 hours. Samples of media 

were aspirated from cell culture dishes at 0, 6, 24, and 48 hour time periods and 

analyzed using a RADIOMETER ABL 800 FLEX Radiometer Medical 

(ApSÅkandevej 21 DK-2700 Brønshøj, Denmark) bench top arterial blood gas 

analyser. 
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 0 hours 6 hours 24 hours 48 hours 

pH 7.34 7.15 7.1 6.89 

PCO2 
(KPa) 

4.5 11.1 11.2 10.9 

PO2 
(KPa) 

25.1 22.6 20.5 19.4 

Table 4–Hypercapnic acidosis as measured in incubators 

4.1.4 Passaging and plating of cells 
Cell lines were regularly passaged in order to maintain exponential growth and for 

efficient quantification of cells for experiments. The purpose of passaging was to 

prevent cell lines becoming senescent and over-confluent in a flask, and was 

performed at least once a week. Aseptic technique was essential for cell culture 

and all surfaces of the biosafety cabinet and all materials to be used in it were 

sprayed with 70% Industrial Methylated Spirits (IMS) before commencement of 

cell passage. Medium specific to the cell line to be passaged, 0.25% Trypsin-

EDTA and Sterile Phosphate Buffered Saline (PBS) were pre-warmed in a 37°C 

water bath for 15 minutes before use. 

Medium was first aspirated from the confluent flask of cells and discarded. The 

flask was then washed with 10 mLs of PBS. Addition was by pipetting onto the 

cell-free surface of the flask, tilted from side to side and then aspirated out to 

remove any remaining medium. This step is important to remove any last 

remaining medium, as Trypsin is not effective in the presence of medium, 

(specifically the Fetal Bovine Serum (FBS) component of the medium). Trypsin-

EDTA was added to the flask to cover the cell surface (2 mLs). This step removes 

the cells from the plastic substrate and breaks cell-to-cell bonds as gently as 

possible. The flask was then replaced in the 37°C incubator for 5 minutes to allow 

optimal activity of the enzymatic solution. Once the cells had detached from the 

surface of the flask (observed macroscopically and under the microscope as a 

single cell suspension), the flask was returned to the biosafety cabinet. Serum 

containing medium was added (8 mLs) to neutralize activity of Trypsin-EDTA. 

Then the whole suspension was transferred to a 15mL tube and centrifuged at 400 
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x g for 5 minutes. The supernatant was discarded and the pellet was first 

resuspended in 1 mL of medium, then made up to 10 mLs of medium. 10 µL of 

this cell suspension was placed on the underside of a coverslip over a 

haemocytometer. This was viewed under a microscope (Olympus CKx41). The 

grid was focused on. The number of single cells in the top left large square 

(composed of 16 small squares) was counted. Cells on the bottom or left boundary 

lines were not counted. The number of cells counted in this square accounted for 

the number of cells in a volume of 0.1µL (1mm x 1mm x 0.1mm). In order to 

calculate how many mLs of cell suspension were required to make a 3 x 105 

cells/mL solution, the cell count number was divided into 300. Depending on the 

volume and the concentration required for plating, the appropriate amount of cell 

suspension was added to an appropriate amount of medium in a sterile petri dish 

or a flask and the solution was mixed well. Appropriate volumes corresponding to 

well size were added to each plate, e.g. 3 mLs per well for a 6 well plate, 1 mL 

per well for a 24 well plate, 100 µL per well for a 96 well plate. Plates were 

labeled with cell line type, date,and name of study group and replaced in a 37° C 

incubator until required. 

For cell passaging purposes, a 1:10 split of the original cell suspension was 

usually performed. This solution was then made up to 30-35 mLs with fresh 

medium for a T175 flask. The new flask was labeled with cell line type, date, 

passage number and name of study group. Flasks were stored at 37°C and 5% 

CO2, unless otherwise stated. 

4.1.5 Propagation of pGL3-kBL, TK Renilla, IκBα and IKK2 

Plasmids 

4.1.5.1 Plasmid Preparation 

pGL3-KBL, TK Renilla, IκBα and IκK2 plasmids were propagated by 

transformation into NEB5αF’ Iq high efficiency competent E. Coli cells. These 

are chemically competent E. Coli cells which are suitable for high efficiency 

transformation and protein expression. When the bacteria grew in number, 

plasmid DNA was multiplied along with the genomic bacterial DNA. Plasmid 

DNA was then extracted from the bacteria and analysed for quality and 

concentration using the Nanodrop ND1000 spectrophotometer. The purity of the 
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sample was quantified by measuring absorbance at the 260 nm wavelengths. A 

ratio of A260/A280 > 1.8 is an indicator of pure preparation of DNA. 

4.1.5.2 Preparation of Agar Plates 

To prepare 1000mLs of agar for plating, 23g of DIFCO Nutrient Agar (BD) (Beef 

extract 3.0g, Peptone 5.0g, Agar 15.0g) was dissolved in 1000mLs of double-

distilled water (ddH2O) in a 1L glass flask. The suspension was mixed thoroughly 

and heated with frequent agitation and boiled for 1 minute to completely dissolve 

the powder. Aluminium foil was placed over the top of the flask and the flask was 

then autoclaved at 121°C for 15 minutes to sterilize. The agar bottle was then 

placed in the 65°C oven to cool down. This was important to prevent the agar 

setting too quickly on cooling before Ampicillin can be added. The alternative 

was to place the agar bottle on ice on the lab bench and shake every 5 minutes to 

prevent it setting. Once adequately cool, 1 aliquot (0.1 mg/mL) of Ampicillin was 

added to the nutrient agar to make a final concentration of 100 µg/mL. A yellow 

Bunsen flame was lit and the agar poured onto 20-40 10cm Petri dishes close to 

the Bunsen flame. c.20mls of agar was poured onto each 10cm Petri dish. Bubbles 

were avoided on the Petri dish, and of they appeared, the air was released by 

focusing the Bunsen flame on the air pocket. The plates set within minutes around 

the flame, which also served to prevent bacterial contamination. The plates were 

then stacked and stored, inverted, in plastic covering at 4°C. 

4.1.5.3 Transformation of Competent E. coli 

Preparation for Transformation: A water bath was equilibrated to 42°C. A vial 

of S.O.C. Medium was warmed to room temperature. Selective LB plates were 

pre-warmed at 37°C for 30 minutes. One vial of One Shot® cells was thawed on 

ice for each transformation. 

Preparation of LB Broth: 25g of LB broth powder was added to 1L of purified 

H20 (2 bottles). This was mixed thoroughly and then autoclaved at 121°C for 15 

minutes. Then the bottles were left on the bench until cool enough to 50-60°C 

(hand heat). Ampicillin was then added to give a final concentration of 50ng/mL. 

One Shot® Chemical Transformation Protocol: The following protocol was 

used to transform One Shot® TOP10 chemically competent E. coli. 

2µL of the required plasmid was added into a vial of One Shot® Chemically 

Competent E. coli with a sterile pipette tip and mixed gently. Note: If one was 
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using the pUC19 control plasmid for transformation, 1 µL was used (10pg). The 

cells/plasmid mix was incubated on ice for 5-30 minutes. The cells were heat-

shocked for 30 seconds at 42°C without shaking. The tubes were immediately 

transferred to ice. 250µL of room temperature S.O.C. Medium was added to the 

tubes. The tube was capped tightly and shaken horizontally at 200 rpm in a 37°C 

shaking incubator for 1 hour. 10-50µL from each transformation was spread on a 

prewarmed selective LB plate using a glass spreader. The glass spreader had been 

pre-sterilized on a separate plate with 100% ethanol. After spreading, the plate 

was left slightly open beside naked flame for 5-10mins. Once dry, the lid was 

placed on the plate. 

To ensure even spreading of small volumes, one may add 20µL of S.O.C. medium 

to the transformation mixture. It was deemed good practice to plate two different 

volumes to ensure that at least one plate contained well-spaced colonies. The 

plates were incubated overnight at 37°C. 

Before harvesting a colony from the agar plate, the plate was inspected to outrule 

any obvious contamination. A single colony was harvested using a sterile tip to 

inoculate 200mLs of sterilized LB Broth with ampicillin. The flask was then 

covered with aluminium foil and taped, then placed in the shaker at 200 rpm. at 

37°C for 16h. It was preferable to use a small volume in large volume flask (e.g. 

1L) to avoid spillage. The following day, the volume in the flask was divided into 

4 x 50mL tubes. The bacteria was pelleted by centrifugation at 6000 x g for 15 

minutes at 4°C. Plasmid preparation was performed using the QiagenÔ QIA filter 

Hi-speed Plasmid Midi kit as per protocol in Appendix. 

Once plasmid extraction was complete, the Nanodrop ND1000 Spectrophotometer 

was used to evaluate the concentration and quality of the DNA. The ‘Nucleic 

acid’ option was selected, then the ‘DNA-50’ option for concentration 

calculations. 1µL ddH2O was used to blank the program. 1µL of the plasmid was 

then tested to measure the DNA content. The plasmid concentration was recorded 

on the side of the microtube and the plasmid was stored at -20°C until required. 
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4.1.6 Cyclical Stretch Apparatus 

4.1.6.1 Introduction 

Acute and adaptive biochemical changes take place in cells when deformation 

occurs secondary to compression, tension, and shear forces in the body. 

Application of tension to cells in vitro simulates the in vivo environment ,causing 

distinctive cellular morphologic and biochemical responses. In the context of this 

particular work, we are simulating mechanical ventilation-induced lung epithelial 

stretch (which has been implicated in VILI). These responses may be both short 

and long term, including signaling changes, the rate of cell division, the rate and 

amount of protein synthesis (198), secretion, or degradation, alterations in energy 

metabolism, and many other biochemical changes(199, 200) 

4.1.6.2 FX-4000T Flexercell Tension Plus System 

The Flexcell® system applies mechanical load to cells in monolayer culture, not 

solely in lung cells, but can also perform in skeletal and smooth muscle cells, 

skin, tendon, ligament, cardiac and bone cells. 

4.1.6.3 Bioreactor 

The FX-4000T™ (Product No.: 35FXI-FX-4000) provides regulated mechanical 

load to cells cultured in vitro. This is a computer-regulated bioreactor (Image 8) 

that uses vacuum pressure to apply cyclic strain to cells cultured on flexible-

bottomed collagen-coated culture plates (Images 9-10). 

The system simulates in vivo tissue strains and frequencies in lung cells. A state-

of-the-art digital valve automatically regulates and maintains pressure to provide 

the specified strain regimen. The functional system is composed of: 

• Host computer with 17” flat panel monitor 

• FlexSoft® FX-4000 software 

• FX5KTM Tension FlexLink 

• BioFlex® Baseplate and gaskets 

• BioFlex® Loading Stations with 25 mm diameter Loading Posts 

• BioFlex® culture plates 

• Drying filter, water trap, vacuum tubing, and grease/lubricant 
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Image 8: FX-4000® computer apparatus 

 

4.1.6.4 Bioflex® Culture Plates 

These are 6-well flexible bottomed culture plates (Flexcell® International, 

Hillsborough, NC, USA) used with the Flexcell® Tension system for providing 

equibiaxial strain to cells in monolayer culture. They consist of flexible silicone 

elastomer membrane and one plate has a total growth surface area of 57.75 cm2 

(9,62 cm2/well). The plates are optically clear for direct viewing of cells with 

inverted or upright microscopes (membrane thickness: 0,020 inch/0,508 mm). The 

plates used in the experiments described in this thesis had membranes that were 

coated with Collagen Type 1. The plates provide uniform radial and 

circumferential strains when used with cylindrical BioFlex® Loading Stations. 
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Image 9: Bioflex® plates  

(image from www.gencompare.com) 
 

4.1.6.5 Principles of Loading Stations and Equibiaxial Strain 

BioFlex® Loading Stations™ provide uniform radial and circumferential strains to 

cells cultured on flexible membranes. Loading Stations™ are designed for use 

with BioFlex®, flexible-bottomed culture plates and the Flexcell® Tension system 

to provide regulated strain to cultured cells. The Loading Stations™ are 

comprised of a 3.3” x 5” Lexan® plate and six removable Delrin® planar faced 

cylinders or posts. The posts are positioned on the Lexan® plate such that each is 

centered beneath the rubber membrane of each well of a 35 mm BioFlex® culture 

plate (Image 10). When vacuum is applied to a BioFlex® culture plate with a 

Flexcell® Tension System, the membrane deforms across the post face creating 

uniform equibiaxial strain (Image 10). 



Chapter 4 
 

47 
 

 
Image 10: Equibiaxial strain 
Regulated vacuum pressure is used to deform flexible-bottomed culture plates simultaneously in two 
directions at equal tensions, i.e. equibiaxial. (Image from www.flexcellint.com) 

 

Use of loading posts provides: 1) constrained distension to the flexible membrane, 

and 2) nominal fluid shear stress because the medium is not moving up and down 

over the field. A silicone-based lubricant is used to minimize friction between the 

membrane and post. 

 

4.1.6.6 Inserting Loading Stations™ into the Bioflex® Baseplate 

A Loading Station™ consists of one Lexan® plate, two Delrin® support and 

centering posts, and six Delrin® strain posts. The two Delrin® support and 

centering posts support the BioFlex® plate under high vacuum and also centre the 

BioFlex® plate over the six strain posts. The six Delrin® strain posts provide the 

strain surface. This strain surface is equibiaxial, that is, stretch applied 

simultaneously in two directions at equal tensions, for the experiments described 

in this thesis. Four complete Loading Stations™ are inserted into the four 

BioFlex®baseplate wells. 
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4.1.6.7 Lubricant Application 

Once the Loading Stations™ are placed within the BioFlex® baseplate wells, 

lubricant is applied to the tops and sides of the six strain posts on each Loading 

Station™. Lubricant (Loctite® silicone lubricant) is evenly spread over the top 

and side of each strain post ensuring that the film is not thin but also not over-

applied. The purpose of the lubricant is to create a friction-free layer between the 

BioFlex® membrane and post surface. If insufficient lubricant is applied, damage 

may occur to the membrane. If the lubricant amount is excessive, the lubricant 

will accumulate under the membrane during stretching and create a lump. Once 

the BioFlex® plates have been plated and the cells are ready for stretching, the 

plates and gaskets are placed into the BioFlex® wells. The cover and weights are 

placed over the top of the plates. 

 

4.1.6.8 Plating & Viewing Cells with the Equibiaxial Loading 

Stations™ 

Uniform strain in this system is fully applied to only those cells that are adherent 

to the area of the membrane over the post when the membrane is in the fully 

stretched position. It is optimal, therefore, to attempt to plate cells only in the 

uniformly strained area or to view or test the cells that are only in the uniformly 

strained area. To determine this area, the following equation can be used: 

 

Diameter = (Diameter of Loading Station TM) / (1 + (Max % Elongation/100)), 

 

Where Max % Elongation is the maximum % elongation that one plans to use in a 

certain regimen and diameter is the diameter of the circle at the center of the 

membrane (201). Any cells outside of this circle will not receive uniform strain. 

4.1.7 General Cyclic Stretch Protocol 
All cell culture work was done in a Herasafe Heraeus Class 2 Biosafety cabinet 

(Kendro Laboratory Products PLC Bishop’s Stortford, UK). The cells were grown 

to confluence in T175 cell culture flasks in appropriate growth medium. Once the 

cells had grown to confluence, the cells were seeded onto collagen-I coated 

Bioflex 6-well plates at 2 x 105 cells/mL. Once monolayer was attained within 24-

48h, the cells were refed with fresh complete medium (3 mLs/well) immediately 
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prior to experimentation. The plates were pre-incubated in normocapnic (5% CO2) 

or hypercapnic (15% CO2) conditions for 2 hours and then applied to the Flexcell 

FX-4000T™ Tension Plus™ baseplate, with the appropriate wells blocked from 

the vacuum system, and returned to the respective atmospheric conditions. The 

regimen employed delivered up to 22% biaxial stretch at a frequency of 0.1Hz. At 

various time points the individual well blockers were removed to allow stretching 

for a range of times. At the end of the experiment, the plates were removed from 

the incubator, half the medium was aspirated and discarded. The cells were 

scraped into the remaining medium using a cell scraper and the contents of each 

well transferred to a separate Eppendorff tube. The cells were then centrifuged at 

400 x g for 2 minutes after which 1mL of the cell-free medium was aspirated and 

stored in -20°C for measurement of IL-8 chemokine secretion using sandwich 

ELISA and also for LDH assay as a measure of disrupted cell membrane integrity. 

The cell pellets were resuspended in 1mL of PBS and then re-centrifuged at 400 x 

g for 2 minutes. The supernatant was then discarded and the cell pellet 

resuspended in 500µL of PBS. 50µL of this solution was added to 50µL of 1% 

Triton in separate Eppendorff tubes, which were then stored at -20°C to be later 

used for BCA protein assay. 

4.1.7.1 Cell Viability Assay 

50µL of this suspension was then mixed with 50µL of fresh growth medium in a 

flat-bottomed 96 well plate. 5µL of thiazolyl blue tetrazolium bromide (MTT) 

(Sigma-Aldrich Ireland Limited, Co Wicklow, Ireland) solution (10mg/mL) was 

added to each well, and the plate returned to a tissue culture incubator (05% CO2) 

for 2 hours. The wells were then carefully aspirated so as to avoid removing the 

reduced formazan from the plate, and 100µL of DMSO was added to each well to 

aid solubilization. The plate was covered in tinfoil and left on an orbital mixer for 

20 minutes, after which absorbances were read in a VICTOR™ X plate reader 

(Perkin Elmer, Waltham, MA, USA) at 550nm wavelength. 

The remaining solution was recentrifuged at 400 x g for 2 minutes after which the 

pellet was resuspended in 100µL of Reporter Lysis Buffer and stored at -20°C to 

be used for Luciferase assay to assess NF-κB activity. 
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4.1.7.2 Protein Assay 

The BCA Protein Assay (ThermoScientific Pierce Product # 23225) combines the 

well-known reduction of Cu2+ to Cu1+ by protein in an alkaline medium with the 

highly sensitive and selective colorimetric detection of the cuprous cation (Cu1+) 

by bicinchoninic acid. The first step is the chelation of copper with protein in an 

alkaline environment to form a light blue complex. In this reaction, known as the 

biuret reaction, peptides containing three or more amino acid residues form a 

colored chelate complex with cupric ions in an alkaline environment containing 

sodium potassium tartrate. In the second step of the color development reaction, 

bicinchoninic acid (BCA) reacts with the reduced (cuprous) cation that was 

formed in step one. The intense purple-colored reaction product results from the 

chelation of two molecules of BCA with one cuprous ion. The BCA/copper 

complex is water-soluble and exhibits a strong linear absorbance at 562 nm with 

increasing protein concentrations. The BCA reagent is approximately 100 times 

more sensitive (lower limit of detection) than the pale blue color of the first 

reaction. The reaction that leads to BCA color formation is strongly influenced by 

four amino acid residues (cysteine or cystine, tyrosine, and tryptophan) in the 

amino acid sequence of the protein. However, unlike the Coomassie dye-binding 

methods, the universal peptide backbone also contributes to color formation, 

helping to minimize variability caused by protein compositional differences. 

Standard Curve: For the construction of the standard curve for this assay 12 

1.5mLEppendorffs were placed side by side in a rack and numbered. 400µL 1% 

BSA PBS (w/v) was added to the first Eppendorff. All other Eppendorffs received 

200µL PBS. 200µL of 1% BSA PBS were pipetted from the first Eppendorff and 

added to the second Eppendorff. After pipetting up and down, 200µL was 

aspirated and added to the third Eppendorff, and so on until the penultimate 

Eppendorff. The 12th Eppendorff did not receive any extra addition. Then 5µL 

from each Eppendorff was added to wells in 1st 2 rows of 96 well round-bottomed 

plate (5µL twice) for the standard curve. 

Sample Preparation and analysis: The cell pellets that had been resuspended in 

Triton were next thawed out and solubilised by freeze-thaw cycles and boiling 

after which 5µL from each sample are added to separate wells on the 96 well 

plate. 50 parts Reagent A was added to 1 part Reagent B and a green colour 

change was observed. Then, 200µL of this solution was added to all wells and the 
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plate left for 30 mins in a 37°C oven. A purple colour change was observed with 

increasing amounts of protein. The plate was then allowed to cool before being 

read at the Wallace Victor3TM 1420 Multilabel Counter at 550nm. 

4.1.7.3 Enzyme-linked Immuno-Sorbent Assay (R&D Duoset) 

The ELISA (Enzyme Linked Immunosorbent Assay) technique is based on the 

antibody sandwich principle. First, a capture antibody specific to the analyte of 

interest is bound to a microtiter plate to create the solid phase. Unbound antibody 

is removed by washing the plate and a blocking reagent is added. Following a 

wash, samples, standards, and controls are then incubated with the solid phase 

antibody, which captures the analyte. After washing away unbound analyte, a 

conjugated detection antibody (e.g. biotin conjugated) is added. This detection 

antibody binds to a different epitope of the molecule being measured, completing 

the sandwich. Following a wash to remove unbound detection antibody, a 

detection reagent (e.g. streptavidin-HRP) is added. The plate is washed, a 

substrate solution (e.g. TMB/hydrogen peroxide) is added and color develops in 

proportion to the amount of bound analyte. Color development is stopped and the 

intensity of the color is measured. 

Coating the ELISA plate: An aliquot of mouse anti-human Interleukin-8 Capture 

Antibody was thawed out from -20°C and given a brief centrifuge to ensure all 

fluid was at the bottom of the Eppendorff tube. The Capture Antibody was diluted 

to the working concentration in PBS without carrier protein. Then a 96-well 

microplate was coated immediately with 100 µL per well of the diluted Capture 

Antibody. The plate was sealed with Parafilmand incubated overnight at room 

temperature, in preparation for the blocking step. 

Blocking step: Each well was aspirated and washed with 300µL Wash Buffer 

(0.1% Tween-20 in PBS (v/v)), repeating the process two times for a total of three 

washes. This step was done using a Wellwash microplate washer 

(ThermoScientific, Waltham, Massachusetts). After the last wash, any remaining 

Wash Buffer was removed by inverting the plate, and blotting it against clean 

paper towels. The plate was blocked by adding 200µL of Block Buffer (1% BSA 

PBS) to each well. The plate was incubated at room temperature for a minimum 

of 1 hour, after which the aspiration/wash step was repeated. 
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ELISA Standard Curve: A seven point standard curve using 2-fold serial 

dilutions of recombinant human IL-8 in Reagent Diluent (1% BSA PBS), and a 

high standard of 2000 pg/mLwas constructed. 

Assay procedure: 100µL of sample (medium from stretch experiments) or 

standards in 1% / PBS, was added per well. The plate was sealed with an adhesive 

strip and incubated for 2 hours at room temperature. The aspiration/wash step was 

repeated as described previously. 100µL of the Detection Antibody (biotinylated 

goat anti-human IL-8), diluted in Reagent Diluent, was added to each well. The 

plate was covered with a new adhesive strip and incubated for 2 hours at room 

temperature. The aspiration/wash step was repeated as described previously. 

100µL of the working dilution of Streptavidin-HRP(R&D Systems, Catalog # 

DY998, dilute according to the directions on the vial label) was added to each 

well. The plate was covered, kept away from direct light, and incubated for 20 

minutes at room temperature. The aspiration/wash step was repeated as described 

previously. 100µL of Substrate Solution, a 1:1 mixture of Color Reagent A 

(H2O2) and Color Reagent B (Tetramethylbenzidine) (R&D Systems Catalog # 

DY999) was added to each well. The plate was incubated for 20 minutes at room 

temperature and kept away from direct light. 50µL of Stop Solution (1M H2SO4) 

was added to each well. The plate was tapped gently to ensure thorough mixing. 

The optical density of each well was determined immediately, using a Wallace 

Victor3TM 1420 Multilabel Counter set to 450 nm. Readings at 550 nm were 

subtracted from the readings at 450 nm. This subtraction will correct for optical 

imperfections in the plate. 

 

4.1.7.4. Lactate Dehydrogenase Assay 

The lactate dehydrogenase assay is a means of measuring either the number of 

cells via total cytoplasmic lactate dehydrogenase (LDH) or membrane integrity as 

a function of the amount of cytoplasmic LDH released into the medium. The 

CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega Product Code 

G1780) is a colorimetric alternative to 51Cr release cytotoxicity assays. The 

CytoTox 96® Assay quantitatively measures lactate dehydrogenase (LDH), a 

stable cytosolic enzyme that is released upon cell lysis, in much the same way as 
51Cr is released in radioactive assays. Released LDH in culture supernatants is 
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measured with a 30-minute coupled enzymatic assay, which results in conversion 

of a tetrazolium salt (INT) into a red formazan product. The amount of color 

formed is proportional to the number of lysed cells. Visible wavelength 

absorbance data are collected using a standard 96-well plate reader. Methods for 

quantifying LDH using tetrazolium salts in conjunction with diaphorase or 

alternate electron acceptors have been used for several years. Variations on this 

technology have been reported for measuring natural cytotoxicity, and results are 

identical (within experimental error) to values determined in parallel 51Cr release 

assays. 

50µL of the cell-free supernatant (medium) from each well of the plate was 

transferred to the corresponding well of a flat-bottom 96-well enzymatic assay 

plate. The Substrate Mix (Promega Product Code G179) was reconstituted using 

Assay Buffer(Promega Product Code G180). 50µL of the reconstituted Substrate 

Mix was added to each well of the plate. The plate was covered and incubated at 

room temperature, protected from light, for 30 minutes. 50µL of the Stop Solution 

(Promega Product Code G183) was added to each well of the plate. Absorbance 

was recorded on a Wallace Victor3TM 1420 Multilabel Counter at 490nm.  

 

 

4.2 Determination of the effect of HCA on NF-κB 

Activation and Role of NF-κB in stretch-induced 

epithelial injury 

• Luciferase assays 

• Western Blot analysis 

• Effects of NF-κB inhibitors on stretch-induced injury 

• Gene overexpression (IκB-α-SR "super-repressor") mediated inhibition of 

NF-κB 

• Gene overexpression (IKK) mediated activation of NF-κB 

4.2.1 Luciferase assays 
Fundamentally, a reporter assay is a means to translate a biomolecular effect into 

an observable parameter. Subsequent experiments determined the effect of 
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stretch-induced injury and HCA on NF-κB activation. A549 cells transfected with 

pGL3-κB-luciferase plasmid and TK-renillin control reporter constructs were 

grown to confluence in 6-well Bioflex plates. The monolayer was refreshed with 

medium immediately prior to experimentation. The plates were pre-incubated in 

normocapnic (05% CO2) or hypercapnic (15% CO2) conditions for 1 hour and 

then applied to the Flexcell FX-4000T™ Tension Plus™ baseplate, with the 

appropriate wells blocked from the vacuum system, and returned to the respective 

atmospheric conditions. The regimen employed delivered up to 22% biaxial 

stretch at a frequency of 0.1Hz. The κB-luciferase plasmid was a gift from Dr 

Ralph Zwacka (REgenerativeMEDicine Institute-REMEDI, NUI Galway) and 

consists of a pGL3–basic plasmid with 5 copies of the κB concensus sequence 

sequentially ligated into the multiple cloning site of the plasmid. Luciferase 

reactions typically take the following form:  

Luciferin + O2 + ATP  ®  Oxyluciferin + CO2  + AMP +PPi + LIGHT  
                                 Luciferase      

For our experiment we anticipated that NF-κB, activated by the stretch injury, 

would bind to the transfected κB plasmid promoter sequence to make luciferase 

which acts as an enzyme in the above reaction. A second reporter, TK renillin is 

used, expressed from a "control" vector, to normalize results of the experimental 

reporter. For example, the second reporter can control for variation between cell 

number or transfection efficiency. Typically, the control reporter gene is driven by 

a constitutive promoter, and control vector is cotransfected. Normalizing the 

activity of the experimental reporter to an internal control such as TK renillin 

eliminates inherent assay to assay variability.  

A549 cells were seeded into 6-well Bioflex plates and transfected at 90% 

confluence using the Invitrogen Lipofectamine™ system. Per well, 500ng κB-

luciferase plasmid was added to 125µL of Opti-MEM® I Reduced Serum Medium 

and Lipofectamine™ 2000, 2 µL was mixed with 123 µL of Opti-MEM® I 

Reduced Serum Medium. These solutions were left to incubate for 5 minutes 

before being combined and left to incubate for 20 minutes before being added to 

each well. The plates were left for 24 hours, the medium was refreshed, and then 

the plates were subjected to equibiaxial 22% stretch for a pre-determined period 

of time using the Flexcell apparatus. Once the plates were removed from the 

incubator, cells were scraped into the medium, transferred to separate Eppendorffs 



Chapter 4 
 

55 
 

and centrifuged at 400 xg for 5 minutes. After a PBS wash and another spin, the 

pellet was resuspended in a lysis buffer. We used Reporter Lysis Buffer (RLB) 1X 

which is recommended for adherent and non adherent mammalian cell types. 

100µL of RLB was added to each pellet to resuspend the cells. 40µL of this 

suspension was then transferred in triplicate to a 96 well luminometer plate and 

40µL of Luciferase Assay Reagent added to each well. The plate was then read at 

the Wallace Victor3TM 1420 Multilabel Counter. 

4.2.2 Western Blot Analysis 
In addition to the above experiment we also used Western blotting to determine 

the degradation profile of IκBα in both unstretched and stretched A549 epithelial 

cultures under conditions of normocapnia and HCA. A549 cells were grown to 

confluence in Bioflex 6-well plates and then preincubated in either a 15% CO2 

(HCA) incubator or a 5% CO2 incubator (normocapnia) for two hours. The cells 

were then subjected to cyclical stretch as previously described. The cells were 

harvested after 15m, 30m, 1h and 4h durations of cyclical stretch injury. To 

harvest the cells, the plates were placed on ice, the medium aspirated and the 

plates washed with ice-cold phosphate buffered saline (PBS). The cells were then 

scraped into ice-cold PBS before being centrifuged at 400 xg for 5 minutes to 

form a pellet. 

4.2.2.1 Nuclear and Cytoplasmic Extraction 

The pellets underwent nuclear and cytoplasmic extraction as per manufacturer’s 

instructions using a NE-PER kit (ThermoScientific) as described below: 

 

Cell Culture Preparation: A pipette is used to carefully remove and discard the 

supernatant, leaving the cell pellet as dry as possible.100µL of ice-cold CER I is 

added to the cell pellet. This amount is appropriate for a packed cell volume of 

10µL, which was our average cell pellet volume. Proceed to Cytoplasmic and 

Nuclear Protein Extraction. Maintain the volume ratio of CER I:CER II:NER 

reagents at 200:11:100 µL, respectively. 

 

Nuclear and Cytoplasmic extraction procedure: The tube was vortexed 

vigorously on the highest setting for 15 seconds to fully suspend the cell pellet, 

then incubated on ice for 10 minutes. 5.5µL of ice-cold CER II was added. 
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Following this, the tube was vortexed for 5 seconds on the highest setting, then 

incubated on ice for 1 minute. It was then vortexed again for 5 seconds on the 

highest setting, before being placed in a centrifuge for 5 minutes at maximum 

speed (~16,000 x g). The supernatant (cytoplasmic extract) was then immediately 

transferred to a clean pre-chilled tube, which was placed on ice until use or 

storage. 

The insoluble (pellet) fraction, which contains nuclei, was suspended in 50µL of 

ice-cold NER. This was vortexed on the highest setting for 15 seconds. The 

sample was then placed on ice and vortexed for 15 seconds every 10 minutes, for 

a total of 40 minutes. Following this, the tube was spun at maximum speed 

(~16,000 x g) in a microcentrifuge for 10 minutes. The supernatant (nuclear 

extract) fraction was immediately transferred to a clean pre-chilled tube and 

placed on ice. The extracts were stored at -80°C until required.  

 

4.2.2.2 Separation of Protein Mix using Gel Electrophoresis 

 The samples were boiled at 100°C in the DNA Engine PTC 200 Peliter Thermal 

Cycler (MJ Research) until the pellets had completely dissolved. The tubes were 

then vortexed and centrifuged briefly to mix and 'spin-down' the contents. One 4-

20% gradient PreciseTM Gel was loaded into the Mini-Protean® Tetra Cell vertical 

electrophoresis gel apparatus. The gel rig was then filled with HEPES running 

buffer until the electrodes and gel were covered. 15µL from each of the samples 

was loaded into each well of the PreciseTM gel. The gel was run at 80Volts (V) 

initially. Once the samples moved down through the gel, the voltage was turned 

up to 120V. The voltage was stopped once the blue dye reached the bottom of the 

gel. 

4.2.2.3 Transfer of Products from Gel to Nitrocellulose  

Four slices of filter paper and 1 slice of nitrocellulose paper were cut to 

dimensions 10cm x 7.5cm. The filter papers and the nitrocellulose were soaked in 

transfer buffer. Two of the filter papers were placed onto the Trans-blot SD Cell 

Semi dry transfer cell (Bio-Rad Life Science Research). The gel was placed on 

top of the 2 filter papers, followed by the nitrocellulose and then two more pieces 

of filter paper. In order to prevent bubbles from forming, a 15mL tube was turned 

on its side and rolled over the 'sandwich' to expel any air pockets. The transfer 
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'sandwich' was then turned over and further soaked in transfer buffer (Image 11). 

The Trans-blot SD Cell Semi dry transfer cell was then run at 20V for 30min. 

 
Image 11:Western blot transfer sandwich 

(http://www.kollewin.com/plus/list.php?tid=7) 
 
The nitrocellulose was removed from the transfer 'sandwich' and placed into a 

container in which subsequent washings took place. The nitrocellulose was 

washed twice with dH2O. The nitrocellulose was then covered with Ponceau 

solution (0.1% w/v in 10% v/v acetic acid) for 10sec. Evidence of protein transfer 

to the nitrocellulose was visible. A 5% non-fat dried milk-PBS-Tween (PBST) 

solution was prepared. 30mL of non-fat dried milk-PBST solution was then 

poured over the nitrocellulose in the container and the container was placed on the 

rocker for 2 hours. 

4.2.2.4 Western Blot with Rabbit anti-IkBα Antibody 

Washings were performed by pouring solutions into a container and by adding the 

nitrocellulose membrane. All washings entailed placing the container on a rocker 

at room temperature unless otherwise stated. 10mL of a 1:2000 rabbit anti-IkBα 

antibody (anti-IkBα) solution was prepared by diluting the antibody in 5% non-fat 

dried milk-PBST. The nitrocellulose was washed in 10mL of anti- IkBα overnight 

at 4°C. The anti-IkBα solution was then aspirated and frozen at -20°C for repeat 

use. The nitrocellulose was washed three times in 30mL of PBST at 10min per 

wash. The nitrocellulose was incubated with 10mL of 1:200 rabbit horseradish 
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protein antibody solution for 1h (r-HRP). The r-HRP solution was then aspirated 

and frozen at -20°C for repeat use. The nitrocellulose was washed three times with 

30mL PBST at 10min per wash. 1mL each of Stable Peroxidase solution and 

Luminol/Enhancer solution from the Supersignal® West Pico Chemiluminescent 

Substrate kit (ThermoFisherScientific 3747 N Meridian Rd, Rockford, IL USA 

61101) were mixed together and poured over the nitrocellulose. The nitrocellulose 

was then placed between acetates and was analysed using the FluorchemTM 

Imager with AlphaEaseFC Software (Cell Biosciences, 3040 Oakmead Village 

Drive, Santa Clara, CA, USA). 

4.2.3 Effects of NF-κB inhibitors on stretch-induced injury 
If, as we proposed, HCA affected stretch-induced injury by modulating NF-κB 

activity, then direct inhibition of NF-κB using pharmacological inhibitors would 

also affect stretch-induced injury. A549 cells were grown to confluence on 

Bioflex 6-well plates. When re-feeding the cells with fresh medium and prior to 

their return to incubators, direct inhibitors of NF-κB, BAY 11-7085 and PDTC at 

a concentration of 10µM, (Calbiochem, San Diego, CA, USA) were added to each 

well. The cells were then subjected to cyclical stretch as previously described. For 

the purposes of control, one plate had just DMSO added (designated vehicle for 

the solubilization of the inhibitors). 

4.2.4 Gene overexpression (IκB-α-SR "super-repressor") 

mediated inhibition of NF-κB 
Another means by which we can modulate NF-κB activity is to keep NF-κB 

bound to IκBα, an inhibitory protein. Under normal circumstance NF-κB remains 

bound to IκBα and thus unable to travel to the cell nucleus to act as a transcription 

factor. When an injurious stimulus to the cell occurs, IκBα is degraded by 

phosphorylation and NF-κB is released. By overexpressing a form of IκBα which 

cannot be degraded (IκB-α-SR "super-repressor"), NF-κB remains bound and thus 

inhibited. A549 cells were first seeded at 5 x 105 cells per well to Bioflex 6-well 

plates. A gift of a plasmid for pAAV-MCS-IκB-α-SR /IRES-GFP from Dr Ralf 

Zwacka (REMEDI) was then transfected into the A549 cells using Lipofectamine 

2000 transfection system. When the cells had grown to confluence over 48 hours 

they were subjected to cyclical stretch as previously described in the 5% CO2 
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incubator. In addition for comparison 6-well plates with no transfection were 

made and placed in 5% CO2 and 15% CO2 incubators. 

4.2.5 Gene overexpression (IKK) mediated activation of NF-κB 

IKK-β (or IKK2) is an enzyme that serves as a protein subunit of IκB kinase, 

which is a component of the cytokine-activated intracellular signaling pathway 

involved in triggering immune responses. IKK's activity causes activation of NF-

κB. Activated IKK-β phosphorylates IκBα, which binds NF-κB to inhibit its 

function. Phosphorylated IκB is degraded via the ubiquitination pathway, freeing 

NF-κB, and allowing its entry into the nucleus of the cell where it activates 

various genes involved in inflammation and other immune responses. By driving 

the phosphorylation and subsequent degradation of IκBα by overexpressing IKK-

β, more NF-κB is potentially available for activation. A549 cells were first seeded 

at 5x105 cells per well to Bioflex 6-well plates. A gift of a plasmid for pAAV-

IKK2 from Dr Ralf Zwacka (REMEDI) was then transfected into the A549 cells 

using Lipofectamine 2000 transfection system. When the cells had grown to 

confluence over 48 hours they were subjected to cyclical stretch as previously 

described in the 5% CO2 incubator. In addition for comparison 6-well plates with 

no transfection were made and placed in 5% CO2 and 15% CO2 incubators. 

 

4.3 Mesenchymal Stromal Cell (MSC) Experiments 

4.3.1 Isolation & Culture of Human MSCs from Whole Marrow 

Preps 
Firstly, the product code, lot number and patient number were documented. The 

bone marrow aspirate (BMA) was assigned a unique number for tracking 

purposes. This number was written on the product sheet and on all flasks, 

cryovials, slides etc. Under sterile conditions, the tube containing BMA was 

removed from the container/bags and the volume was measured by pipetting in to 

a fresh 50mL tube using a 30mL serological pipette. This volume was recorded. 

Using the same pipette (so not to waste aspirate), the BMA was aliquoted into 

various 50mL tubes containing 5mL aspirate per tube. The same pipette was 

retained in one of the tubes by removing the pipette-boy from it (again so as not to 

waste marrow). Using a fresh serological pipette, each 50ml tube was topped up 
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to 50mL total with PBS. The previous pipette was rinsed by mixing up and down 

in the PBS in one tube. All lids were tightened and tubes inverted to mix marrow. 

The tubes were centrifuged at 900 x g for 10 minutes at room temperature and 

carefully transferred back to hood. Supernatant was aspirated using a 30 mL 

pipette into a pot of bleach for disposal. A 5 mL pipette was used to remove 

volumes closer to the pellet. All pellets were combined together in one tube using 

a 30 mL pipette and volume noted. This pipette was retained by leaving it in the 

tube and removing the pipette-boy. Using a fresh pipette, 5 mL PBS was added to 

one of the redundant tubes. Using the original pipette, each tube was rinsed out 

using the same 5 mL PBS and this volume was noted. This volume was 

transferred to the tube containing combined pellets (two volumes = total volume). 

A 50 µL aliquot of the BMA cell suspension was added to 450 µL of PBS in a 

separate eppendorff tube. Once this was mixed well, 50 µL of this was added to 

50 µL of 4% acetic acid solution (v/v). This was mixed gently for no longer than 1 

minute and cells counted using a haemocytometer. The cell number / mL was 

calculated by multiplying the averaged cell number by 20 (dilution) and by 104. 

The TOTAL cell number was then calculated by multiplying this by the total 

number of mls that were measured out in the rinsing step. The cells were plated at 

a density of 40 x 106 – 60 x 106 cells per T175 flask in 30 ml expansion medium 

per flask. The flask was incubated at 5% CO2, 37°C for 3 days. On day 3, 15 mL 

of expansion medium was added to each flask and left for a further 2-3 days. On 

day 5-6, the flasks were swirled gently to dislodge red blood cells. After a wash 

with 10mLs PBS, each flask was refreshed with 35 mL fresh expansion medium. 

The cells were subsequently refreshed twice a week. 

 

Component Supplier Cat # Volume 
(ml) 

Final 
Concentration 

Alpha 
MEM 

SIGMA  M8042 500 NA 

HI FCS Batch testing 
underway at 
S&N so use 
in-house for 
now and heat 
inactivate 30 
minutes @ 
60ºC 

 50 10% 
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Non-
Essential 
Amino 
Acids 

SIGMA M7145 5 1% 

Pen / Strep SIGMA  5 1% 
L-
Glutamine 

SIGMA  5 1% 

bFGF R&D Systems 233-FB-
025 

1:5000 5ng/mL 

Table 5: Expansion Medium 

4.3.2 Passaging of Human MSCs 
Cells were ready to be passaged on reaching 70-80% confluence. Media was 

aspirated off and cells were washed with sterile PBS to remove any remaining 

serum from the cells. 0.25% Trypsin/EDTA solution was added to the cells & 

incubated for 5 min at 37°C .The enzymatic reaction was stopped by adding the 

same volume of hMSC basal media (no-FGF) to the cells. The cells were 

centrifuged at 400 x g for 5 minutes. Media was aspirated and cells were counted 

as described previously. Cells were re-plated at a density of 3000-4000 cells/cm2. 

4.3.3 Cryopreservation of hMSCs 
Freezing Media was prepared by adding 5mLs of Dimethylsulfoxide (DMSO) to 

45mLs of Fetal Bovine Serum, and then stored at 4°C. 

When freezing down hMSCs, the media was aspirated off the cell pellet after it 

had been centrifuged. The pellet was resuspended in freezing media. The cell 

number will determine how much freezing media is added in. Usually ~1mL per 

vial is being frozen down (and one can freeze anywhere between 500,000 cells to 

5 million cells in 1 vial, depending on the experimental plan). Cells were placed in 

isopropanol bath container at room temperature and transferred to a -80°C freezer 

immediately. Cells could then be put into liquid nitrogen or -150°C freezer after 

24 hours. 

4.3.4 Thawing MSCs from Liquid Nitrogen 
The cryovial was removed from liquid nitrogen. The cryovial was thawed in the 

water bath for 30 sec – 1 min but not wholly submerged in the bath (as this can 

lead to contamination). This was done until a small volume of ice remained in the 

cryovial. The cryovial was sprayed with ethanol before placing into the biosafety 

cabinet. It is important to work with the cells quickly after they have thawed as 
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the DMSO can kill the cells at this point. Cell suspension was transferred (using a 

2mL pipette) into a sterile 15mL tube. About 5mL hMSC media was added drop 

by drop to the cells in the 15mL tube. Adding the media slowly is important as it 

reduces the osmotic shock. Cells were centrifuged at 400 x g for 5 minutes. 

Supernatant was aspirated off the cell pellet. The cell pellet was resuspended in 

2mL hMSC media. For a cell count and to assess viability, 50µL of the cell 

suspension was added to 50µL trypan blue. 10µL of this cell/trypan blue 

suspension was added to each side of a haemocytometer. Cells on both sides were 

counted and the average calculated. 

To calculate the total cell number: average cell no. x 104 x dilution factor (in this 

case 2) x original volume cells were suspended in (in this case 2mL) 

Cells were plated at ~3,000-4,000 cells/cm2. So, for a T175 flask 750,000 – 1 x 

106 cells were plated out per flask. The flasks were refreshed with hMSC media 

(30mL for T175 flask) every 3-4 days. 

4.3.5 Preparation of Conditioned Medium 
Allogeneic human MSC, or human fibroblasts (2 x 106) were washed with PBS 

and cultured without serum for 24h. The cells were again washed and the medium 

was then replaced, and the subsequent medium without serum for the next 24-48h 

was used as the conditioned medium (CM). All conditioned medium was sterile 

filtered through a 22µm filter to remove cells and cellular debris. 

4.3.6 Isolation of MSC-derived Microvesicles (MV) 
This Microvesicle isolation protocol was modified from that of Bruno et al (167). 

MVs were obtained from supernatants of MSCs that were conditioned for 48h in 

serum-free medium as per protocol for conditioned medium described above. The 

medium was subjected to centrifugation at 2000 x g for 20 minutes to remove 

cellular debris. The supernatant was transferred from 50mL tubes to 

ultracentrifuge tubes. The supernatant was centrifuged at 47,813 x g for 1h at 4° 

C. (Sorvall RC5C) 

The supernatant (‘MV-free’ medium) was aspirated and stored at -80° C. The 

remainder was washed in serum-free medium and then centrifuged at 47,813 x g 

for 1h at 4°C. The supernatant was aspirated and discarded. The remainder was 

washed in serum-free medium, then labeled with PKH26 dye (Sigma). After 
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labeling, MVs were ultracentrifuged at 47,813 x g for 1h at 4°C. The supernatant 

was discarded. MVs were resuspended in 150µL serum-free medium per 

ultracentrifuge tube used, and stored at -80°C until required. The amount of 

protein was quantified by BCA assay before use. Concentrations of up to 

100µg/mL were used for experiments. 

4.3.7 Characterization of MSCs 

4.3.7.1 Osteogenic differentiation of MSC 

Osteogenic media was prepared according to the table below: 

Reagent Volume (to make 

100ml) 

Final Concentration 

DMEM (Low-glucose) 87.5ml  

Dexamethasone, 1mM 10µL* 100nM 

Ascorbic acid 2-P,10mM 1mL 100µM 

β glycerophosphate,1M 1mL 10mM 

FBS 10mL 10% 

Penicillin/Streptomycin 1mL 100U/mL penicillin 

100µg/mL streptomycin 

Table 6: Osteogenic Media Preparation 

Cells were trypsinised, neutralised and counted. Cells were seeded at 2 x 104 

cells/cm2. 4 control wells and 4 osteogenic test wells were set up 4 x 104 

cells/well). The required number of cells for 8 wells was placed into a 15mL tube. 

The cells were diluted in complete hMSC medium until the final volume was 

8mL. 1mL/well cell suspension was plated out in a 24 well plate. The plate was 

placed in an incubator (37°C 5% CO2) After 48 hours cells should have adhered to 

the plastic of the plate and appear confluent. Medium was refreshed - 1 mL 

complete hMSC medium on control wells and 1 mL osteogenic medium on test 

wells. Media was changed twice a week, ensuring the correct medium was added 

to each well. Assay was harvested between 10 and 17 days depending on the 

condition of the monolayer. Cells need to be harvested before they peel as they 

will be stained. One control and one test well were used for Alizarin red staining. 

The remaining 3 wells for each were used for calcium quantitation. 

Alizarin Red staining 
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Preparation of 2% Alizarin Red S Solution: 2g Alizarin Red S was dissolved in 

100 mL dH2O. Solution was mixed well and pH adjusted to 4.1~4.3 with 1% 

ammonium hydroxide (pH is critical). 

Cells were washed with PBS for 5 min twice. 

Preparation of 95% methanol is by diluting 100% methanol with water 

(95mLmethanol + 5mL water) 

Cells were fixed in ice cold 95 % Methanol for 10 minutes, then rinsed in dH2O. 

2% Alizarin Red S Solution was added for 5 minutes (Image 12). Cells were 

rinsed in dH2O (Left dry until microscopy, then a little dH2O was added). The 

wells were stored at 4°C in the dark. 

 
Image 12: Alizarin Red staining of MSCs indicative of osteogenesis.  

Viewed by light microscopy 4x. 

 

Calcium Assay: 0.5M HCl was prepared by diluting 11.6M HCl into water 

(95.7ml water + 4.3ml conc. HCl). Media was removed and wells were rinsed 

twice in DPBS. The cells from each well were scraped in 0.2mL 0.5M HCl and 

collected into a labeled Eppendorf tube. The solution was left overnight on a 

shaker in the cold room. Samples were centrifuged briefly to pellet cell debris. 

Calcium assay was carried out using the Stanbio Kit. Prepare of working solution 

of 1:1 of base reagent and working dye (700µL for each sample and standard). 

Standards were made up as below: 

Conc. (µg/well) Vol 10 mg/dL std/well 
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0 0 

0.05 0.5µL 

0.1 1 µL 

0.2 2 µL 

0.4 4 µL 

0.6 6 µL 

0.8 8 µL 

1 10µL 

 

Triplicates of each standard were set up, and 10µL of 0.5M HCl was added to 

each standard well. 10µL of sample was added to each of 3 wells. 200µL of 

working solution was added into each standard or sample well. Absorbance was 

read at 550nm on a Victor plate reader. 

 

Analysis of Results:  

Calculation of amount of Calcium in sample 

A standard curve for the Calcium assay was drawn using Microsoft Excel. Data 

for standards was entered into the excel spreadsheet. The mean 595nm absorbance 

(A595) for each calcium concentration was calculated from triplicate readings. A595 

(y axis) vs concentration calcium/well (x axis) was plotted using a scatter plot. A 

trend line was added to give the line of best fit. The equation of the trend line was 

displayed on the graph. 

Calculation of concentration of Calcium for each sample 

Data for samples was entered into the excel spreadsheet. The mean 595nm 

absorbance (A595) for each sample was calculated from triplicate readings. Using 

the equation of the trendline from the standard curve, the concentration of calcium 

per well was deduced (mean value is the y value). As only 10µL/well was used, 

the amount of calcium per tissue culture well was calculated by multiplying by 20 

(because 200µLHCl used to solubilise calcium in each well of 24 well plate 

(Figure 4.1). 
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Figure 4.1: Calcium Assay 

The histogram demonstrates significantly greater concentrations of calcium in the 
test cells, confirming osteogenic differentiation of MSCs. 
* indicates p<0.05 versus respective control. 

 

4.3.7.2 Adipogenic differentiation of hMSC 

Adipogenic media was made up according to the table below: 

Reagent Volume (to make 

100mL) 

Final Concentration 

DMEM (High Glucose) 87.6mL  

Dexamethasone, 1mM 100µL 1µM 

Insulin, 1mg/mL 1mL 10µg/mL 

Indomethacin, 100mM 200µL 200µM 

500mM MIX 100µL 500µM 

Penicillin/Streptomycin 1mL 100U/mL penicillin 

100µg/mL streptomycin 

FBS 10ml 10% 

Table 7: Induction medium 
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Cells were trypsinised, neutralised and counted. Cells were seeded at 2 x 104 

cells/cm2. 4 control wells and 4 osteogenic test wells were set up (4 x104 cells/ 

well). The required number of cells for 8 wells were placed into a 15mL tube. The 

cells were diluted in complete hMSC medium until the final volume was 8mL. 

1mL/well cell suspension was plated out in a 24 well plate. The plate was placed 

in an incubator (37°C 5% CO2). After 24 hours cells should have adhered to the 

plastic of the plate and appear confluent. Cells were allowed to grow until they 

reached confluency (2-3 days).Once confluent, 1mL/well of the adipo induction 

media was added to the test wells and left for 3 days. Control wells received 

normal growth medium. After 3 days media was changed in test wells and 

1mL/well of maintenance media was added and left for 1 day* The latter 2 steps 

were repeated until 3 cycles in induction and maintenance medium were 

completed.For the final maintenance cells were left in the maintenance medium 

for a total of 5-7 days. Cells were fixed and Oil Red O staining was carried out. 

* 1 day is the minimum time cells should be in maintenance; they can be left in 

maintenance up to 3 days after the first and second induction. 

 

Reagent Volume (to make 

100mL) 

Final Concentration 

DMEM (HG) 88mL  

Insulin, 1mg/mL 1mL 10µg/mL 

Penicillin/Streptomycin 1mL 100U/mL penicillin 

100µg/mL streptomycin 

FBS 10mL 10% 

Table 8: Maintenance Medium 

Adipogenesis assays- staining and measurement of lipid 

The level of adipogenesis was assessed by staining lipid deposits with Oil Red O 

and subsequently extracting this lipid and measuring the encorporated dye 

spectrophotometrically. 

Oil Red O Staining 

Preparation of working solution of Oil red O was by mixing 6 parts of Oil Red O 

stock solution with 4 parts of distilled water. The solution was allowed to stand 

for 10 minutes. The solution was filtered using Whattman no.1 filter paper. Once 
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filtered, working solution must be used within 2 hours. Media was removed and 

wells washed twice with DPBS. 

Cells were fixed in 10% Neutral buffered Formalin for 10-60 min at room 

temperature. The fixative was removed and disposed of in a formalin waste 

container. The plate was rinsed with distilled water. A working solution of oil red 

O was pipetted to cover the layer of cells. The dish was slowly rotated to spread 

oil red O over the cells evenly and let stand for 5 minutes. Stain was then 

discarded. Excess stain was cleared by adding 60% isopropanol (2mL per well) 

and swirling and then removing. The plate was rinsed with tap water until the 

water ran off the plate smoothly. Dilute Haematoxylin stock solution (1:10 in 

distilled water) was pipetted onto wells and stained for 1 minute. The plate was 

washed in warm tap water and covered with water until required for photography 

(Image 13). 

 
Image 13: Oil Red O Staining highlighting areas of adipogenesis in MSCs viewed under light 

microscopy 4x 

Extraction of stained lipid 

After photography was complete, the water was removed. The oil red O was 

extracted by pipetting 99% isopropanol (350µL) over the surface of the well 

several times and allowing to stand until all the dye is extracted. Isopropanol was 

left on all wells for same length of time. Isopropanol/dye solution was transferred 

to an Eppendorf tube. Any debris was pelleted by centrifugation (500 x g for 2 
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min). 100µL of the extracted stain was placed into each of 3 wells of a 96-well 

plate. Measurement was by absorbance at 520nm on a Victor plate reader. 

Analysis of Results 

Results were shown by plotting mean absorbance of each sample versus sample 

on a bar graph (Figure 4.2). 

 
Figure 4.2: Adipogenesis assay 

The histogram demonstrates significantly greater amounts of lipid extraction in 
the test cells, confirming adipocyte differentiation of MSCs. 
* p<0.05 versus control wells 
 

4.3.7.4 Chondrogenic differentiation of hMSC 

Incomplete chondrogenic media was made up according to the table below: 
Reagent Volume (to make 100mL) Final Concentration 

DMEM (HG) 95mL  

Dexamethasone, 1mM 10µL* 100nM 

Ascorbic acid 2-P, 5mg/mL 1mL 50µg/mL 

L-Proline, 4mg/mL 1mL 40µg/mL 

ITS+ supplement 1mL 6.25 µg/mL bovine insulin 

6.25 µg/mLtransferrin 

6.25 µg/mLselenous acid 

5.33 µg/mLlinoleic acid 



Chapter 4 
 

70 
 

1.25 mg/mL BSA 

Sodium pyruvate 1mL 1mM 

Penicillin/Streptomycin 1mL 100U/mL penicillin 

100µg/mL streptomycin 

Table 9: Incomplete Chondrogenic Medium (ICM) 

 

To 1mL of ICM, 0.5µL of TGFβ-3 was added to give a final concentration of 

10ng/mL. This is complete chondrogenic medium (CCM). hMSCmonolayers 

were trypsinized, neutralised and counted. 2-2.5x105 cells/pellet culture was 

required. 4 positive cultures and 2 negative cultures were preparedto be harvested 

on day 21. The required number of cells for all the pellet cultures were placed into 

a 15mL tube and centrifuged at 400 x g for 5 minutes. The supernatant was 

removed and the pellet resuspended in 3mL of ICM. Of that 3mL, 2mL was 

placed in one 15mL tube (for positive pellets) and 1mL in a 15mL tube (for 

negative pellets). Tubes were pelleted again at 100 x g for 5 minutes. The cells 

were resuspended in CCM for positives and ICM for negatives (0.5mL for each 

chondrogenic pellet required). They were transferred to screw capped Eppendorf 

tubes. The tubes were centrifuged at 100 x g for 5 minutes in a swing out rotor. 

The tubes were transferred to a rack and the caps were loosened to allow for gas 

exchange. The tubes were incubated at 37°C, 5% CO2. Medium was refreshed 

every other day by aspirating off as much medium as possible without disrupting 

the pellet and replacing with 500µL of fresh CCM or ICM as appropriate. After 

either 14 or 21 days in culture the cell pellets were harvested by aspirating off all 

medium and washing twice in DPBS. Pellets were allowed to air dry and then 

stored at -20°C until required for GAG measurement or fixed in 10% formalin for 

histology. 

 

Measurement of s-GAG and DNA (Chondrogenesis) 

The level of chondrogenesis was assessed by measuring s-GAG and normalising 

between pellets by measuring the DNA content and expressing level levels of s-

GAG per µg DNA. Additionally histological examination of pellets was carried 

out using Safranin-O. Staining depicts nuclei as blue/black, the cytoplasm green 

and GAGs orange. To stain sections, slides were incubated as outlined below 
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using room temperature solutions. All slides intended for cross-comparison were 

stained at the same time. 

Reagents used: 

Papain Sigma P4762 

Chondroitin-6-sulphate Sigma C4384 

DMMB assay dilution buffer 

Constituent reagents 

50mM Sodium phosphate 

0.1M Monobasic stock -Dissolve 13.8g Sodium monobasic (Sigma S9638) in 1L 

0.1M dibasic stock -Dissolve 14.2g Sodium phosphatedibasic (Sigma S5136) in 

1L 

To make 1L of 50mM @ pH6.5 

342.5mL of monobasic 

157.5mL of dibasic 

Make to 800mL, check pH 

• N-acetylcysteine was added to final concentration 2mM (0.3246g/L) 

• EDTA(from 0.5M stock) was added to a final conc of 2mM (4ml in1L) 

• pH was checked 

• Made up to 1L 

 

DMMB stock solution 

1. 16mg of DMMB (1,9 Dimethylmethylene blue) was dissolved overnight in 

5mL reagent grade 100% ethanol. 

2. To 975mL of deionised water, 2.73g NaCl and 3.04g glycine were added 

and mixed. 

3. 0.69mL of conc. HCl (11.6M) was added.  

4. Dissolved DMMB solution was added. 

5. The container that the DMMB was in was rinsed with deionised water. and 

rinsing repeated until all the dye was transferred. 

6. pH was adjusted to 3.0 with 1M HCl. 

7. Volume was adjusted to 1L with deionised water. 

8. Protection from light was ensured by wrapping bottle in foil. 

9. Shelf life was 3 months. 
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Preparation of pellet 

1mg of papain was weighed out and dissolved in 10mL of dilution buffer (may 

dissolve in weigh boat as papain is fine powder). 250µL of this solution was 

added to 9.75mL of dilution buffer. To each pellet 200µL of the diluted papain 

was added and allowed to digest overnight at 60°C. Samples were vortexed to 

ensure dispersal of pellet. 

 
DMMB (1,9 Dimethylmethylene blue ) Assay 

Stock solution of chondroitin-6-sulphate was made up by addition of 4mg of 

chondroitin-6-sulphate to 10mL of dilution buffer. This 400µg/mL stock was 

diluted 1/10 (200µL stock added to 1.8mLdilution buffer) to give 40µg/mL C-6-S 

working stock. This was used to prepare standards. The dilutions from this 

40µg/mL solution were made up as follows: 

 

C-6-S working stock solution Dilution buffer Concentration/well (25µL) 

200µl 0µL 1µg 

180µl 20µL 0.9µg 

160µl 40µL 0.8µg 

120µl 80µL 0.6µg 

80µl 120µL 0.4µg 

40µl 160µL 0.2µg 

0µl 200µL 0µg 

 

25µL of the appropriate standard or sample were added to the wells of a 96-well 

plate. All standards and samples were assayed in triplicate. 100µL of DMMB 

stock solution was added to each well. Absorbances were read at 595nm on a 

Victor plate reader within 5 minutes. 

 

DNA (PicoGreen) Assay 

1xTE solution was prepared from the 20x stock provided in the Quant-iT Kit (for 

each sample need 1.2mL of 1xTE, for all standards need 6mL of 1xTE). Dilute 

PicoGreen solution, 200-fold dilution of DMSO stock in 1xTE was prepared 

(require 2.5mL for all standards and 300µL for each sample). DNA stock 
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(100µg/mL) 20µL added to 980µL 1xTE was diluted to get DNA working stock 

concentration of 800ng/mL.  

DNA standards were prepared as follows: 

DNA working stock 1xTE Final conc DNA/mL 

400µL 0µL 2000ng 

200µL 200µL 1000ng 

100µL 300µL 500ng 

40µL 360µL 200ng 

20µL 380µL 100ng 

10µL 390µL 50ng 

4µL 396µL 20ng 

0µL 400µL 0ng 

 

Samples were diluted 1/20 (20µL sample + 380µL 1xTE). 100µL of the 

appropriate standards and samples to be assayed were added in triplicate to the 

wells of a 96 well plate. 100µL of PicoGreen solution was added to each well and 

incubated at room temperature for 2-3 min in the dark. The plate was read on 

fluorescent plate reader using Pico DNA protocol (excitation @ 485nm, read @ 

538nm). 

 
Analysis of Results 

Calculation of the amount of GAG in sample 

A standard curve for the DMMB assay was drawn using Microsoft Excel. Data for 

standards was entered into the Excel spreadsheet. The mean A550 reading for each 

concentration was calculated from the triplicate readings. The mean A550 (y axis) 

vs concentration GAG/well (x axis) was plotted (this will give a negative slope). 

A trend line was added to give the line of best fit. The equation of the trend line 

was displayed on the graph. 

Calculate concentration of GAG for each sample 

Data for samples was entered into the Excel spreadsheet. The mean A595 reading 

for each sample was calculated from the triplicate readings. Using the equation of 

the trendline from the standard curve, the concentration of GAG for each sample 

is deduced (mean value is the y value). The result was multiplied by 8 to find 

amount of GAG/pellet. 
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Calculation of the amount of DNA in sample 

A standard curve for the PicoGreen assay was drawn using Microsoft Excel. Data 

for standards was entered into the excel spreadsheet. The mean fluorescence 

reading for each concentration was calculated from the triplicate readings. 

Fluorescence (y axis) vs concentration DNA/mL (x axis) was plotted using a 

scatter plot. A trend line was added to give the line of best fit. The equation of the 

trend line was displayed on the graph. 

Calculation of concentration of DNA for each sample 

Data for samples was entered into the Excel spreadsheet. The mean fluorescence 

reading for each sample was calculated from the triplicate readings. Using the 

equation of the trendline from the standard curve, the concentration of DNA/mL 

for each sample was deduced. This was multiplied by 20 to account for the 

dilution factor. The result is the amount of DNA/mL but as the assay only started 

with 200µL of papain digested material, the result is divided by 5 to calculate the 

amount of DNA/pellet. 

Calculation of amount of GAG/ DNA: The amount of GAG/pellet was expressed 

as a ratio of the amount of DNA/pellet. 

 

 

4.4 Statistical Analysis 

Statistical analysis was performed on scientific data using GraphPad Prism 

software. All experiments were performed in at least triplicate or sample sizes of n 

= 6. Data was analysed using a one way ANOVA with a post hoc Student-

Neuman-Keul's test. Data is presented as the mean +/- the standard deviation and 

a P value of < 0.05 was considered statistically significant. 
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5. Development of an in vitro Cyclic 

Mechanical Stretch Model of Lung Injury 

5.1 Abstract 

Introduction: Our group and many other groups have conducted extensive 

animal-based experimental studies in the field of ARDS and ventilator-induced 

lung injury. While these in vivo studies have been invaluable in our understanding 

of the macroscopic effects of ventilator-induced lung injury and the therapeutic 

effects of hypercapnic acidosis, they are not ideal for thorough exploration of 

mechanisms at a cellular level: there may be great variability from one batch of 

animals to the next; efficiency is compromised by laborious animal care 

commitment; numbers required to see a significant effect are large and there are 

many variables that cannot be fully controlled. Advantages of an ex vivo or in 

vitro approach include; better control of the system; flexibility in changing one or 

more variables at a time while maintaining consistency with others; using human 

cells and more efficient use of the laboratory.  

Methods: To understand the role of the NF-κB pathway in mediating the effects 

of hypercapnic acidosis we constructed an ex vivo/in vitro model of ventilator-

induced lung injury using the Flexercell Tension Plus System to stretch human 

alveolar epithelial cell monolayers. We conducted pilot experiments in which a 

number of alveolar epithelial cell lines were cultured and grown to monolayers on 

collagen-coated 6-well Bioflex plates and subjected to varying degrees and 

durations of equibiaxial cyclical strain under normocapnic conditions. Cell 

harvesting and analysis of degree of injury and inflammatory response, using a 

number of assays, followed this. 

Results: Simulating a ventilator-induced lung injury using our model required at 

least 20% stretch. Significant reduction in cell viability could be achieved by as 

little as four hours of high stretch. NF-κB activation could be seen as early as after 

one hour of stretch. A significant inflammatory response as indicated by increased 

interleukin-8 release was seen as early as after one hour of stretch. Some cell 



Chapter 5 
 

76 
 

lines, e.g. HBEs, appeared more resistant to stretch injury than others, e.g. A549s. 

Prolonged stretch cycles were not deemed a reliable measure of NF-κB activation. 

This was most likely due to cell death as a confounder, but could also be 

explained by the short half-life of the transfected plasmid reporter. 

Conclusion: These results confirm that the model consistently produces a 

significant stretch injury in terms of the effects demonstrated by cytokine 

activation, damage to cell membrane integrity, reductions in cell viability and NF-

κB activation. The severity of the stretch injury can be varied, by altering the 

magnitude and duration of cell stretch, and the pulmonary epithelial cell type 

used. 
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5.2 Introduction 

Acute and adaptive biochemical changes take place in cells when deformation 

occurs secondary to compression, tension, and shear forces in the body. 

Application of tension to cells in vitro simulates the in vivo environment causing 

distinctive cellular morphologic and biochemical responses. These responses may 

be both short and long term, including signaling changes, the rate of cell division, 

the rate and amount of protein synthesis, secretion, or degradation, alterations in 

energy metabolism, and many other biochemical changes (202, 203). A growing 

number of studies have addressed cellular and molecular mechanisms that lead to 

coordinated responses of cells to deformation and mechanical forces (204, 205). 

The primary goal of this work was to establish an in vitro model capable of 

subjecting alveolar epithelial cells to deformations that mimic those of the intact 

lung. This in vitro preparation allows the investigation of cellular responses to 

precise and consistent deformations in isolation from changes in blood gases, 

surfactant activity, and inflammatory responses that can accompany in vivo or 

isolated lung studies. Such a model is useful because it removes these 

confounding variables and can be used to study a range of functional responses to 

mechanical stretch at the cellular level. 

5.3 Experimental Design 

5.3.1 Effect of degree of cell stretch 

Aim: To ascertain the minimum degree of cyclical strain required (%) to achieve 

significant stretch-induced injury. 

Experimental design: Cells were plated on BioFlex® 6-well plates and allowed to 

incubate at 37°C, 5% CO2 until a monolayer was achieved. The medium was then 

refreshed and the cells subjected to varying degrees of stretch over a number of 

pilot experiments, with the duration of stretch constant. The degree of stretch 

ranged from 8% equibiaxial strain up to 23% equibiaxial strain. 

Key measurement parameters: Cell viability by MTT assay 
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5.3.2 Effect of duration of cell stretch 
Aim: To ascertain the minimum duration of cyclical strain required to achieve 

significant stretch-induced injury. 

Experimental design: Cells were plated on BioFlex® 6-well plates and allowed to 

incubate at 37°C, 5% CO2 until a monolayer was achieved. The medium was then 

refreshed and the cells subjected to varying durations of stretch over a number of 

pilot experiments, with the degree of stretch constant. Duration of stretch ranged 

from 1hour up to 5 days 

Key measurement parameters: Cell viability by MTT assay, Interleukin-8 

cytokine response by ELISA, NF-kB activation by luciferase reporter assay and 

cell membrane integrity by LDH. 

5.3.3 Effect of cell stretch on specific cell type  

Aim: To accurately ascertain and compare the effects of cyclical stretch on 

different lung cell lines.  

Experimental design: A number of different cell lines were used in our cyclic 

stretch experiments. A549 alveolar epithelial cells, Human Bronchial Epithelial 

cells and BEAS-2b (Bronchial Epithelial Adenovirus SV40) cells were 

individually plated on BioFlex® 6-well plates and allowed to incubate at 37°C, 5% 

CO2 until monolayer was achieved. The relevant media was then refreshed and 

the cells subjected to a stretch cycle, with the degree and duration of stretch 

identical between experiments. Of note, the most commonly used cell line for the 

majority of the experiments described in this thesis were A549 alveolar epithelial 

cells. 

Key measurement parameters: Interleukin-8 cytokine response by ELISA Cell 

viability by MTT assay 

5.3.4 Effect of acute 1h stretch and a recovery period in alveolar 

epithelial cells 
Cells were plated on BioFlex® 6-well plates and allowed to incubate at 37°C, 5% 

CO2 until monolayer was achieved. The medium was then refreshed and the cells 

subjected to 1 hour of continuous stretch, and then allowed to recover for a fixed 

period of time before being harvested and analysed. The effect of varying the 
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post-stretch recovery time was examined in terms of its effects on cell viability, 

LDH release, NF-kB activation and IL-8 production. 

5.3.5 Effect of ongoing stretch versus stretch/rest approach 
Aim: To ascertain and compare the effects of a rest period post- cyclical stretch 

versus immediate harvesting post-cyclical stretch in alveolar epithelial cells. 

Experimental design: Cells were plated on BioFlex® 6-well plates and allowed to 

incubate at 37°C, 5% CO2 until monolayer was achieved. The medium was then 

refreshed and the cells subjected to continuous cyclic stretch and subsequent 

harvesting, as was the norm, and the results compared with cells subjected to 

continuous cyclical stretch but harvesting after a period of cell rest in the 

incubator. The duration and degree of stretch in both groups were identical. The 

rest period was 23 hours for the initial set of experiments. In another series of 

experiments, different rest periods post-stretch were examined. 

Key measurement parameters: Cell viability by MTT assay, cell membrane 

integrity by LDH, Interleukin-8 cytokine response by ELISA, and NF-kB 

activation by luciferase reporter assay. 

5.3.6 Model 1 –Effect of 24h cyclic stretch in alveolar epithelial 

cells 

Cells were plated on BioFlex® 6-well plates and allowed to incubate at 37°C, 5% 

CO2 until monolayer was achieved. The medium was then refreshed and the cells 

subjected to a 24h period of cyclical stretch over a number of pilot experiments, 

with the degree of stretch constant. The purpose of these pilot experiments was to 

establish a 24h model of cyclical cell stretch and ascertain effects on cell viability, 

cell membrane integrity, NF-kB activation and cell chemokine response. 

5.3.7 Model 2 –Effect of Prolonged (3 – 5) Day Cyclic Stretch in 

alveolar epithelial cells 
A549 alveolar epithelial cells were plated on BioFlex® 6-well plates and allowed 

to incubate at 37°C, 5% CO2 until monolayer was achieved. The medium was 

then refreshed and the cells subjected to prolonged periods of cyclical stretch 

ranging from 3-5 days over a number of pilot experiments, with the degree of 

stretch constant. The purpose of these pilot experiments was to accurately 
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ascertain the effects of a prolonged duration of cyclical stretch on cell viability, 

cell membrane integrity, NF-kB activation and cell chemokine response. 

5.4 Results 

5.4.1 Cyclical strain of at least 20% elongation leads to 

significant injury in alveolar epithelial cell monolayers. 
Using varying degrees of stretch in a number of experiments, we found that the 

threshold for significant injury occurred at a setting of 20% equibiaxial strain 

(Figure 5.1). Interestingly we discovered that a minimum cyclical strain setting of 

8% actually resulted in cell proliferation (Figure 5.1), which suggests a beneficial 

effect of “mild” – potentially physiologic – degrees of mechanical stretch.  

5.4.2 Cyclical stretch-induced injury is proportional to duration 

of stretch and may be observed after as little as four hours of 

stretch. 
After conducting a series of experiments in which alveolar epithelial cells were 

stretched for various timepoints, we observed a reduction in cell viability, which 

began at the 4-hour timepoint and continued to decrease with increasing duration 

of stretch (Figure 5.2). 

5.4.3 There is a time-dependent effect of mechanical stretch on 

IL-8 production. 

We observed a time-dependent effect on IL-8 release into the supernatant, and this 

was greatest after 24 hours (Figure 5.3). We know from previous studies that 

cyclic stretch upregulates the production and release of IL-8 in human alveolar 

epithelium(65, 66), and this was observed in all our cell lines (Figure 5.4). 

5.4.4 The degree of stretch-induced injury varies with cell line. 
Having conducted experiments on a number of different pulmonary epithelial cell 

lines, we observed that some cell lines are more resistant to injury than others 

(Figure 5.5). A549 cells were far more consistent in their response to cyclical 

strain versus HBEs, which were difficult to grow to monolayer, technically 

resistant to successful transfection, and difficult to injure. This suggests that 
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bronchial epithelial cell lines may be more robust and resistant to injury than 

alveolar cells. 

5.4.5 Cyclical stretch induces NF-kB activation in lung epithelial 

cells. 

We demonstrated by luciferase assay on lysed cells that NF-kB was activated by 

cyclical stretch as early as one hour after stretch (Figure 5.6). The NF-kB 

activation was more consistent with shorter stretch timecourses. This was 

postulated to correlate with the lifespan of the kB luciferase plasmid. This 

suggests that although NF-kB activation may be ongoing, even after 3 days of 

stretch, the plasmid itself may no longer be producing luciferase protein, making 

it difficult to measure the degree of activation. An alternate explanation is that the 

pathway may be switched off despite ongoing stimulation, resulting in it 

becoming unresponsive. 

5.4.6 Cyclical stretch compromises membrane integrity in lung 

epithelial cells. 
Using an LDH assay on the supernatant of A549 cells subjected to cyclical stretch 

over 24 hours, we demonstrated increased LDH release compared to unstretched 

controls (Figure 5.7). As lactate dehydrogenase is predominantly intracellular, 

this result shows that the integrity of the cell membrane is compromised by 

cyclical strain, causing LDH to leak out into the culture medium. 

5.4.7 Stretching cells for 1 hour results in cell injury over time 
One hour of cyclical stretch followed by a 23h recovery period prior to harvesting 

and analysis stimulated NF-kB activation (Figure 5.8), IL-8 production (Figure 

5.9), and proved injurious to cells (Figure 5.10). This injury was not observed 

when the cells were harvested immediately following the acute stretch period 

(Figure 5.10). A positive cytokine response was also observed by IL-8 enzyme-

linked immunosorbent assay of the supernatant in the post-stretch recovery group 

versus no change in the cells harvested immediately post-stretch (Figure 5.11). 

IL-8 production in the unstretched control in the post-stretch recovery group was 

also greater than its counterpart in the immediate harvesting group. IL-8 

accumulation over time as opposed to an induction may account for this 
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difference. One hour of cyclical stretch with a prolonged rest period did not 

impair membrane integrity as evidenced by LDH assay (Figure 5.12). This may 

be attributed to insufficient deformation time for permanent membrane rupture 

and a likely plasma membrane resealing effect, given the length of the recovery 

period.  

 

5.4.8 Effects of shortening the recovery time after 1 hour of 

stretch. 
It was observed that 1h of cyclical stretch resulted in decreased cell viability in 

cells with post-stretch recovery periods of 1h 2h and 4h (Figure 5.13). Varying 

the recovery time had no significant effect on the cells in terms of LDH release 

(Figure 5.14). We also noted that stretch-induced NF-kB activation became 

evident following a recovery period post stretch of at least four hours before cell 

harvesting (Figure 5.15). This quantifies the minimal response time for the 

reporter plasmid to drive the production of luciferase protein, and so allow the 

degree of NF-kB activation to be accurately represented on an assay. Significant 

interleukin-8 production was evident after as little as one hour of recovery time 

post stretch (Figure 5.16). 

 

5.4.9 Effects of a prolonged 5 day cyclical stretch. 
We observed that significant cell death occurred after day 3 (Figure 5.17), that 

there was a time-dependent decrease in intracellular LDH content (Figure 5.18) 

and a corresponding increase in extracellular LDH content (Figure 5.19). The 

time-dependent effect of mechanical stretch on IL-8 production was evident and 

peaked at Day 4 (Figure 5.20). NF-kB activation was not impressive in an 

experiment of this prolonged duration (data not shown). 

5.5 Conclusions 

These model development experiments provided firm foundations for the next 

stage of our experimental series. The principles of operation of the Flexercell 

system have been outlined in the literature (206, 207). Using this device, we 

established that the degree of alveolar epithelial injury increases with strain 
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magnitude, duration of stretch, and varies with cell type. We established that 

cyclical strain of greater than 20% elongation is beyond the physiological range 

and causes injury corresponding to over-distension of alveoli in the intact lung, 

which is a major cause of ventilator-induced lung injury.  

Both 24h and prolonged 5-day stretch periods demonstrated significant cell injury, 

plasma membrane rupture and inflammatory cytokine release.  

Stretch-induced NF-κB activation was demonstrated in the 24h model, but less 

consistently after 5 days of cyclical strain. NF-κB activation was also 

demonstrated after as early as 1 h of stretch, once the cells were allowed a 

recovery period.  

By trialling a number of lung cell types, we identified where these cell types 

differed in their responses to cyclical stretch. HBE and BEAS-2b cells proved 

more resistant to deformation-induced injury than A549 cells, and technically 

were more difficult for practical purposes not only to culture to monolayer, but 

also to transfect with the NF-κB reporter plasmid. However cyclic stretch induced 

IL-8 production was consistent in all cell types, even in the absence of injury. This 

is in line with previous work by Vlahakis et al.(66). In ongoing experiments, it 

was decided that A549 cells were the most suitable surrogate for human alveolar 

epithelium. A549 cells have several features consistent with alveolar type II 

epithelial cells. Morphologically, when grown at subconfluence, they retain a 

cuboidal shape, can produce lecithin and phosphatidylcholine (208), and have 

been found to release and/or express a variety of cytokines and growth factors, 

including monocyte chemotactic protein-1, IL-8 and intercellular adhesion 

molecule-1 (209-211). The 1 h stretch experiment series revealed that cell injury 

is cumulative over time, even if the duration of stretch is short. Delayed 

harvesting after stretch demonstrated reduced cell viability, activation of the NF-

κB pathway and increased cytokine release. Altering the length of the recovery 

period showed that 1h rest phase was sufficient to reveal cell injury and IL-8 

induction and a 4h recovery period post stretch demonstrated NF-κB activation.  

This short stretch period was inadequate to demonstrate real membrane rupture, 

regardless of the recovery period. Plasma membrane stress failure occurs when 

the matrix to which a cell adheres is subjected to major deformations(30, 212-

215). Consequently, the cell might be forced to assume a shape with a large 

surface-to-volume ratio at which the plasma membrane might encounter lytic 
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tension. The repair of these breaks only takes seconds, usually via a calcium-

dependent lipid trafficking response(216-218). Failure to reseal the membrane 

defect consistently results in cell death. Rapid plasma resealing limits the 

usefulness of lactate dehydrogenase as a surrogate marker for cell injury in the 

short cyclical stretch experiment. Oeckler suggested that where complete stretch-

induced plasma membrane disruption can act as a “damage sensor” in activating 

pro-inflammatory signaling cascades, on the other hand, sublethal plasma 

membrane wound with successful repair may still upregulate immune response 

genes, which in turn may set up a prolonged inflammatory response by the viable 

cell. “This would potentially result in more damage than would have necrotic 

death, where the loss of the cell would attenuate the inflammatory response”(219). 
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5.6 Figures 
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Figure 5.1 Cyclical strain above a threshold of 20% elongation leads to 

significant injury in alveolar epithelial cell monolayers 

The histogram shows that significant reduction in cell viability at 24h hours 

occurs at a threshold setting of 20% elongation. 
* indicates p < 0.05 compared to controls. 
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Figure 5.2 Cyclical stretch-induced injury is proportional to duration of 

stretch and may be observed after as little as four hours of stretch 

The histogram shows that significant reduction in cell viability can be observed 

after 4 hours of continuous cyclic stretch. 
ê Indicates p<0.05 versus control (i.e. 0h stretch) 
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Figure 5.3 Time-dependent effect of mechanical stretch on IL-8 production 

This histogram shows increased IL-8 production proportional to duration of 

stretch that achieves significance at the 24-hour timepoint.  
ê Indicates p<0.05 versus control (i.e. 0h stretch) 
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Figure 5.4 Cyclical stretch stimulates IL-8 production in various pulmonary 

epithelial cell lines 

This histogram shows increased IL-8 production after 24h of stretch in A549, 

BEAS-2b and HBE cell lines.  
* Indicates p<0.05 versus control (i.e. no stretch) 



Chapter 5 
 

89 
 

 
 
 
 
 
 
 
 
 

 
 
Figure 5.5 HBE cells are more resistant to stretch-induced injury than A549 

cells 

The histogram shows that under the same conditions, there is a greater reduction 

in cell viability at 24h hours in A549s versus HBE cells. This suggests a greater 

tolerance or resistance of the HBE cells to cyclical stretch at 24 hours. 
★ Indicates p < 0.05 versus unstretched 
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Figure 5.6 Cyclical stretch induces NF-kB activation in lung epithelial cells 

This histogram shows significant NF-kB activation as early as 1h of cyclical 

stretch.  
ê Indicates p<0.05 versus control (i.e. 0h stretch) 
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Figure 5.7 Cyclical stretch stimulates LDH release in A549 cells after 24 

hours 

The histogram shows that significant increase in LDH release from the cells after 

24h hours of stretch, which implies decreased cell membrane integrity. 
ê Indicates p<0.05 versus no stretch) 
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Figure 5.8 1 hour of cyclical stretch followed by a 23-hour rest period 

stimulates significant NF-kB activation 

This histogram shows significant NF-kB activation at 1h of cyclical stretch. The 

degree of activation may be related to the period of post stretch recovery, which 

facilitates luciferase protein production. 
* Indicates p<0.05 versus control (i.e. 0h stretch) 
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Figure 5.9 1 hour of cyclical stretch followed by a 23 hour rest period shows 

significant IL-8 release 

 This histogram shows significantly increased IL-8 production after 1h of stretch.  
*Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 5.10 1h stretch followed by 23h resting time reveals cell injury 

compared with 1h stretch and immediate harvesting 

The histogram shows significant differences in cell viability between the two 

groups of stretched cells. 
 « Indicates p<0.05 versus 1h immediate harvest) 
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Figure 5.11 1h stretch followed by 23h resting time reveals significant IL-8 

production versus 1h stretch and immediate harvesting 

The histogram shows a significant IL-8 difference in both unstretched and 

stretched cells if the harvesting is delayed for 23h. 
✭ Indicates p<0.05 versus control (i.e. no stretch) and 1h stretch immediate harvest.  
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Figure 5.12 1 hour of cyclical stretch followed by a 23-hour rest period does 

not impair cell membrane integrity 

The histogram shows that 1 hour of cyclical stretch does not significantly disrupt 

cell membrane integrity 
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Figure 5.13 1 hour of stretch followed by 1,2 and 4h of recovery show 

significant reduction in cell viability 

The histogram shows decreased cell viability in all 3 groups. 
✭ Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 5.14 1 hour of stretch followed by 1,2 and 4h of recovery show no 

significant changes in LDH release 

The histogram shows that 1 hour of cyclical stretch does not significantly disrupt 

cell membrane integrity even after recovery periods of 1,2,and 4 hours. 
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Figure 5.15 1h stretch followed by 4h of recovery shows significant NF-kB 

activation 

The histogram shows significant NF-kB activation after 1h of stretch and 4 hours 

of recovery time. This suggests that a minimum of 4 hours of post stretch 

recovery time is required to capture NF-kB induction. 
✭ Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 5.16 1h stretch followed by 1h, 2h and 4h of recovery exhibit 

significant IL-8 production 

The histogram shows significant IL-8 production after 1h of stretch and at 1h, 2h 

and 4h of recovery time. This suggests that a minimum of 1 hour of post stretch 

recovery time is sufficient to capture stretch-induced IL-8 production. 
✭ Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 5.17 Decreasing cell viability with prolonged stretch as determined by 

MTT assay 

 The histogram shows significant cell death after 72 hours of cyclical stretch. 
✭ Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 5.18 Increasing LDH release into medium after prolonged stretch 

The histogram shows a time-dependent increase in extracellular LDH, which is 

proportional to duration of stretch. 
* Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 5.19 Decreasing concentrations of LDH in cells with prolonged stretch 

The histogram shows a time-dependent decrease in intracellular LDH, which is 

proportional to duration of stretch.  
✭ Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 5.20 Increasing Interleukin-8 production with prolonged stretch 

The histogram shows a time-dependent increase in IL-8 production, which is 

proportional to duration of stretch. 
✭ Indicates p<0.05 versus control (i.e. no stretch) 
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6. Effect of Hypercapnic Acidosis on Stretch-

Induced Pulmonary Epithelial Injury 

6.1 Abstract 

Introduction: Having successfully established the pulmonary epithelial stretch 

induced injury model, the next step involved conducting similar experiments in 

parallel in a hypercapnic environment. We hypothesized that hypercapnic acidosis 

would attenuate pulmonary epithelial stretch induced injury. 

Methods: Type II alveolar A549 cells, BEAS-2b cells and human bronchial 

epithelial (HBE) cells were used in all experiments. Once the cells had grown to 

confluence, pre-equilibrated and pre-warmed media were added to the wells and 

the plates were randomised to incubation in either normocapnia (5% CO2, balance 

air) or hypercapnic acidosis (15% CO2, balance air) as per group allocation. After 

1h of pre-conditioning, the plates were loaded onto the cell stretcher and subjected 

to 22% equibiaxial strain for 24h or 3-5 days depending on the specific 

experiment. Unstretched pulmonary epithelial layers were used as controls. After 

the stretch period the cells were harvested and the cell pellets were assessed for 

NF-kB activation protein, cell viability and LDH assays. The supernatant was 

used for LDH and ELISA for IL-8 chemokine secretion. 

Results: Hypercapnic acidosis attenuated both acute and prolonged cyclical 

stretch-induced injury, preserved cell membrane integrity, increased cell growth, 

inhibited activation of NF-kB and attenuated stretch-induced pro-inflammatory 

cytokine release in alveolar epithelial cells. There was a linear dose-response 

effect with hypercapnia, with protection greatest with greater degrees of 

hypercapnia.  

Conclusion: This experimental strand successfully demonstrated the protective 

effects of hypercapnic acidosis in our in vitro model of ventilator-induced lung 

injury. 
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6.2 Introduction 

Hypercapnic Acidosis, termed “permissive hypercapnia” in the clinical context, is 

a central component of lung ventilatory strategies to minimize VILI. HCA exerts 

a myriad of effects on diverse biologic pathways. Our group and others have 

demonstrated that deliberately induced HCA – termed ‘therapeutic hypercapnia’ – 

is protective in multiple lung injury models, including VILI. The current ‘state-of-

the-art’ attributes the protective effect of protective lung ventilation solely to 

reductions in lung stretch. Inhibition of NF-kB, a transcription factor which 

regulates genes central to lung injury, inflammation and repair, is protective in 

diverse models of inflammatory ALI. Modulation of the NF-kB pathway has been 

proposed as a promising therapeutic pathway in VILI (220-222) We hypothesized 

that hypercapnic acidosis, in our in vitro pulmonary epithelial cyclical stretch 

model, would improve cell survival, preserve cell membrane integrity and inhibit 

cell-stretch-induced cytokine release and NF-kB activation. The aims of this 

series of experiments were to prove the following hypotheses: 

1. Hypercapnic acidosis attenuates stretch-induced inflammation 

2. Hypercapnic acidosis maintains cell membrane integrity in stretch injury 

3. Hypercapnic acidosis attenuates stretch-induced injury 

4. Hypercapnic acidosis attenuates stretch induced injury via NF-kB 

inhibition 

 

6.3 Methods and Materials 

6.3.1 Determination of the effects of HCA on A549 alveolar 

epithelial cells subjected to 24h stretch 
Pulmonary A549 alveolar cells were first seeded at density of 5 x 105/mL onto 6 

well Bioflex plates. They were grown to confluence, after which each well was re-

fed with pre-warmed and pre-equilibrated media. The cells were returned to either 

normocapnia (5% CO2, balance air) or hypercapnic acidosis (15% CO2, balance 

air) as per group allocation for 1 hour. The plates were then loaded on to the 

Flexercell system and subjected to 22% equibiaxial strain in their respective 
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incubators for 24 hours. Unstretched pulmonary epithelial layers were used as 

controls. 24 hours later the plates were removed from their respective incubators 

and the cells harvested as described (Section 4.2).  

6.3.2 Determination of the effects of HCA on human bronchial 

epithelial (HBE) cells subjected to 72h stretch 
Human Bronchial Epithelial (HBE) cells were first seeded at density 5 x 105/mL 

onto 6 well Bioflex plates. They were grown to confluence,  after which each well 

was re-fed with pre-warmed and pre-equilibrated media. The cells were returned 

to either normocapnia (5% CO2, balance air) or hypercapnic acidosis (15% CO2, 

balance air) as per group allocation for 1 hour. The plates were then loaded on to 

the Flexercell system and subjected to 22% equibiaxial strain in their respective 

incubators for 72 hours. HBEs were observed to be more resistant than A549s to 

cyclic stretch injury at 24h, but became significantly injured after 72h of stretch in 

pilot studies, which is why this timepoint was selected for this cell line. 

Unstretched pulmonary epithelial layers were used as controls. 72 hours later the 

plates were removed from their respective incubators and the cells harvested as 

described (Section 4.2). 

 

6.3.3 Determination of the effects of HCA on BEAS-2b cells 

subjected to 72h stretch 

BEAS-2B (Bronchial Epithelial Adenovirus SV40) cells were first seeded at 

density 5 x 105/mL onto 6 well Bioflex plates. They were grown to confluence, 

after which each well was re-fed with pre-warmed and pre-equilibrated media. 

The cells were returned to either normocapnia (5% CO2, balance air) or 

hypercapnic acidosis (15% CO2, balance air) as per group allocation for 1 hour. 

The plates were then subjected to 22% equibiaxial strain via the Flexercell system 

for 72 hours. BEAS-2b cells were observed to be more resistant than A549s to 

cyclic stretch injury at 24h, but became significantly injured after 72h of stretch in 

pilot studies, which is why this timepoint was selected for this cell line. 

Unstretched pulmonary epithelial layers were used as controls. 72 hours later the 

plates were removed from their respective incubators and the cells harvested as 

described (Section 4.2). 
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6.3.4 Effect of HCA on A549 subjected to prolonged [5 day] 

Stretch 

Type II A549/NF-κB-luc alveolar epithelial cells were first seeded at density of 5 

x 105/mL onto 6 well Bioflex plates. They were grown to confluence, after which 

each well was re-fed with pre-warmed and pre-equilibrated media. The cells were 

returned to either normocapnia (5% CO2, balance air) or hypercapnic acidosis 

(15% CO2, balance air) as per group allocation for 1 hour. The plates were then 

loaded on to the Flexercell system and subjected to 22% equibiaxial strain in their 

respective incubators for 5 days. Unstretched pulmonary epithelial monolayers 

were used as controls. One plate from each respective incubator was removed 

every 24h and the cells harvested as described (Section 4.2). 

6.3.5 Determination of the dose-response characteristics of HCA 

following pulmonary epithelial stretch-induced injury 

Pulmonary stably transfected A549 alveolar cells were first seeded at density 5 x 

105/mL onto 6 well Bioflex plates. They were grown to confluence, after which 

each well was re-fed with pre-warmed and pre-equilibrated media. The cells were 

then returned to normocapnia (5% CO2, balance air), moderate hypercapnia 

acidosis (10% CO2, balance air), or severe hypercapnic acidosis (15% CO2, 

balance air) as per group allocation for 1 hour. The plates were then loaded on to 

the Flexercell system and subjected to 22% equibiaxial strain in their respective 

incubators for 24 hours. Unstretched pulmonary epithelial monolayers were used 

as controls. 24 hours later the plates were removed from their respective 

incubators and the cells harvested as described (Section 4.2). 
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6.4 Results 

6.4.1 A549 Cells: 

6.4.1.1 Hypercapnic Acidosis attenuates stretch-induced 

inflammatory cytokine release  

24 hours of cyclical strain under normocapnic conditions induced interleukin-8 

production, which in turn was attenuated by hypercapnic acidosis (Figure 6.1). 

6.4.1.2 Hypercapnic acidosis preserves cell membrane integrity in 

A549 cells subjected to cyclic stretch 

24 hours of cyclical strain under normocapnic conditions induced significant LDH 

release, which in turn was attenuated by hypercapnic acidosis (Figure 6.2). 

6.4.1.3 Hypercapnic Acidosis attenuates stretch-induced alveolar 

epithelial injury in A549 cells 

24 hours of cyclical strain under normocapnic conditions significantly injured 

cells, as demonstrated by MTT assay. This effect was attenuated by hypercapnic 

acidosis (Figures 6.3 and 6.4). HCA was associated with increased cell viability, 

even in unstretched cells. This may be an effect of HCA on the MTT assay. The 

protective effect of hypercapnic acidosis was also observed at 4h and 6h of 

cyclical stretch (Figure 6.4). 

6.4.1.4 Hypercapnic Acidosis attenuates stretch-induced NF-kB 

activation 

24 hours of cyclical strain under normocapnic conditions induced activation of the 

NF-kB pathway, as evidenced by luciferase assay of the cell pellet. This effect 

was significantly attenuated both at baseline and after 24 hours of stretch by 

hypercapnic acidosis (Figure 6.5). 
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6.4.2 HBE cells: 

6.4.2.1 Hypercapnic Acidosis attenuates stretch-induced 

inflammatory cytokine release in HBE cells 

72 hours of cyclical strain under normocapnic conditions induced interleukin-8 

production as evidenced by enzyme-linked immunosorbent assay. This effect was 

reversed by hypercapnic acidosis (Figure 6.6). 

6.4.2.2 Hypercapnic acidosis preserves cell membrane integrity in 

HBE cells subjected to cyclic stretch 

72 hours of cyclical strain under normocapnic conditions resulted in increased 

LDH release, which in turn was significantly attenuated by hypercapnic acidosis 

(Figure 6.7). 

6.4.2.3 Hypercapnic Acidosis attenuates stretch-induced injury in 

HBE cells 

72 hours of cyclical strain under normocapnic conditions greatly reduced cell 

viability. Hypercapnic acidosis had a cell-saving effect (Figure 6.8). 

6.4.3 BEAS-2b cells: 

6.4.3.1 Hypercapnic Acidosis attenuates stretch-induced 

inflammatory cytokine release in BEAS-2b cells 

72 hours of cyclical strain under normocapnic conditions induced interleukin-8 

production, which was attenuated by hypercapnic acidosis (Figure 6.9). 

6.4.3.2 Hypercapnic Acidosis preserves cell membrane integrity 

in BEAS-2b cells subjected to cyclic stretch 

72 hours of cyclical strain under normocapnic conditions resulted in increased 

LDH release, which was significantly attenuated by hypercapnic acidosis (Figure 

6.10). 

6.4.3.3 Hypercapnic Acidosis attenuates stretch-induced injury in 

BEAS-2b cells 

Prolonged cyclical strain under normocapnic conditions resulted in decreased cell 

viability, as evidenced by MTT assay. Hypercapnic acidosis was associated with 

significant cell saving. (Figure 6.11). 
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6.4.4 A549 cells in prolonged stretch: 

6.4.4.1 Hypercapnic Acidosis attenuates prolonged stretch-

induced inflammatory cytokine release in alveolar epithelial cells 

In A549 cells subjected to cyclical strain for up to 5 days in a normocapnic 

environment, progressive increasing IL-8 production was recorded as determined 

by enzyme-linked immunosorbent assay. This effect was significantly attenuated 

by HCA (Figure 6.12). 

6.4.4.2 Hypercapnic Acidosis preserves cell membrane integrity 

in alveolar epithelial cells subjected to prolonged cyclical stretch 

In cells subjected to cyclical strain for up to 5 days in a normocapnic 

environment, progressive decreasing intracellular LDH concentrations and 

progressive increasing supernatant LDH concentrations were observed, as 

determined by LDH assays on the cell pellet and the medium. These effects were 

reversed by hypercapnic acidosis (Figures 6.13 and 6.14). 

6.4.4.3 Hypercapnic Acidosis attenuates prolonged stretch-

induced alveolar epithelial injury in A549 cells 

In cells subjected to cyclical strain for up to 5 days in a normocapnic 

environment, progressive decreasing cell viability was observed. Hypercapnic 

acidosis improved cell preservation at every sequential 24h timepoint (Figure 

6.15). 

6.4.4.4 Hypercapnic Acidosis increases cell growth in alveolar 

epithelial cells 

As an incidental finding, it was discovered that in the presence of hypercapnic 

acidosis, increased protein concentrations were observed in alveolar epithelial 

cells (Figure 6.16). The significance of this is unclear but may imply a 

stimulatory cell proliferation effect or an attenuation of cell apoptosis (118, 223) 
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6.4.5 A549 cells in graded hypercapnia 

6.4.5.1 Degree of inhibition of NF-κB activation and attenuation 

of stretch-induced cytokine response is proportional to degree of 

Hypercapnic Acidosis 

In cells subjected to cyclical strain for 24 hours in the presence of normocapnia, 

moderate and severe hypercapnic acidosis, the degree of stretch-induced IL-8 

production in normocapnic conditions was attenuated in the presence of moderate 

hypercapnic acidosis and further attenuated in severe hypercapnic acidosis 

(Figure 6.17). Similarly, stretch-induced NF-κB activation was attenuated in the 

presence of moderate hypercapnic acidosis and further attenuated in severe 

hypercapnic acidosis (Figure 6.18). This implies a directly proportional dose-

response pattern.  
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6.5 Figures 

 
 
 
 
 
 
 

 
Figure 6.1 Cyclical stretch-induced cytokine production in alveolar epithelial 

monolayers is attenuated by hypercapnic acidosis 

A549 alveolar epithelial cells were seeded onto Bioflex 6 well plates and grown to 

confluence in RPMI medium. The medium was then refreshed and the cells 

subjected to 22% cyclical stretch for a 24h period in the presence of normocapnia 

versus hypercapnic acidosis in parallel. Cells were then harvested and ELISA 

performed on the supernatant to measure IL-8 chemokine secretion. This 

histogram shows increased IL-8 at 24h hours in normocapnic conditions, which is 

attenuated by hypercapnic acidosis. 
* Indicates p<0.05 versus normocapnic stretch 
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Figure 6.2 Hypercapnic acidosis preserves cell membrane integrity in A549 

cells subjected to cyclic stretch 

The histogram shows increased LDH release from the cells after 24h hours of 

stretch, which implies decreased cell membrane integrity. This effect was 

significantly attenuated both at baseline and after 24h of stretch in the presence of 

hypercapnic acidosis. 
* Indicates p<0.05 versus normocapnia 
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Figure 6.3 Cyclical stretch-induced injury in alveolar epithelial monolayers is 

attenuated by hypercapnic acidosis 

 The histogram shows significant reduction in cell viability at 24h hours in 

normocapnic conditions, which is attenuated in the presence of hypercapnic 

acidosis. 
* Indicates p<0.05 versus unstretched normocapnic control 



Chapter 6 
 

116 
 

 

 

 

 
 

Figure 6.4 Cyclical stretch-induced injury in alveolar epithelial monolayers is 

attenuated by hypercapnic acidosis  

The histogram shows that significant reduction in cell viability can be observed 

after 4 hours of cyclic stretch and that viability change is ameliorated in the 

presence of hypercapnic acidosis at 4h, 6h and 24h. None of the hypercapnic 

timepoints are significantly different from the normocapnic 0h control. 
* Indicates p<0.05 versus no stretch in normocapnia 

l Indicates p<0.05 versus 24h stretch in normocapnia 
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Figure 6.5 Cyclical stretch-induced NF-κB activation in alveolar epithelial 

monolayers is attenuated by hypercapnic acidosis 

This histogram shows significant NF-κB activation in normocapnic conditions, 

which is completely reversed, both at baseline and after 24h of stretch in the 

presence of hypercapnic acidosis. 
* Indicates p<0.05 versus normocapnic control  
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Figure 6.6 Cyclical stretch-induced cytokine production in HBE cells is 

attenuated by hypercapnic acidosis 

This histogram shows increased IL-8 at 72h hours in normocapnic conditions, 

which is reversed by hypercapnic acidosis. 
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Figure 6.7 Hypercapnic acidosis preserves cell membrane integrity in HBE 

cells subjected to cyclic stretch 

The histogram shows increased LDH release from the cells after 72h hours of 

stretch, which implies decreased cell membrane integrity. This effect was 

significantly attenuated both at baseline and after 72h of stretch in the presence of 

hypercapnic acidosis. 
* Indicates p<0.05 versus respective unstretched 

§ Indicates p<0.05 versus normocapnic stretch 
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Figure 6.8 Cyclical stretch-induced injury in HBE cells is attenuated by 

hypercapnic acidosis 

The histogram shows that significant reduction in cell viability at 72h hours in 

normocapnic conditions, which is reversed in the presence of hypercapnic 

acidosis. 
* Indicates p<0.05 versus no stretch in normocapnia  
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Figure 6.9 Cyclical stretch-induced cytokine production in BEAS-2b cells is 

attenuated by hypercapnic acidosis 

This histogram shows increased IL-8 at 72h hours in normocapnic conditions, 

which is attenuated in the presence of hypercapnic acidosis 
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Figure 6.10 Hypercapnic acidosis preserves cell membrane integrity in 

BEAS-2b cells subjected to cyclic stretch 

The histogram shows increased LDH release from the cells after 72h hours of 

stretch, which implies decreased cell membrane integrity. This effect was 

significantly attenuated both at baseline and after 72h of stretch in the presence of 

hypercapnic acidosis. 
* Indicates p<0.05 versus no stretch in normocapnia 
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Figure 6.11 Hypercapnic acidosis attenuates stretch-induced injury in BEAS-

2b cells 

The histogram shows a mild decrease in cell viability at 72h hours in normocapnic 

conditions, which is reversed by hypercapnic acidosis. 
* Indicates p<0.05 versus normocapnia 
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Figure 6.12 Prolonged stretch-induced cytokine production in alveolar 

epithelial cells is attenuated by hypercapnic acidosis 

A549 alveolar epithelial cells were seeded onto separate Bioflex 6 well plates and 

grown to confluence in RPMI medium. The medium was then refreshed and the 

cells subjected to cyclical stretch for a five-day timecourse in the presence of 

normocapnia versus hypercapnic acidosis in parallel. One plate of cells was 

harvested every 24 hours and the medium stored at -20°C until the experiment 

was completed. ELISA was performed on this medium to measure IL-8 

chemokine secretion. This histogram shows a time-dependent increase in IL-8 

production, which increases with duration of stretch, which is attenuated by 

hypercapnic acidosis. 
* Indicates p<0.05 versus no stretch (Day 0) in normocapnia 
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Figure 6.13 Hypercapnic acidosis preserves prolonged stretch-induced leak 

of intracellular LDH in alveolar epithelial cells 

The histogram shows a time-dependent decrease in intracellular LDH, which 

decreases with duration of stretch. 
* Indicates p<0.05 versus no stretch in normocapnia 

§ Indicates p<0.05 versus respective normocapnic timepoint 
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Figure 6.14 Hypercapnic acidosis preserves cell membrane integrity in 

prolonged stretch in alveolar epithelial cells 

The histogram shows a time-dependent increase in extracellular LDH, which 

increases with duration of stretch. This effect is attenuated by hypercapnic 

acidosis. 
* Indicates p<0.05 versus no stretch (Day 0) in normocapnia 
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Figure 6.15 Hypercapnic acidosis reverses prolonged stretch-induced injury 

in alveolar epithelial cells 

The histogram shows significant cell death at 48 hours of cyclical stretch and at 

every subsequent timepoint, which is significantly reversed by hypercapnic 

acidosis. 
* Indicates p<0.05 versus no stretch (0h)in normocapnia 

§ Indicates p<0.05 versus corresponding normocapnic timepoint 
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Figure 6.16 Hypercapnic acidosis improves cell growth 

Higher protein concentrations were evident in the cells exposed to hypercapnic 

acidosis. 
* Indicates p<0.05 versus Day 0 
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Figure 6.17 Graded hypercapnic acidosis demonstrates dose-dependent 

attenuation of stretch-induced Interleukin-8 production 

Significant increases in Il-8 secretion were observed over 24 hours, which was 

attenuate, by moderate (10% CO2) and severe (15% CO2) hypercapnic acidosis in 

both unstretched and stretched groups. 
* Indicates p<0.05 versus no stretch in normocapnia 
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Figure 6.18 Graded hypercapnic acidosis demonstrates dose-dependent 

attenuation of stretch-induced NF-κB activation 

Significant increases in both NF-κB induction and Il-8 secretion were observed 

over 24 hours, which was attenuated, in stepwise fashion, by moderate (10% 

CO2) and severe (15% CO2) hypercapnic acidosis. 
* Indicates p<0.05 versus no stretch in normocapnia  

§ Indicates p<0.05 versus stretch in normocapnia  

êIndicates p<0.05 versus stretch in moderate HCA 
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7. Mechanisms by which Hypercapnic 

Acidosis inhibits stretch-induced NF-κB 

activation  

7.1 Abstract 

Introduction: We have now established that HCA attenuates stretch-induced 

inflammation and injury in lung epithelial cells. This chapter describes 

experiments that examine the mechanism by which HCA attenuates this injury. 

We hypothesized that modulation of the NF-κB pathway may be one explanation. 

Methods: Alveolar Type II A549 cells were used in all experiments. Cells were 

seeded at density 60,000/cm (22x105/mL) onto Bioflex 6-well plates, then 

transfected with IkBa plasmid versus an empty vector and left to incubate 

overnight. Once the cells had grown to confluence, pre-equilibrated and pre-

warmed media were added to the wells and the plates were randomised to 

incubation in either normocapnia (5% CO2, balance air) or hypercapnic acidosis 

(15% CO2, balance air) as per group allocation. After 1h of pre-conditioning, the 

plates were loaded onto the cell stretcher and subjected to 22% equibiaxial strain 

for 1h, 24h or 3-5 days depending on experiment. Unstretched pulmonary 

epithelial monolayers were used as controls. After the stretch period the cells were 

harvested. Additional series of experiments were carried out to explore the NF-kB 

pathway and examined the effect of IKK-2 transfection on pulmonary epithelial 

stretch injury. 

Results: IkBa overexpression had an independent cytoprotective effect in 24h 

cyclical stretch-induced injury. IkBa overexpression increased cell survival, 

decreased inflammatory cytokine response and inhibited stretch-induced NF-kB 

activation. Hypercapnic acidosis inhibited IkBa degradation. IkBa 

overexpression did not attenuate prolonged cyclical stretch-induced injury or 

stretch-induced pro-inflammatory cytokine release in alveolar epithelial cells. In 

contrast, IKK-2 overexpression worsened cell injury in both unstretched and 

stretched cells, and augmented stretch-induced pro-inflammatory cytokine release. 
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HCA attenuated prolonged stretch-induced injury in cells overexpressing IkBa, 

but its protective effects were blocked in cells overexpressing IKK-2. 

In a 1-hour stretch series with post-stretch rest, HCA maintained IkBa in alveolar 

epithelial cells, and inhibited stretch-induced NF-kB activation and cell injury. 

Conclusion: The protective effects of HCA in the acute injury appear to be 

mediated by inhibition of IkBa degradation. These protective effects appear to be 

antagonized by IKK-2 overexpression. These findings demonstrate the pivotal 

role inhibition of the NF-kB pathway activation plays in mediating the beneficial 

effects of HCA in stretch-Induced Lung Injury. 
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7.2 Introduction 

NF-kB (nuclear factor kappa enhancer binding protein) is a powerful transcription 

factor which regulates genes central to lung injury, inflammation and repair (220, 

224). It is sequestered in the cytoplasm of all cells in an inactive form by 

Inhibitory kappa B (IkB) proteins. The canonical NF-kB signaling pathway is 

stimulated by agonists such as tumor necrosis factor-alpha (TNF-α) or interleukin-

1 beta (IL-1β), which activate the IkB kinase (IKK) complex. IKK in turn 

phosphorylates IkB proteins (Image 14). This signal-induced phosphorylation 

targets IkB for polyubiquitination and subsequent degradation by the proteasome, 

thereby releasing NF-kB for translocation into the nucleus, where it proceeds with 

transcriptional activation of inflammatory cytokines, chemokines and adhesion 

molecules (225). 

 
Image 14: Canonical NF-kB pathway  

(courtesy of Claire Masterson, PhD, Lung Biology Group, NUI, Galway ) 
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Hypercapnic acidosis (HCA), a potent biologic agent, exerts beneficial effects in a 

number of models of acute lung injury. Prolonged HCA may retard bacterial 

killing and worsen pneumonia-induced lung injury(135, 226, 227). HCA has been 

shown to decrease endotoxin-induced pulmonary endothelial inflammation (132) 

but also to delay repair of pulmonary epithelial wounds, both of these by NF-κB–

dependent mechanisms (137). We hypothesized that HCA attenuates stretch-

induced pulmonary epithelial inflammation and injury by inhibiting activation of 

the NF-κB pathway. A series of experiments were performed to investigate the 

following specific sub-hypotheses: 

 

1. Overexpressing IkBa in alveolar epithelial cells will block stretch induced 

NF-κB activation, and attenuate acute (1h-24h) stretch-induced 

inflammation and injury 

2. Overexpressing IkBa in alveolar epithelial cells will block prolonged 

(72h) stretch-induced injury, inflammation and NF-κB activation 

3. HCA will attenuate stretch-induced injury via inhibition of the degradation 

of IkBa 

4. Overexpressing the cytoplasmic NF-κB activator IKK will augment 

stretch-induced injury and inflammation 

5. Overexpressing IKK will antagonize the protective effects of HCA in 

stretch-induced injury 

 

7.3 Materials & Methods 

7.3.1 Effect of HCA on cyclical cell stretch induced NF-κB 

activation 
Pulmonary A549 alveolar cells were first seeded and then allocated to 

normocapnia or hypercapnic acidosis, as previously described (Section 4.1.3), and 

subjected to 22% equibiaxial strain in their respective incubators for 24 hours. 

Unstretched pulmonary epithelial monolayers were used as controls. 24 hours 
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later the plates were removed from their respective incubators and the cells 

harvested as described (Section 4.2). 

 

7.3.2 Effect of IκBα on stretch induced inflammation and injury 

in A549s 
A549 alveolar epithelial cells were seeded at density 60,000/cm2 onto Bioflex 6-

well plates. They were then transfected with IkBa plasmid versus an empty vector 

and left to incubate overnight. Once the cells had grown to confluence, wells were 

refed with pre-equilibrated and pre-warmed media and the plates were incubated 

in normocapnic conditions. After 1h of pre-conditioning, the plates were mounted 

on to the Flexercell loading station and subjected to 22% equibiaxial strain for 

24h or 3-5 days, depending on experiment. Unstretched pulmonary epithelial 

monolayers were used as controls. After the stretch period the cells were 

harvested and the cell pellets were analysed for cell viability and NF-κB 

activation. IL-8 chemokine secretion was assessed by ELISA. 

7.3.3 Effect of HCA on cell stretch induced NF-kB activation 

following acute (1hour) Stretch and a recovery period  
Pulmonary A549 alveolar cells were seeded, grown to confluence, and subjected 

to 22% equibiaxial strain under conditions or normocapnia or HCA for a 1 hour 

period, as previously described (Section 4.1) The plates then remained in their 

respective incubator for a 23-hour recovery period, following which they were 

removed to the bench, and the cells were harvested as previously described 

(Section 4.2). 

7.3.4 Effect of IkBa and IKK on HCA inhibition of cell stretch 

induced injury 

Once the effect of IkBa overexpression in a normocapnic environment was 

ascertained, it was then necessary to investigate the impact of IkBa 

overexpression in a hypercapnic environment. The purpose of this is to explore 

the effect of HCA on aspects of the NF-kB pathway. A549 alveolar epithelial 

cells were transfected with IkBa plasmid versus an empty vector and subjected to 

22% equibiaxial strain for 24h or 3-5 days under conditions of normocapnia or 
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HCA as previously described (Section 4.1).After the stretch period the cells were 

harvested as described in (Section 4.2). Similar experiments substituting IKK-2 

plasmid for IkBa plasmid transfection were also conducted to explore the effect 

of an NF-kB activator on stretch-induced injury. 

7.4 Results 

7.4.1 Effects of IkBa 

7.4.1.1. IkBa attenuates stretch-induced NF-kB activation in 

A549 alveolar epithelial cells 

A549 cells subjected to 24 hours of cyclical strain under normocapnic conditions 

demonstrated significant NF-kB activation. Overexpression of the cytosolic 

inhibitor IkBa attenuated NF-kB activation, both at baseline and after 24 hours of 

stretch. IkBa also significantly inhibited the action of TNF-α, the positive control 

in this experiment (Figure 7.1).  

7.4.1.2 IκBα attenuates stretch-induced inflammatory cytokine 

release in A549 cells 

Cyclical strain stimulated significant interleukin-8 production in A549 cells. This 

effect was reversed in the cells that were overexpressing IkBa (Figure 7.2).  

7.4.1.3 IκBα attenuates stretch-induced alveolar epithelial injury 

The A549 cells sustained significant injury as evidenced by decreased viability on 

MTT assay. IκBα overexpression prevented pulmonary epithelial cell injury and 

death (Figure 7.3). 

7.4.2 Hypercapnic Acidosis inhibits stretch-induced IkBa 

degradation in A549 alveolar epithelial cells 
A549 cells, having had 1 hour of pre-treatment in normocapnic versus 

hypercapnic conditions, were subjected to a 1 hour, short timecourse, of cyclical 

strain under conditions of normocapnia versus hypercapnic acidosis, and then 

harvested and Western blotted for IkBa protein. In the normocapnic group, IkBa 

degradation was evident as early as after 15 minutes of cyclical strain. There was 

no degradation evident in the presence of hypercapnic acidosis, but increased 
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levels of IkBa protein were evident at each time point when compared to the 

corresponding normocapnic time point (Figure 7.4). 

7.4.3 HCA inhibits NF-kB activation following one hour stretch 

followed by a 23-hour recovery period 

We have demonstrated that HCA inhibits stretch-induced NF-kB activation after 

24 hours of stretch (Chapter 6, Figure 6.5). We next compared the effects of 

hypercapnic acidosis in the one-hour stretch model. After cyclical stretch of one-

hour duration, the stretch was discontinued, and the cells remained in the 

incubator for 23 hours, to recover, before being harvested. In comparison to a 

pilot 1 hour stretch series in normocapnia (Chapter 5, Section 5.3.4), this series 

demonstrated that HCA decreased stretch-induced NF-kB activation, which in 

turn led to less evidence for cell injury as evidenced by reduced LDH release, and 

improved cell viability. The LDH assay results demonstrate that HCA reduces 

stretch-induced plasma membrane injury, i.e. HCA preserved membrane integrity 

(Figure 7.5). 

 

7.4.4 Effects of IkBa and IKK overexpression in prolonged 

stretch-induced injury 

7.4.4.1 IkBa overexpression preserves membrane integrity in 

prolonged cyclical stretch 

A549 cells subjected to prolonged cyclical mechanical strain under normocapnic 

conditions exhibited significant LDH release. This LDH release was abolished by 

IkBa overexpression. Overexpression of IKK-2-resulted in significant plasma 

membrane rupture. However, this was not a worse injury than in the stretched EV 

controls, as hypothesized (Figure 7.6). There was no significant difference 

between the three stretched groups, when compared directly. 

7.4.4.2 IkBa overexpression attenuates injury, and IKK worsens 

injury in prolonged cyclical stretch 

Prolonged (5 days) cyclical mechanical strain caused significant cell injury 

(Figure 7.7). This effect was attenuated by blockade of NF-kB activation, by 
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means of IkBa overexpression. In contrast, enhancing activation of NF-kB, via 

overexpression of the activator IKK, worsened stretch induced cell death.  

7.4.5 Effects of HCA on cells overexpressing IkBa and IKK in 

prolonged stretch-induced injury 

7.4.5.1 HCA does not further suppress stretch-induced 

inflammation in the presence of IkBa, and its effects are blocked 

in the presence of IKK  

In A549 cells subjected to prolonged cyclical mechanical strain under conditions 

of normocapnia versus HCA, a decreased inflammatory response was observed in 

the hypercapnic group. In the IkBa group, HCA had little effect. The beneficial 

effects of HCA in terms of decreased IL-8 production appear to be blocked by 

IKK, which augments stretch-induced inflammation (Figure 7.8).  

7.4.5.2 HCA does not affect membrane integrity in the presence 

of IkBa or IKK 

HCA treatment did not demonstrate a membrane-protective effect in IkBa-

overexpressing cells subjected to prolonged cyclical mechanical strain, versus 

controls, as evidenced by LDH assay (Figure 7.9). HCA did not reverse the 

plasma membrane rupture induced by stretch in the IKK group (Figure 7.9).  

7.4.5.3 HCA preserves cell viability in the presence of IkBa and 

reverses cell injury in the presence of IKK 

Prolonged cyclical mechanical strain in IkBa-overexpressing cells, treated with 

HCA was associated with a trend towards cell-saving versus normocapnia, 

although not reaching statistical significance (Figure 7.10). HCA also appeared to 

inhibit the effects of IKK on cell viability (Figure 7.10). 



Chapter 7 
 

139 
 

7.5 Discussion 

In these studies we demonstrated that excessive pulmonary epithelial stretch-

induced NF-kB activation is attenuated by overexpression of IkBa, and this effect 

reduces stretch induced IL-8 production, decreases membrane injury and 

improves cell viability. 

HCA exerts similar effects, reducing stretch-induced NF-kB activation, reducing 

IL-8 release, preserving capillary membrane integrity and decreasing stretch 

mediated cell injury and death. These studies demonstrated that the NF-kB 

pathway is activated as early as after 1h of cyclical stretch, in the absence of 

development of cell injury and is reversed by a recovery period of HCA treatment. 

The mechanism by which HCA reduces stretch induced NF-kB activation appears 

to be mediated by reduction of the stretch-induced breakdown of IkBa, as 

evidenced by Western blot. 

Modulation of the NF-kB pathway in our in vitro model of pulmonary epithelial 

stretch-induced injury has produced useful information about the role it plays in 

this type of injury. Blocking the translocation of NF-kB by expressing abundant 

amounts of its inhibitory protein, IkBa, attenuates stretch-induced injury and 

inflammation, with the strongest evidence exhibited after 24h of stretch. 

Promoting the phosphorylation and degradation of IkBa by overexpressing the 

upstream NF-kB activator, IKK, exacerbates stretch-induced injury and 

inflammation. Addition of HCA to IkBa-expressing cells has shown promising 

results, by trending towards cell saving in prolonged stretch injury. However true 

synergism is not demonstrated. The fact that HCA does not further suppress 

inflammation in the presence of IkBa may suggest a common pathway for 

mechanism of action, which both factors compete to occupy. On the other hand, 

our blot (Figure 7.4) exhibits increased IkBa intensity in cells in the presence of 

HCA. Thus the conclusion must be that although HCA maintains cytoplasmic 

IκBα by reducing its breakdown and cellular turnover, IkBa 'occludes' the effect 

of HCA, meaning that these effects of HCA are mediated via inhibition of the 

canonical NF-kB pathway, likely directly at the crucial step of the breakdown of 

IkBa during canonical pathway activation. This confirms and extends previous 
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findings by O’Toole and Masterson in their wound repair and endotoxin lung 

injury work. They concluded that HCA does not enhance the generation of ‘new’ 

IκBα. Masterson, in her signaling work, demonstrated that in cells overexpressing 

IκBα and exposed to injury and HCA, NF-κB induction was decreased in a dose 

dependent manner by increasing concentrations of IκBα protein (228). In addition, 

HCA further decreased this signal. The difference may be attributed to the type of 

injury – pharmacologic versus mechanical. HCA and IKK appear to have an 

antagonistic relationship; HCA dampens the destructive cell damaging effects of 

IKK, but IKK appears to block the suppression of IL-8 release by HCA in 

prolonged stretch injury. 

These findings confirm and expand findings by our group and others (132, 228) 

about the important impact of HCA on the NF-kB pathway in acute lung injury. 
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7.6 Figures 
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Figure 7.1 Cyclical stretch-induced NF-kB activation in alveolar epithelial 

monolayers is attenuated by IkBa overexpression 

This histogram shows significant NF-kB activation in the empty vector group as 

early as after 1h of stretch, which is completely reversed, both at baseline and 

after 24h of stretch, by overexpression of IkBa. 
* Indicates p<0.05 versus control (i.e. no stretch in normocapnia) 

§ Indicates p<0.05 versus corresponding normocapnic timepoint 
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Figure 7.2 Cyclical stretch-induced cytokine production in alveolar epithelial 

monolayers is attenuated by IkBa overexpression 

This histogram shows increased IL-8 at 24h hours in the empty vector group, 

which is attenuated by overexpression of IkBa. 
* Indicates p<0.05 versus control (i.e. no stretch in EV) 

§ Indicates p<0.05 versus 24h stretched EV group 
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Figure 7.3 Cyclical stretch-induced injury in alveolar epithelial monolayers is 

attenuated by IkBa overexpression 

The histogram shows a significant reduction in cell viability in the empty vector 

group at 24h hours, which is attenuated with overexpression of IkBa. 
* Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 7.4 Hypercapnic acidosis maintains IkBa in A549 cells subjected to 

cyclic stretch 

The blot shows degradation of IkBa protein with increased duration of stretch in 

the normocapnic group, which suggests proteasomal degradation indicative of 

stretch-induced NF-kB activation. In a hypercapnic enviroment there is no such 

degradation demonstrated, suggesting inhibition of stretch-induced NF-kB 

activation. The histogram below the blot is a densitometric representation of the 

blot, which clearly depicts increased IkBa intensity at each timepoint in the 

hypercapnic group. NC = Normocapnia HCA = Hypercapnia 
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Figure 7.5 HCA inhibits NF-kB activation after 1h of cyclical stretch and 23h 

resting phase 

Significant NF-kB activation is captured in the normocapnic group, which is 

attenuated in the hypercapnic group (Panel A). The histograms above demonstrate 

no significant disruption of membrane integrity (Panel B) or injury (Panel C) or 

after 1 hour of stretch and a recovery period. The normocapnic group is trending 

towards a cumulative injury but not reaching significance whereas the HCA group 

has maintained cell viability (Panel C). The LDH assay (Panel B) does not capture 

any membrane compromise, possibly due to a membrane resealing effect over 

time. 
* Indicates p<0.05 versus control (i.e. no stretch in normocapnia) 

§ Indicates p<0.05 versus stretch in normocapnia 
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Figure 7.6 IkBa preserves membrane integrity, and IKK does not augment 

membrane disruption in stretch-induced injury 

The histogram depicts stretch-induced LDH release in the EV and IKK groups, 

but not in the IkBa group. There was no significant difference between the three 

stretched groups. 
* Indicates p<0.05 versus control (i.e.no stretch) 
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Figure 7.7 IkBa attenuates prolonged stretch-induced injury and IKK may 

exacerbate it 

 The histogram demonstrates decreased cell viability in the EV and IKK groups 

with cell saving evident in the IkBa group. There was no significant difference 

between the three stretched groups. 
* Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 7.8 Hypercapnic acidosis attenuates prolonged stretch–induced 

inflammation and is blocked by IKK 

The histogram demonstrates attenuation of stretch-induced IL-8 release by HCA 

in the EV and IkBa groups, but antagonism of the protective effects of HCA by 

IKK. 
* Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 7.9 Hypercapnic acidosis preserves cell membrane integrity following 

prolonged cyclical stretch 

The histogram depicts significant stretch-induced LDH release in the EV and IKK 

groups in normocapnia, with no significant release in the IkBa group . HCA does 

not appear to have an effect in the IkBa group, but does appear to inhibit the 

effects of IKK in both unstretched and stretched cells. 
* Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 7.10 Hypercapnic acidosis attenuates prolonged stretch-induced 

injury 

The histogram depicts stretch-induced decreased cell viability in all groups in 

normocapnia, and this effect is attenuated in the presence of HCA. 
* Indicates p<0.05 versus control (i.e. no stretch) 
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8. Effect and Mechanisms of Action of 

Mesenchymal Stem/Stromal Cells in Stretch-

Induced Injury 

8.1 Abstract 

Introduction: As part of the search for real potential therapeutic targets for Acute 

Lung Injury/ARDS, a key emerging focus now is on the therapeutic potential of 

Mesechymal Stem/Stromal Cells (MSCs). We hypothesized that MSCs would 

attenuate stretch-induced pulmonary epithelial injury and inflammation, and by 

three different mechanisms: 1) by cell-to-cell contact dependent mechanisms; 2) 

via paracrine mechanisms; and 3) via mechanisms involving MSC-derived 

microvesicles (MV). 

Methods: Type II A549/NF-κB-luc alveolar epithelial cells were seeded onto 

Bioflex 6-well plates. Confluent monolayers were subjected to 22% equibiaxial 

strain for 24h or 3 days depending on the specific experiment. Stretched 

monolayers were randomly allocated to undergo treatment with actual MSCs, 

conditioned medium or MSC-derived microvesicles. Unstretched pulmonary 

epithelial monolayers, were used as controls. Other stretched monolayers were 

treated with fibroblasts, PBS or fibroblast-conditioned medium (Fib-CM), in order 

to act as ‘treatment’ controls. Following the stretch period the cells were 

harvested.  

Results: Following 24h of continuous cyclic stretch, MSCs had no effect on NF-

kB activation, did not attenuate stretch-induced IL-8 production, and did not 

maintain cell membrane integrity. However, A549 cells co-cultured with MSCs 

had significantly increased cell viability when compared to cells co-cultured with 

MRC-5 fibroblasts. 

In a 24h stretch series, neither hMSC-CM nor Fib-CM had any effect on NF-kB 

activation, did not attenuate stretch-induced IL-8 production and did not attenuate 

injury. However cell membrane integrity was maintained in both groups. In 

contrast to this, over a 3-day stretch, hMSC-CM enhanced NF-kB activation, 
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attenuated IL-8 production, maintained cell membrane integrity, promoted cell 

growth and significantly improved cell viability versus Fib-CM. The NF-kB 

response was not consistent and ranged from enhanced activation to inhibition 

over repeated experiments. 

Human MSC-derived microvesicles (MVs) used in 3-day stretch experiments had 

similar effects to hMSC-CM in terms of NF-kB response, IL-8 production, cell 

viability and cell membrane integrity; more consistently at higher versus lower 

concentrations. 

Conclusion: These experiments demonstrated the protective effects of the MSC-

secretome in stretch-induced pulmonary epithelial injury in vitro, and support 

their role as potential therapeutic agents in ventilator-induced lung injury. 
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8.2 Introduction 

Mesenchymal stromal cells (MSCs) are fibroblast-like cells that can be isolated 

from bone marrow and are characterised by their capacity for self-renewal and 

ability to differentiate into mesenchymal lineage cell types including bone, 

muscle, tendon, cartilage and adipose tissue (229). MSCs can modulate the 

immune response to reduce lung injury (189). The therapeutic potential of MSCs 

in severe acute lung injury is clear (171, 176, 230)  . MSCs have been shown to 

enhance wound healing in ventilator-induced lung injury models (180). A 

growing concept is that the protective effects of MSCs may not require the 

presence of the whole cell, and that these beneficial effects may be elicited from 

the MSC secretome and/or MSC microvesicles. 

Microvesicles (MVs) are circular fragments of membrane released from the 

endosomal compartment as exosomes or shed from the surface membranes of 

most cell types. Having previously been labeled inert cellular debris, a growing 

body of research has identified potentially significant roles for MVs in cell-cell 

communication and as anti-inflammatory agents(231). MVs derived from MSCs 

have been demonstrated to be protective in acute tubular injury in the 

kidney(167). The potential for MVs to attenuate stretch-induced injury is not 

known. 

The aims of this series of experiments were to investigate the following 

hypotheses: 

1. MSCs attenuate pulmonary epithelial stretch-induced injury and 

inflammation. 

2. Effects of MSCs on pulmonary epithelial stretch-induced injury are 

mediated by inhibition of NF-κB activation. 

3. Human MSC-conditioned medium (hMSC-CM) attenuates pulmonary 

epithelial stretch-induced injury and inflammation. 

4. Effects of hMSC-CM on pulmonary epithelial stretch-induced injury are 

mediated by inhibition of NF-κB activation. 
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5. Human MSC-Conditioned medium derived microvesicles (MVs) have 

similar therapeutic effects to the conditioned medium itself in pulmonary 

epithelial stretch-induced injury. 

8.3 Methods and Materials 

8.3.1 General Experimental Protocol:  
Type II A549/NF-κB-luc alveolar epithelial cells were used in all experiments. 

Cells were seeded at density 1.5 x 105 /cm2 onto Bioflex 6-well plates. They were 

incubated overnight in normocapnia (5% CO2, balance air). Once the cells had 

grown to confluence, pre-equilibrated and pre-warmed media were added to the 

wells and the plates were re-incubated in normocapnia. The plates then received a 

specific intervention, in the form of actual stem cells, conditioned medium or 

microvesicles, depending on experiment. After 1h of pre-conditioning, the plates 

were mounted onto the Flexercell loading station and subjected to 22% 

equibiaxial strain for 24h or 3 days depending on the specific experiment. 

Unstretched pulmonary epithelial monolayers were used as controls. After the 

stretch period the cells were harvested and the cell pellets were prepared for NF-

kB luciferase, total protein and cell viability assays. The supernatant was used to 

quantify LDH release and for IL-8 chemokine secretion ELISA assessment. 

8.3.2 Preparation of Human MSCs 
Human MSCs were isolated, cultured and passaged as previously described in 

(Section 4.3) 

8.3.3 Preparation of Conditioned Medium 
Conditioned medium was prepared as previously described in (Section 4.3.5) 

8.3.4 Preparation of MVs 
MVs were prepared using a protocol adopted from Bruno et al (167) as previously 

described in (Section 4.3.6). 
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8.4 Experimental Design 

8.4.1 Series 1: Effect of MSCs on A549s subjected to 24h stretch 

- the cell-to-cell contact approach 

Rationale: hMSCs may attenuate pulmonary stretch-induced injury. 

Specific Hypothesis: MSCs attenuate stretch-induced injury and inflammation in 

A549 alveolar epithelial cells. 

Experimental approach: Pulmonary A549/NF-κB-luc alveolar cells were first 

seeded onto 6 well Bioflex plates. They were grown to confluence, after which 

each well was refreshed with pre-warmed and pre-equilibrated media. The plates 

were randomised to receive 2.5mls of RPMI and a suspension of 0.5 x 106 MRC-5 

cells in 0.5mls of RPMI (thawed from liquid nitrogen and cultured to passages 3-

4) per well or 2.5mls of RPMI and a suspension of 0.5 x 106 MSCs in 0.5mls 

RPMI (thawed from liquid nitrogen as described (Section 4.3.4), and cultured to 

passages 3-4). The plates were returned to normocapnia (5% CO2, balance air) for 

1 hour. The plates were then mounted on to the Flexercell loading station and 

subjected to 20% equibiaxial strain. Unstretched pulmonary epithelial monolayers 

were used as controls. 24h later the plates were removed from the incubator and 

the cells harvested as described in (Section 4.2). 

8.3.2 Series 2a: Effect of the potential for MScs to reduce stretch 

induced injury via a paracrine mechanism  
Rationale: Effects of MSCs in pulmonary epithelial stretch injury may be 

primarily due to factors secreted by the cells. 

Specific hypothesis: hMSC-CM attenuates stretch-induced injury and 

inflammation. 

Experimental approach: A549/NF-κB-luc alveolar epithelial cells were seeded 

onto Bioflex 6-well plates. They were grown to confluence, after which each well 

was re-fed with pre-warmed and pre-equilibrated media. The plates were 

randomized to receive either 48h human Fibroblast-Conditioned Medium (Fib-

CM) 3mls/well or 48h human MSC-Conditioned Medium (hMSC-CM) 3mls/well. 

After 1h of pre-conditioning in normocapnia, the plates were loaded onto the cell 

stretcher and subjected to 22% equibiaxial strain for 24h. Harvesting following 

the stretch period was carried out as described in (Section 4.2). 
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8.3.3 Series 2b: Effect of the potential for MScs to reduce 

prolonged stretch induced injury via a paracrine mechanism 

Rationale: Effects of MSCs in pulmonary epithelial stretch injury may be 

primarily due to factors secreted by the cells. 

Specific hypothesis: hMSC-CM attenuates prolonged stretch-induced injury and 

inflammation. 

Experimental approach: Similar to the previous experiment, but the duration of 

stretch here was 72h, to assess if the protective effect is sustained in prolonged 

injury. 

8.3.4 Series 3: Effect of MSC-derived microvesicles (MVs) on 

stretch-induced injury. 
Rationale: MSC-derived microvesicles may have independent effects in 

pulmonary epithelial stretch injury. 

Specific hypothesis: MSC-derived microvesicles attenuate cyclic mechanical 

stretch-induced injury and inflammation.  

Experimental approach: Pulmonary A549/NF-κB-luc alveolar cells were seeded 

onto 6 well Bioflex plates and grown to monolayer, after which each well was re-

fed with pre-warmed and pre-equilibrated media. The plates were randomized to 

receive either 48h hMSC-CM versus specific dose (18µg/mL for pilot and 

100µg/mL for second experiment) of hMSC-derived MV versus supernatant from 

the ultracentrifugation step in the MV-deriving process (termed MV-free medium) 

and were returned to normocapnia (5% CO2, balance air) for 1 hour. The plates 

were then loaded on to the Flexercell system and subjected to 20% equibiaxial 

strain for 3 days. Controls were the same as for previous experiments and cell 

harvesting was carried out as described (Section 4.2). 
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8.4 Results 

8.4.1 Effects of hMSCs on pulmonary epithelial stretch induced 

injury 

8.4.1.1 MSCs do not attenuate stretch-induced NF-kB activation 

hMSC treatment did not alter the degree of NF-kB activation from the A549 

epithelial monolayers when compared to fibroblast treatment. (Figure 8.4A). 

8.4.1.2 MSCs do not attenuate stretch-induced IL-8 release in 

A549 cells 

hMSC treatment did not alter the degree of IL-8 release from the A549 epithelial 

monolayers when compared to fibroblast treatment. (Figure 8.4B). 

8.4.1.3 MSCs do not maintain cell membrane integrity in A549 

alveolar epithelial cells subjected to cyclical stretch 

hMSC-treated cells exhibited significant cell membrane rupture after stretch. This 

may be a reflection of the MSCs themselves being significantly injured and 

releasing LDH. MSCs in co-culture with A549s, away from their ideal culture 

medium, with little to adhere to, may be vulnerable to damage. MSCs may indeed 

produce LDH. The fibroblast group experienced a similar effect, but to a much 

lesser degree (Figure 8.4C). 

8.4.1.4 MSCs attenuate stretch-induced injury in A549 alveolar 

epithelial cells 

hMSC treatment increased cell viability. This effect contrasted grossly with the 

fibroblast treated group (Figure 8.4D). 
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8.4.2 Effects of the hMSC ‘secretome’ on prolonged (72 hour) 

pulmonary epithelial stretch induced injury  

8.4.2.1 hMSC-CM enhances stretch-induced NF-kB activation 

following prolonged cyclical stretch 

Both hMSC-CM treatment and Fib-CM treatment resulted in significant NF-κB 

activation, the hMSC-CM group to a greater degree than the Fib-CM group 

(Figure 8.5A).  

8.4.2.2 hMSC-CM attenuates prolonged stretch-induced 

inflammatory cytokine release 

hMSC-CM treatment significantly reduced stretch-induced IL-8 production in the 

A549 epithelial monolayers, in contrast to Fib-CM treatment, which had no effect 

(Figure 8.5B). 

8.4.2.3 hMSC-CM preserves membrane integrity in A549 cells 

subjected to prolonged cyclical stretch  

Fib-CM treated cells exhibited significantly increased LDH release. This effect 

was reversed by hMSC-CM treatment (Figure 8.5C). 

8.4.2.4 hMSC-CM promotes cell growth in A549 alveolar 

epithelial cells 

Fib-CM treated cells experienced significantly decreased protein content 

following prolonged stretch. In contrast hMSC-CM-treated cells exhibited 

significantly increased protein content both at baseline and post-stretch (Figure 

8.5D).  

8.4.2.5 hMSC-CM attenuates prolonged stretch-induced injury in 

A549 cells 

Fib-CM treated cells sustained significant loss of cell viability. In contrast, there 

was significant cell saving in the hMSC-CM group (Figure 8.5E). 
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8.4.3 Effects of the hMSC ‘secretome’ on 24 hour pulmonary 

epithelial stretch induced injury 

8.4.3.1 hMSC-CM does not attenuate stretch-induced NF-kB 

activation in alveolar epithelial cells subjected to 24h cyclical 

stretch 

hMSC-CM treatment did not alter the degree of NF-kB activation from the A549 

epithelial monolayers when compared to Fib-CM treatment. There was some non-

significant stretch-induced induction in the Fib-CM group and some non-

significant attenuation in the hMSC-CM group (Figure 8.6A). This contrasted 

sharply with the results from the prolonged stretch experiment. 

8.4.3.2 hMSC-CM does not attenuate stretch-induced 

inflammatory cytokine release in A549 cells subjected to 24h 

stretch 

hMSC-CM treatment did not alter the degree of IL-8 release from the A549 

epithelial monolayers when compared to Fib-CM treatment. Both groups 

exhibited significant stretch-induced IL-8 production to a similar degree (Figure 

8.6B). 

8.4.3.3 hMSC-CM preserves membrane integrity in A549 cells 

subjected to 24h cyclical stretch 

hMSC-CM treatment significantly reduced stretch-induced LDH release when 

compared with Fib-CM treatment, which had no real effect. This implies a 

protective effect on cell membrane integrity by hMSC-CM (Figure 8.6C). 

Perhaps the determinant of cell death does not depend wholly on whether the cells 

release LDH or not. The necrosis/apoptosis may not be dependent on membrane 

damage, which can occur in abundance even if the A549 cells do not die. This 

may explain why cell viability can be decreased in the absence of a significant 

LDH response. 
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8.4.3.4 hMSC-CM does not attenuate stretch-induced injury in 

A549 cells subjected to 24h stretch 

hMSC-CM treatment did not significantly alter the degree of stretch injury in the 

A549 epithelial monolayers when compared to Fib-CM treatment. Both groups 

exhibited significantly decreased cell viability (Figure 8.6D). 

 

8.4.4 Effects of low-dose hMSC-derived ‘microvesicles’ on 

prolonged (72 hour) pulmonary epithelial stretch induced injury 

8.4.4.1 hMSC-derived Microvesicles (MVs) attenuate stretch-

induced NF-κB activation 

Decreased NF-κB activation (or absence of induction) was observed in all 3 

groups (Figure 8.7A). 

8.4.4.2 hMSC-derived Microvesicles (MVs) do not attenuate 

stretch-induced inflammation 

Significant stretch-induced inflammatory cytokine release as evidenced by IL-8 

ELISA occurred in both hMSC-CM and MV groups. (Figure 8.7B). 

8.4.4.3 hMSC-derived Microvesicles (MVs) do not preserve cell 

membrane integrity 

Stretch-induced LDH release was observed in both MV and the supernatant, in 

contrast to hMSC-CM, which exhibited a membrane-protective effect (Figure 

8.7C). 

8.4.4.4 hMSC-derived Microvesicles (MVs) attenuate pulmonary 

epithelial stretch injury 

Both hMSC-CM and MV attenuated cyclical stretch-induced injury versus the 

supernatant (Figure 8.7D). 

8.4.4.5 hMSC-derived Microvesicles (MVs) have decreased 

concentrations of Keratinocyte Growth Factor compared to 

hMSC-CM 

hMSC-CM was observed to have higher concentrations of KGF, compared to MV 

and the supernatant (Figure 8.7E). These increased stores may partly account for 
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the superiority of the conditioned medium in conferring cell membrane protection 

in stretch injury. 

8.4.5 Effects of high-dose hMSC-derived ‘microvesicles’ on 

prolonged (72 hour) pulmonary epithelial stretch induced injury  

8.4.5.1 hMSC-derived Microvesicles (MVs) attenuate stretch-

induced NF-κB activation 

When the dose of MV was increased to 100µg/mL, MV had a qualitatively similar 

response to hMSC-CM in A549 cells after prolonged stretch, namely, increased 

NF-κB activation at baseline versus supernatant but decreased post-stretch 

(Figure8.8D). 

8.4.5.2 hMSC-derived Microvesicles (MVs) may attenuate 

stretch-induced inflammation 

No significant stretch-induced IL-8 response occurred in the high-dose MV group, 

in contrast to the lower dose (Figure 8.7C). The hMSC-CM response was similar 

and both MV and hMSC-CM groups had lower IL-8 concentrations than the 

supernatant (Figure 8.8C). 

8.4.5.3 hMSC-derived Microvesicles (MVs) in higher doses 

maintain cell membrane integrity 

Higher dose MV treatment significantly decreased LDH release following 

prolonged stretch (Figure 8.8B). This is qualitatively similar to the effect of 

hMSC-CM, and in stark contrast to the increased stretch-induced LDH release 

seen with the lower dose of MV (Figure 8.7B). 

8.4.5.4 hMSC-derived Microvesicles (MVs) may attenuate 

pulmonary epithelial stretch injury 

No significant stretch injury was evident in any of the groups. However hMSC-

CM and MV groups trended towards increased cell viability versus the 

supernatant as evidenced by MTT assay (Figure 8.8A). 
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8.5 Discussion 

This chapter focused on investigating the potential beneficial effects of 

mesenchymal stromal cells in pulmonary epithelial stretch-induced injury in vitro. 

The avenues we explored in order to elucidate these benefits in vitro consisted of: 

a) determining the direct effects of hMSCs on a pulmonary epithelial 

monolayer subjected to cyclic mechanical stretch, 

b) treatment of a pulmonary epithelial monolayer with hMSC-CM prior to 

stretching (paracrine effect), and 

c) treatment of a pulmonary epithelial monolayer with specific 

concentrations of hMSC-derived microvesicles (exploring a potential key 

component responsible for the protective effects of MSCs). 

We used MRC-5s, a human fibroblast cell line, and the conditioned medium 

procured from this cell line as controls for these experiments. 

8.5.1 Co-culture of hMSCs with human A549 cells: 
In this series, hMSCs appeared to improve cell viability both at baseline and post-

cyclical stretch. How can this be explained? There is a plethora of data in the 

literature supporting the concept that MSCs promote tumour proliferation(232, 

233). This is in conflict with an equal amount promoting the tumour-suppressive 

properties of MSCs (234, 235). In our experiment we co-cultured MSCs with the 

A549 cell line. The standard protocol for indirect co-culture usually involves 

employing an insert, to avoid cell contact. In our series this approach was not an 

option as the Transwell insert (Corning Life Sciences) we tried was not 

compatible with the Bioflex 6-well plate once it was mounted onto the Flexercell 

system, and would obstruct the mechanical stretching process. Therefore MSCs 

were directly applied to the A549 cells 1h before stretching. This may not have 

been an adequate incubation period before application of injurious stretch. Taking 

into account the capacity for cell proliferation, that may explain the increased 

stretch-induced LDH response in parallel with the encouraging cell viability 

assay. Perhaps the LDH is an indication of an increased number of cells lysed 
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from a great number to begin with. The MSCs themselves may have been a source 

of the LDH. 

hMSCs did not attenuate the stretch-induced IL-8 production in the A549 cells. 

This may not be surprising, as MSCs themselves are known to produce a myriad 

of cytokines, including IL-8(236, 237). However the concentrations at baseline 

and post-stretch were significantly lower than the corresponding fibroblast group. 

Stretch activated NF-κB in the fibroblast group, and levels were significantly 

attenuated in the hMSC group. MSC expresses TNF Receptor (TNFR) (238)and 

TLR (Toll-like receptors) (239)which regulates NF-κB activation. This pathway 

modulates the cytokine secretion from MSCs and the inhibition of T-cell 

proliferation. In a murine model of peritonitis, MSCs exhibited inhibition of NF-

κB activation via secretion of TSG-6. This inhibitory action of TSG-6 was 

dependent on the interaction of CD44 with TLR-2 (240). 

8.5.2 Protective effects of conditioned medium 
In this series we subjected A549s treated with 48h hMSC-CM to both 24h and 

72h stretch cycles, using 48h Fib-CM as a control. The therapeutic effects of 

hMSC-CM was exhibited best after prolonged cyclic mechanical strain, with 

increased cell viability, decreased cell injury, and decreased stretch-induced IL-8 

response versus control (Fib-CM). These cell-protective benefits were associated 

with an enhanced NF-κB activation in the hMSC-CM group. Additionally, hMSC-

CM-treated cells exhibited significantly increased protein content both at baseline 

and post-stretch. Is this a reflection of promoting cell growth or enhancing cell 

survival? Further experiments would be required to ascertain the difference to do 

this, using a flow analysis or pre-labelling of MSC/A549 with PKH and then a 

simple cell count under fluorescence to discount the MSCs at the end. 

Paracrine factors of MSCs, presented in a package as conditioned medium, have 

been shown to enhance wound healing (158, 241), display anti-apoptotic 

properties in cardiomyocytes cultured under hypoxic conditions (242), promote 

angiogenesis in a rodent model of limb ischaemia (157) and enhance liver 

regeneration in an animal model of acute liver failure (243). Our own group has 

demonstrated that MSC-CM enhances lung repair after injury (180, 188). 

Our results suggest a therapeutic benefit of hMSC-CM in a prolonged injury 

setting, with these benefits only being realized after enhanced NF-κB activation. 
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8.5.3 Potential of Microvesicles 
MSCs have been reported to secrete exosomes or microvesicles (241, 244), lipid 

vesicles <1000nm in length, which may contain proteins or messenger RNA 

(mRNA) or micro RNA (miRNA) that regulate intracellular signaling in adjacent 

cells. It is increasingly recognized that MVs play a pivotal role in cell-to-cell 

communication and have multiple ways of influencing the behaviour of target 

cells (231). The leading research group in this area has demonstrated a similar 

efficacy of MVs to that of hMSCs in acute tubular kidney injury (167), and 

recently showed that MV-mediated transfer of RNA-based information from 

human liver stem cells stimulates liver regeneration in a model of 75% 

hepatectomy(245). Recently human MSC-derived MVs were shown to be 

therapeutically effective following E. coli endotoxin-induced ALI in mice (246). 

In this series we investigated the therapeutic potential of MSC-derived 

microvesicles or microparticles in stretch-induced pulmonary epithelial injury. 

We used low and high doses and compared the effects in a prolonged stretch cycle 

to that of hMSC-CM and a perceived “particle-free” supernatant, a side-product of 

ultracentrifugation from the MV procuring process. We observed that the effects 

of MV were most similar qualitatively, although not necessarily quantitatively, to 

hMSC-CM at the higher dose. Interestingly, there was absence of NF-κB 

activation in the MV groups and the hMSC-CM group in this experiment, which 

contrasted with the enhanced activation with hMSC-CM in the previous 

experiment. The reasons for this inconsistency are unclear. The MSC-NF-κB 

relationship requires further investigation. We adopted and modified our protocol 

from Bruno et al. (167) 

There were a number of limitations to our study. Bruno used ultracentrifugation 

speeds of 100,000 x g in procuring MV, whereas the upper limit of our lab 

centrifuge was 47,813 x g. This is less than 50% of the speed used in the original 

protocol. However other research groups, such as Matthay et al. have used much 

lower speeds. As the MV is not visible to the naked eye, and these were pilot 

studies with quite elaborate procurement techniques, unfamiliarity with the 

technique would account for a certain degree of operator error. In retrospect, a 4th 

group of serum-free medium only may have been preferential as an additional 
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control. Despite these limitations, our results would encourage one to investigate 

the potential benefits of MV in further studies. 

 

8.6 Figures 

 
Figure 8.1 Mesenchymal Stem Cells in culture, as viewed under light 

microscopy (4X objective) 
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Figure 8.2 MRC-5 human lung fibroblasts in culture, as viewed under light 

microscopy (4x objective) 
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Figure 8.3 Human MSC-derived Microvesicles labeled with PKH26, (20x 

objective) 
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Figure 8.4 Effects of cyclical stretch in alveolar epithelial monolayers co-

cultured with Fibroblasts and Mesenchymal Stem Cells 

Panel A: demonstrates no significant NF-κB activation in either group at 24h, but 

significantly lower levels in the hMSC group versus Fib. Panel B: significant 

stretch-induced IL-8 production in both groups at 24h but the unstretched IL-8 

concentrations in the hMSC group are significantly lower than unstretched Fib 

group. Also the stretched IL-8 concentrations in the hMSC group are significantly 

lower than stretched Fib group. Panel C: demonstrates stretch-induced LDH 

release in both groups, but to a greater extent in the hMSC group Panel D: 

demonstrates significant stretch-induced injury in the Fibroblast group, and 

significantly increased cell viability in the hMSC group, both at baseline and after 

24h stretch  
* Indicates p<0.05 versus no stretch (Panels B & C), versus no stretch in Fibroblasts (Panel D), 

§ Indicates p<0.05 versus equivalent Fibroblast group 
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Figure 8.5 Effects of prolonged cyclical stretch in alveolar epithelial 

monolayers cultured in Fib-CM or hMSC-CM  

Panel A: Increased activity at the NF-κB consensus sequence in response to 

cyclical stretch was observed in both groups, but enhanced in the hMSC-CM 

group. Panel B: depicts significant stretch-induced IL-8 production in the Fib-CM 

group, which is attenuated in the hMSC-CM group. Panel C: significantly 

increased LDH release in response to stretch in the Fib-CM group, which is 

reversed in the hMSC-CM group, thereby suggesting a cell membrane protective 

effect. Panel D: Significant loss of protein in A549 cells following 72h of cyclical 

stretch in the presence of Fib-CM, as evidenced by BCA assay. Significantly 

increased protein content in both unstretched and stretched A549 cells in the 

presence of hMSC-CM versus Fib-CM. Panel E: Diminished cell viability, as 

measured by MTT assay, was observed with cyclic stretch over 72h in the Fib-

CM group versus no significant injury in the hMSC-CM group. 
§ Indicates p<0.05 versus no stretch (Panel A) 

 * Indicates p<0.05 versus no stretch in Fib-CM (Panels B-D) 
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Figure 8.6 Effects of 24h of cyclical stretch in alveolar epithelial monolayers 

treated with Fib-CM or hMSC-CM 

Panel A: Stretch has not activated NF-κB in either group, at least as measured by 

luciferase. Panel B: demonstrates significant stretch-induced IL-8 production in 

both groups at 24h. Panel C: Both groups display decreased LDH release in 

response to prolonged stretch. The hMSC-CM group achieves significance. Panel 

D: assay demonstrates significantly decreased cell viability in both groups, but to 

a greater extent in the hMSC-CM group, at baseline and post-stretch. 
* Indicates p<0.05 versus no stretch (Panel B) 

f Indicates p<0.05 versus no stretch in hMSC-CM 

g Indicates p<0.05 versus no stretch in Fib-CM 

§ Indicates p<0.05 versus no stretch in hMSC-CM (Panel D) 
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Figure 8.7 Effects of low-dose hMSC-CM-derived microvesicles in 

pulmonary epithelial stretch injury 

Panel A: Decreased activity at the NF-κB consensus sequence in response to 

cyclical stretch was observed in all groups. Panel B: significant stretch-induced 

IL-8 production in both hMSC-CM and MV groups. Panel C: demonstrates 

significant stretch-induced LDH release in the MV and supernatant groups. The 

hMSC-CM group maintains cell membrane integrity. Panel D: significant stretch 

induced injury in the supernatant group, and significant cell-saving in the hMSC-

CM and MV groups. Panel E: The histogram shows a KGF ELISA, which 

demonstrates increased concentrations of KGF in hMSC-CM compared to MV 

and Supernatant. This may partly account for its protective properties in stretch-

induced injury. 
* Indicates p<0.05 versus control (i.e. no stretch) 
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Figure 8.8 Effects of high-dose hMSC-CM-derived microvesicles in 

pulmonary epithelial stretch injury 

Panel A: Decreased activity at the NF-κB consensus sequence in response to 

cyclical stretch was observed in all groups. However baseline levels were higher 

in the hMSC-CM and MV groups compared to the supernatant. Panel B: increased 

IL-8 production in response to cyclical stretch, but values in the hMSC-CM and 

MV groups are lower than in the supernatant group. Panel C: The histogram 

shows significantly decreased LDH release in response to cyclical stretch in both 

the hMSC-CM and MV groups, although baseline LDH levels appear to be higher 

in the MV group. Panel D: The histogram shows no significant stretch-induced 

injury in any group as evidenced by MTT assay, but the more viable cell group 

appears to be the hMSC-CM group followed closely by the MV group. 
* Indicates p<0.05 versus control (i.e.no stretch)  

§ Indicates p<0.05 versus no stretch in hMSC-CM 
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9. Discussion & Conclusions 

9.1 ARDS 

Acute Respiratory Distress Syndrome is a devastating disease spectrum that is 

associated with significant morbidity and mortality worldwide (94, 96). It is 

characterized by acute onset of respiratory symptoms within one week of an 

apparent clinical insult and with progression of respiratory symptoms, bilateral 

opacities on chest imaging not explained by other lung pathology, respiratory 

failure not explained by heart failure or volume overload, and decreased arterial 

PaO2/FiO2ratio, the degree of which can be used to classify as mild, moderate or 

severe ARDS (5). The disease results in flooding of the alveoli secondary to 

increased pulmonary endothelial permeability, causing pulmonary oedema, 

hypoxaemia, partial collapse or atelectasis of the lungs and diffuse inflammation 

of lung tissue, all of which contribute to impaired gas exchange and lung 

dysfunction. It is estimated that there are approximately 190,000 cases of ARDS 

in the United States alone every year (3). 10-15% of patients admitted in intensive 

care units and up to 20% of mechanically ventilated patients fulfill criteria for 

ARDS(21, 247). Mortality ranges between 26-58% (3, 248, 249). The most 

common reason for early death is the underlying cause of ARDS(248, 250), while 

later mortality is most commonly associated with nosocomial pneumonia and 

sepsis(250). A number of studies have observed that ARDS mortality appears to 

have decreased over time(93-96). The reason for this is unclear but improved 

supportive therapy and protective ventilation regimens are highly likely positive 

contributors. Nevertheless, the disease remains linked with significant mortality 

and debilitating morbidity in survivors. 

 

9.1.1 Need for novel therapies 
Many therapies have been investigated to target ARDS. These include prone 

positioning (251-253), fluid restriction (254), corticosteroids (255), nitric oxide 

(256, 257), inhaled surfactant (258-260), statin therapy (261, 262), beta-agonists 

(263-265), protective mechanical ventilation (13, 266) and extracorporeal 
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membrane oxygenation (267, 268). Results with most potential therapies have 

been deemed ineffective, and some even potentially harmful. The support therapy 

that has stood the test of time in effective management of ARDS has been low-

tidal volume protective mechanical ventilation. The sole ‘drug therapy’ shown to 

have benefit, probably by facilitating low tidal volume ventilation, has been the 

use of non-depolarising muscular blockers (269, 270). More recently 

extracorporeal life support is increasingly utilized in critically ill patients with 

hypoxic or hypercapnic respiratory failure. By facilitating gas exchange by 

functioning as an artificial lung, this technique avoids injurious mechanical 

ventilation and allows the damaged lung time to recover. Results have been 

encouraging but therapy is expensive, requires special training, and is not 

available in all institutions. Specialized regional ECMO centers have developed as 

a result. A need for a definitive therapy still exists today, and the best approach to 

this is a clearer understanding of the pathogenesis of ARDS. 

 

9.2 VILI 

Mechanical ventilation was established as the key supportive therapy to sustain 

life in patients affected by this devastating disease. However, it was later 

recognized that mechanical ventilation could also make the already damaged 

lungs worse, a concept termed “Ventilator-Induced Lung Injury” (VILI). 

Respiratory epithelial cells are subjected to cyclic stretch, i.e. repeated cycles of 

positive and negative strain, during normal tidal ventilation. In aerated areas of 

diseased lungs, or even normal lungs subjected to injurious positive pressure 

mechanical ventilation, the cells are at risk of being overdistended (30). This 

alveolar overdistension, along with cyclic atelectasis, is the prime instigator of 

alveolar injury during positive pressure ventilation (271) This overstretching has 

also been postulated as a mechanism of cell activation. Multiple animal models of 

VILI have demonstrated that injurious ventilation in the form of volutrauma or 

atelectrauma results in significant leukocyte sequestration and lung damage (16, 

45, 46). 
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9.2.1 Importance of VILI 
Patients with ARDS are particularly predisposed to VILI for a number of reasons: 

● An injured lung is more prone to cyclic atelectasis and re-expansion with 

tidal ventilation 

● A damaged lung bears increased risk for additional injury, because of the 

inflammatory milieu present, which can be exacerbated by high levels of cyclic 

stretch  

● The ‘ARDS’ lung is smaller than the healthy lung, the so-called ‘baby 

lung concept. Because of the heterogeneous distribution of the disease, 

focal alveolar overdistension may occur despite conventional tidal 

volumes (baby lung concept), rendering more healthy alveoli open to the 

detrimental effects of cyclic atelectasis. 

9.2.2 Traditional versus Protective Ventilation 
VILI may also occur in patients that do not have ARDS, but are mechanically 

ventilated for other reasons (20, 22). One of the main risk factors is high tidal 

volume ventilation (>6 mL/kg of ideal body weight). Protective lung ventilation 

strategies, such as low tidal volume ventilation and applied PEEP to minimize 

alveolar overdistension and atelectasis, are of proven benefit in many clinical 

trials (13, 97). The ARDSNet study also showed decreased mortality in patients 

whose plateau pressures were maintained at <30 cmH20. Others, like Terragni et 

al felt ARDSNet did not go low enough. In their observational study of 30 

patients mechanically ventilated for ARDS, they found that over 30% of patients 

ventilated at ARDSNet recommendations, experienced substantial tidal 

hyperinflation and increased concentrations of inflammatory mediators compared 

to those with lower plateau pressures. Plateau airway pressures <28 cmH2O 

caused less tidal hyperinflation than values between 28-30 cmH2O, suggesting 

that a limit of < 28 cmH2O may be more protective in those with severe ARDS 

(272). 

9.2.3 Role of Hypercapnia in Protective Lung Ventilation 
Hypercapnic Acidosis (HCA), termed “permissive hypercapnia” in the clinical 

context, is a central component of lung ventilatory strategies to minimize VILI. 

Elevated PCO2 levels are a natural byproduct of reduced tidal volume and minute 
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ventilation, a key observation in the ARDSNet study (100). A secondary analysis 

of data from the latter demonstrated that HCA at randomization was associated 

with improved survival in patients undergoing high tidal volume ventilation(125). 

HCA exerts a myriad of effects on diverse biologic pathways. Our group and 

others have had previously demonstrated that deliberately induced HCA – termed 

‘therapeutic hypercapnia’ – was protective in multiple lung injury models, 

including VILI. Other research, in contrast, has shown that HCA increased the 

severity of prolonged untreated pneumonia(135) and delayed pulmonary epithelial 

wound healing(137). The current ‘state-of-the-art’ attributes the beneficial effect 

of protective lung ventilation solely to reductions in lung stretch. Inhibition of 

NF-kB, a transcription factor that regulates genes central to lung injury, 

inflammation and repair, is protective in diverse models of inflammatory ALI.  

9.3 ARDS and the NF-kB Pathway 

9.3.1 Role in Pathogenesis of ARDS 

There is a growing body of evidence that NF-kB plays a pivotal part in a wide 

spectrum of lung disease, including asthma (273, 274), cystic fibrosis (275, 276), 

sarcoidosis (277, 278), and mineral dust disease (279, 280). The importance of the 

NF-kB pathway in ARDS is evidenced by the fact that high levels of NF-kB 

regulated inflammatory cytokines have been found in the bronchoalveolar lavage 

fluid of patients with the disease (281). NF-kB is activated in alveolar 

macrophages from ARDS patients to a significantly greater magnitude than in 

those from critically ill patients with other disease(81). In a murine model of 

endotoxin-induced lung injury, Everhart et al observed widespread NF-kB 

activation, which, when treated with a specific IkB kinase inhibitor, reduced lung 

NF-kB activation, neutrophil influx and lung oedema (282). Some have postulated 

that positive pressure ventilation, and increases NF-κB activation. This is 

evidenced by increased NF-κB activity in human alveolar macrophages cultured 

on reinforced silicone elastomer and then subjected to sustained, repetitive cycles 

of pressure and stretching to mimic positive pressure ventilation (67). More 

specifically, cyclic stretch has been demonstrated to induce activation of NF-kB 

(84). NF-kB regulates the gene expression of major chemokines such as 
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macrophage inflammatory protein (MIP-2), cytokine-induced neutrophil 

chemoattractant (CINC), pro-inflammatory cytokines (TNF-α, IL-1b), and 

adhesion molecules (ICAM-1, E-selectin), all of whom are major players in lung 

injury (70). Although crucial for an intact host defense response, excessive 

activation of NF-κB leads to exaggerated inflammatory injury of lungs and other 

organs (75-77). Modulation of the NF-kB pathway has been proposed as a 

promising therapeutic pathway in VILI (220-222) . Our group had previously 

demonstrated that some key effects of HCA might be mediated via an inhibitory 

effect on the NF-kB pathway. However, the role of NF-kB in mediating the 

protective effects of HCA on mechanical stretch induced injury – if any – were 

not known. We wished to explore this further and hypothesized that hypercapnic 

acidosis, in our in vitro pulmonary epithelial cyclical stretch model, would 

improve cell survival, preserve cell membrane integrity and inhibit cell-stretch-

induced cytokine release and NF-kB activation. 

 

9.4 Cyclical Stretch at the Bench – Advantages, 

Limitations, and future direction 

The Flexercell system permits cell culture and proliferation to monolayer on 

surfaces amenable to cyclical deformation. Investigators can choose a frequency, 

elongation and duration of strain in a regime that simulates the strain environment 

of the native tissue in the body. The principles of operation of the Flexercell 

system have been outlined in the literature (206, 207). 

9.4.1 Advantages 
The Flexercell system applies equibiaxial strain on cells cultured on monolayer on 

flexible-bottomed membrane of BioFlex® culture wells. The biochemical changes 

that occur in the cells in response to deformation can easily be measured with 

appropriate assays. This system allowed us to focus on epithelial cells, to evaluate 

mechanisms of action, and gave us the freedom to precisely vary cyclic stretch 

conditions and durations of application. Average experiment turnover was 3-5 

days, depending on selected duration of cyclical stretch period. The use of two 

baseplates allowed comparison of normocapnic versus hypercapnic environments 
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by placement in separate incubators. Using this device, we established that the 

degree of alveolar epithelial injury increases with strain magnitude, duration of 

stretch, and varies with cell type. We have demonstrated that cyclical strain of 

20% elongation is beyond the physiological range (see Chapter 5, Figure 5.1), and 

causes injury corresponding to over-distension of alveoli in the intact lung, which 

is a central component of ventilator-induced lung injury. 

9.4.2 Development of Cell Stretch Model 

A series of experiments with different timecourses were carried out to explore 

stretch-induced injury and inflammation. 

Both 24 hour and prolonged 5 day stretch periods demonstrated significant cell 

injury, plasma membrane rupture and inflammatory cytokine release. Stretch-

induced NF-kB activation was demonstrated in the 24 hour model, but less 

consistently after 5 days of cyclical strain. NF-kB activation was also 

demonstrated after as early as 1 hour of stretch, once the cells were allowed a 

recovery period to express reporter and inflammatory proteins. 

The 1 hour stretch experiment series revealed that cell injury is cumulative over 

time after mechanical stress, even if the duration of stretch is short. Delayed 

harvesting after stretch demonstrated decreased cell viability, activation of the 

NF-kB pathway and increased cytokine release. Altering the length of the 

recovery period showed that 1 hour rest phase was sufficient to reveal cell injury, 

2 hours was required for IL-8 induction and a 4 hour recovery period post stretch 

demonstrated quantifiable NF-kB activation. 

This short stretch period was inadequate to demonstrate real membrane rupture, 

regardless of the recovery period. Plasma membrane stress failure occurs when 

the matrix to which a cell adheres is subjected to major deformations (30, 212-

215). Consequently, the cell might be forced to assume a shape with a large 

surface-to-volume ratio at which the plasma membrane might encounter lytic 

tension. The repair of these breaks only takes seconds, usually via a calcium-

dependent lipid trafficking response (216-218). Failure to reseal the membrane 

defect consistently results in cell death. Rapid plasma resealing limits the 

usefulness of lactate dehydrogenase as a surrogate marker for cell injury in the 

short cyclical stretch experiment. Oeckler suggested that where complete stretch-

induced plasma membrane disruption can act as a “damage sensor” in activating 
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pro-inflammatory signaling cascades, on the other hand, sublethal plasma 

membrane wound with successful repair may still upregulate immune response 

genes, which in turn may set up a prolonged inflammatory response by the viable 

cell. “This would potentially result in more damage than would have necrotic 

death, where the loss of the cell would attenuate the inflammatory response” 

(219). 

 

9.4.2 Limitations of Model Development Studies 
By trialling a number of lung cell types, we identified variations in cyclical strain 

response. HBE and BEAS-2b cells proved more resistant to deformation-induced 

injury than A549 cells, and technically posed practical challenges, not only to 

culture to monolayer, but also to transfect with the NF-kB reporter plasmid. 

However cyclic stretch induced IL-8 production was consistent in all cell types, 

even when significant injury was not achieved. This is in line with previous work 

by Vlahakis et al. (66). In ongoing experiments, it was decided that A549 cells 

were the most suitable surrogate for human alveolar epithelium. A549 cells have 

several features consistent with alveolar type II epithelial cells. Morphologically, 

when grown at subconfluence, they retain a cuboidal shape, can produce lecithin 

and phosphatidylcholine (208), and have been found to express and/or release a 

variety of cytokines and growth factors, including monocyte chemotactic protein-

1 (MCP-1), IL-8 and intercellular adhesion molecule-1 (ICAM-1) (209-211). 

 

9.5 Mechanism of action of HCA on NF-kB Pathway 

9.5.1 Evidence for role of NF-kB in Mediating Effects of HCA 

The relationship between HCA and NF-kB remains complex. Although activation 

of NF-kB is a defence strategy to direct transcription of target genes against lung 

inflammation, excessive activation can compound and worsen the injury. HCA 

inhibits this activation and reduces injury in the acute phase. However, prolonged 

exposure to HCA can also be detrimental. By inhibiting the host immune 

responses, HCA can exacerbate nosocomial bacterial lung infections(135). HCA 

impairs plasma membrane wound repair in alveolar epithelial cells (136). Our 
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own group has previously shown that HCA at PaCO2 82 mmHg and pH 7.0 

significantly reduced wound closure in airway epithelial cells, human bronchial 

cells and type II alveolar cells in vitro (137). This delayed wound repair effect 

was secondary to reduced cell migration and was mediated by inhibition of the 

NF-kB pathway. O’Toole also found that direct inhibition of NF-kB activation 

with pharmacological blockers significantly inhibited wound healing under 

conditions of normocapnia. Furthermore HCA did not further inhibit wound 

healing in the presence of these inhibitors, demonstrating that the effect of HCA 

was completely occluded by direct inhibition of NF-kB. Recent work from our 

group by Masterson has explored the mechanisms by which HCA affects the NF-

kB pathway in a rodent model of E.coli-induced lung inflammation (228). 

Sprague-Dawley rats were instilled with IkBα-SuperRepressor (IkBα-SR) gene or 

sham, intratracheal E.coli inoculation and then ventilated for 4 hours under 

conditions of normocapnia versus HCA. Both HCA and IkBα, independently and 

in combination, decreased E. coli induced lung inflammation and injury, reduced 

NF-kB activity, and improved animal survival. Importantly, prior blockade of the 

canonical pathway by IkBα largely ‘occluded’ the effect of HCA i.e. no further 

NF-kB inhibition was seen with HCA in the presence of IkBα overexpression. In 

vitro work by Masterson demonstrated that HCA acts predominantly via direct 

effects on IKK-b activation and activity, thereby reducing IkBα 

phosphoinactivation and subsequent NF-kB nuclear translocation(228). The 

finding that that IkBα overexpression ‘occluded’ the effect of HCA suggests that 

the suppressive effect of HCA is mediated predominantly via the canonical 

pathway, and indicates a focal role for the NF-kB pathway in mediating the 

effects of HCA. 

 

9.5.2 Effects of HCA on Stretch induced NF-kB activation 

Modulation of the NF-kB pathway in our in vitro model of pulmonary epithelial 

stretch-induced injury has produced useful information about the role it plays in 

this type of injury. Firstly, we have shown that cyclical stretch beyond normal 

physiological range induces NF-kB activation as early as after 1 hour of stretch. 

We have demonstrated stretch-induced injury, cytokine release and NF-kB 
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activation after 24 hours of stretch in A549s alveolar epithelial and after 72 hours 

in HBE and BEAS-2b bronchial epithelial cells. HCA inhibited cytokine release, 

reduced injury and preserved membrane integrity in all these cell types. HCA 

decreased stretch-induced activation of the NF-kB pathway after 24 hours, as 

evidenced by suppression of IL-8 release and inhibition of NF-kB activation. The 

protective effects of HCA are dose dependent, with severe hypercapnia (15% 

CO2) suppressing IL-8 release and NF-kB activation more than moderate 

hypercapnia (10% CO2) in the acute setting. Blocking the translocation of NF-kB 

by expressing abundant amounts of its endogenous inhibitory protein, IkBa, 

attenuated stretch-induced injury and inflammation, with the strongest evidence 

exhibited after 24 hours of stretch. In contrast, promoting the phosphorylation and 

degradation of IkBa by overexpressing the upstream NF-kB activator, IKK, 

exacerbated stretch-induced injury and inflammation. Addition of HCA to cells 

treated with IkBa was synergistic, by trending towards cell-saving in prolonged 

stretch injury. HCA and IKK appear to have an antagonistic relationship; HCA 

dampened the injurious effects of IKK, yet IKK appeared to block the suppression 

of IL-8 release by HCA in prolonged stretch injury. 

9.5.3 Mechanisms by which HCA blocks stretch-induced NF-κB 

activation 
We then undertook a series of experiments to determine the precise mechanisms 

by which HCA inhibits NF-κB activation. We found that HCA blocked the stretch 

induced decrease of cytosolic concentrations of the canonical NF-kB inhibitor, 

IkBa, as evidenced by Western blot. When IkBa was directly over-expressed, it 

reduced stretch induced NF-kB activation, decreased epithelial IL-8 production, 

maintained cell membrane integrity, and reduced stretch induced cell death. 

Importantly, when IkBa is over-expressed, HCA does not further reduce cell 

stretch induced inflammation and cell membrane dysfunction or further improve 

cell viability. The discovery that HCA does not further reduce stretch-induced 

injury in the presence of IkBa, may suggest a common pathway for mechanism of 

action, which both factors compete to occupy. This suggests that IkBa 'occluded' 

the effect of HCA, meaning that these effects of HCA are mediated via inhibition 

of the canonical NF-kB pathway, likely directly at the crucial step of the 
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breakdown of IkBa during canonical pathway activation. This confirms and 

extends previous findings by O’Toole and Masterson in their wound repair and 

endotoxin lung injury work. 

9.5.4 Insights from current studies 
Our findings extend those of previous work by our group and others. Takeshita et 

al. reported that HCA acted on the NF-κB pathway in HPVECs, preventing IκBα 

degradation (132). Masterson et al. demonstrated that in cells overexpressing 

IκBα and exposed to injury and HCA, NF-κB induction was decreased in a dose 

dependent manner by increasing concentrations of IκBα protein(228). In addition, 

HCA further decreased this signal. In the presence of consistent upstream NF-κB 

activation and increasing IκBα concentrations, the effects of HCA on pathway 

activation remained consistent with results seen without upstream activation. The 

difference in the latter study is that the injury is a pharmacological one versus a 

mechanical stretch, which is the more clinically relevant model of VILI. More 

recently, work from our group by Ms Shahd Horie has demonstrated that acidosis, 

whether metabolic or hypercapnic, is a key component in inhibition of stretch-

induced NF-κB activation, but that this protection is eliminated in the presence of 

buffered hypercapnia. 

9.5.5 Model Limitations and Future Directions 
There are a number of ways in which the experiments that were carried out could 

be improved in terms of physiological relevance and error reduction: 

1. Our group has observed that changing the Bioflex plates from collagen-

coated to laminin-coated surface produces a more consistent stretch-

activated NF-kB signal in preliminary experiments. The reason for this is 

unclear. 

2. The transfection process itself can detrimentally affect cell viability, and 

this can profoundly hinder data interpretation, particularly in prolonged 

cell stretch experiments. Variations in transfection quality between wells 

on a plate may lead to erroneous results on a plate reader at the end of the 

experiment. 
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3. Cyclical stretch can itself affect the efficacy of the transfection approach 

to introducing reporter and gene over-expression constructs to cells (283). 

The transfection agent itself, Lipofectamine 2000, can be cytotoxic. By 

using an alveolar epithelial cell line that has already been stably 

transfected with NF-kB reporter, the transfection step can be avoided. This 

allows for less transfection-associated cell death and more uniform cell 

numbers between vehicle and groups for analysis, as well as a more 

consistent stretch-induced NF-kB signal. 

4. Future cell-signalling work could focus on stably transfected NF-kB 

reporter, IκBα and IKK cell lines, especially for prolonged stretch 

experiments. 

 

9.6 Therapeutic Potential for MSCs in ARDS  

So far the focus of our work has been on preventing or reducing the severity of 

ARDS. An alternative approach is to target repair and regeneration of the stretch-

injured lung. No specific pharmacological intervention has yet been discovered 

for this purpose, despite many years of research. Mesenchymal stromal cells are 

fibroblast-like cells that can be isolated from bone marrow and are characterised 

by their ability to self-renew and undergo differentiation into mesenchymal 

lineage cell types including bone, cartilage, adipose tissue, muscle and tendon 

(229). MSCs have been postulated as a promising therapy to repair injured lung 

tissue. 

9.6.1 Insights from MSC therapy in other organ disease 
Stem cell-based therapies are a promising strategy in the treatment of ARDS, and 

pre-clinical results in relevant disease models show great potential. The capacity 

of MSCs to establish a regenerative microenvironment has been demonstrated in 

many animal models of human diseases (284). Multiple preclinical studies have 

demonstrated the potential of allogeneic MSC therapy for a range of clinical 

disorders, including sepsis, liver failure, acute kidney injury, and myocardial 

infarction (230). In a murine model of peritoneal sepsis, IV MSC therapy 

significantly reduced mortality, by stimulating increased IL-10 production (186). 
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In a model of acute kidney injury in mice, IV MSC therapy accelerated renal 

tubular epithelial recovery(167) . Cultured MSCs have been administered to 

human subjects for safety studies and for early clinical testing to support bone 

marrow transplantation, and for the treatment of diseases like graft-versus-host 

diseases (GvHD) (285), osteogenesis imperfecta (286), and Crohn’s disease (287), 

with very promising results clinically. 

9.6.2 Insights from pre-clinical ARDS models 

Evidence from preclinical studies indicates that exogenously administered MSCs 

may help to reduce lung injury and promote repair(288). Recent work from our 

group has demonstrated that both rat (180) and human MSCs (289) enhance lung 

repair in a rodent model of VILI, and that human MSCs decrease severity in 

E.coli-induced lung injury (290). MSCs’ mechanisms of action appear to be 

predominantly paracrine, by secretion of key regenerative cytokines and 

chemokines, such as VEGF-a, IGF-1, EGF, keratinocyte growth factor, 

macrophage inflammatory protein-1 alpha and beta and erythropoietin (158), 

which hone to sites of injury and exert their reparatory effects. MSCs may also 

increase bacterial clearance and potentially differentiate into mature cells to 

replace injured cells. Fang et al recently espoused the anti-inflammatory role of 

lipoxin A4, a lipid mediator derived from arachidonic acid that aids MSC-

mediated resolution of endotoxin-induced lung injury (291). Lipoxin A4 also 

inhibits NF-kB activation (292). Most recently, Hayes et al demonstrated that 

MSCs, when administered following injurious ventilation, augmented lung repair 

in rats in the early phase of injury, and that they were more effective in this phase 

than the MSC secretome (289) .  

 

9.6.3 Insights from clinical studies in ARDS patients 

Zheng et al. in a recent clinical trial administered a low dose of MSCs to 12 

patients with ARDS (190). Infusion of MSCs was shown to be safe, with patients 

having reduced levels of surfactant protein-D on day 5, suggesting improvement 

of epithelial cell injury. There were no significant differences in inflammatory 

cytokine levels. Wilson et al, in a phase 1b dose escalation study in ARDS, 

demonstrated that BM-hMSCs doses of up to 10 million cells/Kg were well 

tolerated, and a phase II efficacy study is now in progress (191).  
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9.6.4 Insights from current studies 
The impact of MSCs and the MSC secretome on alveolar epithelial stretch injury, 

inflammation and NF-kB activation is not yet fully understood. We focused on 

investigating the potential beneficial effects of mesenchymal stromal cells in 

pulmonary epithelial stretch-induced injury in vitro. Mesenchymal stromal cells 

can modify the actions of both adaptive and innate immune cells to trigger a more 

anti-inflammatory or immune tolerant phenotype. We hypothesized that MSCs or 

the MSC-secretome dampen or attenuate stretch-induced injury and inflammation. 

The avenues we explored in order to elucidate these benefits in vitro consisted of: 

a) addition of the MSCs themselves to a pulmonary epithelial monolayer 

prior to applying stretch (direct contact), 

b) testing the effects of the MSC-derived secretome (Chapter 4, Section 

4.3.6) on the pulmonary epithelial monolayer prior to stretching (paracrine 

effect), and 

c) refeeding a pulmonary epithelial monolayer with specific concentrations 

of MSC-derived microvesicles, prior to stretching (exploring a potential 

key component responsible for the protective effects of MSCs). 

9.6.4.1 Co-culture of hMSCs with human A549 cells: 

In this series, hMSCs appeared to improve cell viability both at baseline and post-

cyclical stretch, as evidenced by MTT assay. MSCs were directly applied to the 

A549 cells 1 hour before stretching. This may not have been an adequate 

incubation period before application of injurious stretch. The cell proliferation 

properties of MSCs may account for the higher stretch-induced LDH response in 

parallel with the encouraging cell viability assay. Perhaps the LDH is an 

indication of an increased number of cells lysed from a great number to begin 

with. The MSCs themselves may also have been a source of the LDH. 

hMSCs did not attenuate the stretch-induced IL-8 production in the A549 cells. 

MSCs themselves are known to produce a variety of cytokines, including IL-

8(236, 237), therefore this was not completely unexpected. However the 

concentrations at baseline and post-stretch were significantly reduced compared to 

the corresponding fibroblast group. 
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Stretch activated NF-κB, and levels were significantly attenuated in the hMSC 

group. MSC expresses TNF Receptor (TNFR) (238)and TLR (Toll-Like 

Receptors) (239)which regulates NF-κB activation. This pathway modulates the 

cytokine secretion from MSCs and the inhibition of T-cell proliferation. MSCs 

exhibited inhibition of NF-κB activation via secretion of TSG-6 in a murine 

model of peritonitis. This inhibitory action of TSG-6 was dependent on the 

interaction of CD44 with TLR-2(240). MSC efficacy appeared to mirror TSG-6 

expression in a number of sterile inflammatory models, including bleomycin-

induced pulmonary fibrosis (293). 

9.6.5 Using the MSC-Secretome - a risk-free option? 
Paracrine factors derived from MSCs, presented in a package as conditioned 

medium, have been shown to enhance wound healing(158, 241), display anti-

apoptotic properties in cardiomyocytes cultured under hypoxic conditions(242), 

promote angiogenesis in a rodent model of limb ischaemia (157) and enhance 

liver regeneration in an animal model of acute liver failure (243). Our own group 

has demonstrated that MSC-CM enhances lung repair after injury(180, 188)  

In this series we subjected A549s treated with 48 hour hMSC-CM to both 24 hour 

and 72 hour stretch cycles, using 48 hour fibroblast-CM as a control. The 

therapeutic effects of hMSC-CM were demonstrated best after prolonged cyclic 

mechanical strain, with increased cell viability, decreased cell injury, increased 

protein content and decreased stretch-induced IL-8 response versus control (Fib-

CM). These cell-protective benefits were associated with an enhanced NF-κB 

activation in the hMSC-CM group. 

Our results suggest a therapeutic benefit of hMSC-CM in a prolonged injury 

setting, with these benefits only being realized after enhanced NF-κB activation. 

9.6.6 Potential of microvesicles 
MSCs have been reported to secrete exosomes or microvesicles (MVs)(241, 244), 

lipid vesicles <1µm in length, which may contain proteins or RNA that regulate 

intracellular signaling in adjacent cells. It is increasingly recognized that MVs 

play a pivotal role in cell-to-cell communication and have multiple ways of 

influencing the behaviour of target cells(231). Bruno et al demonstrated a similar 

efficacy of MVs to that of hMSCs in acute tubular kidney injury (167), and 
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recently showed that MV-mediated transfer of RNA-based information from 

human liver stem cells stimulates liver regeneration in a model of 75% 

hepatectomy(245). More recently MVs derived from human MSCs have been 

shown to attenuate E. coli pneumonia-induced lung injury and enhance alveolar 

fluid clearance in the human lung ex vivo, an effect that was decreased by 

antiCD44 antibody treatment (294). 

In this series we investigated the therapeutic potential of MSC-derived 

microvesicles or microparticles in stretch-induced pulmonary epithelial injury. 

We used low (18 µg/mL)and high doses (100 µg/mL) and compared the effects in 

a prolonged stretch cycle to that of hMSC-CM and a “particle-free” supernatant, a 

side-product of ultracentrifugation from the MV procuring process. MV was 

associated with cell-saving and inhibition of NF-κB activation, at both lower and 

higher doses as evidenced by MTT and luciferase assays respectively (Chapter 8, 

Figures 8.7 and 8.8). Furthermore, the higher dose of MV conferred a cell 

membrane protective effect after stretch, as evidenced by LDH assay. This was 

comparable to that of hMSC-CM (Chapter 8. Figure 8.8). The lower MV dose, 

like hMSC-CM, did not inhibit stretch-induced IL-8 release. With the higher MV 

dose, there was no significant IL-8 rise after stretch. In addition, the measured IL-

8 levels were decreased compared to that of the particle-free supernatant group, 

the control in the experiment (Chapter 8, Figure 8.8). We observed that the effects 

of MV were most similar qualitatively, although not necessarily quantitatively, to 

hMSC-CM at the higher dose. This is novel scientific work, which investigates 

the therapeutic effects of microvesicle therapy in stretch-induced lung injury. We 

adopted and modified our protocol from Bruno et al.(167). 

There were a number of limitations to our study. Bruno used ultracentrifugation 

speeds of 100,000 x g in procuring MV, whereas the upper limit of our lab 

centrifuge was 47,813 x g. Although a slight deviation from the original protocol, 

a speed of almost 50,000 x g still seems reasonable to pellet MVs. As the MV is 

not visible to the naked eye, and these were pilot studies with quite elaborate 

procurement techniques, unfamiliarity with the technique would account for a 

certain degree of operator error. However Matthays group uses lower 

centrifugation speeds for its microvesicle isolation. We arbitrarily assigned “low” 

and “high” doses according to what we could glean from the MSC-conditioned 
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medium during the ultracentrifugation process at the time. The ideal dose of MV 

remains to be elucidated. In retrospect, a 4th group of serum-free medium only 

may have been preferential as a control. Despite these limitations, our results 

would encourage one to investigate the potential benefits of MV in further studies. 

9.7 Key Conclusions and Lessons learned 

ARDS remains a devastating disease with a significant mortality worldwide. 

Increased knowledge regarding the benefits and perils of mechanical ventilation 

has, without a doubt, contributed to the decrease in incidence over the last decade. 

NF-kB is a key transcription factor which regulates genes central to lung injury, 

inflammation and repair. Stretch-induced injury stimulates NF-kB activation. 

Prevention of alveolar overdistension and atelectasis, by implementing lower tidal 

volumes, reduces lung injury. Permissive hypercapnia, as a byproduct of low tidal 

volume ventilation, has independent anti-inflammatory and protective effects, 

certainly in the acute phase of lung injury. HCA inhibits NF-kB activation, 

potentially by inhibiting the breakdown of IkBa, a pivotal step necessary for the 

translocation of NF-kB into the nucleus to direct the inflammatory response. 

Acidosis, whether hypercapnic or metabolic, confers lung protection; hypercapnia 

alone has little effect. The role of HCA in lung injury is complex; prolonged 

exposure impairs lung wound healing, thereby acting as a double-edged sword. 

We were interested in developing strategies to minimize the deleterious effects of 

mechanical ventilation in patients with ARDS, and adopted two approaches to 

this. Firstly, we wished to characterize the mechanisms by which HCA reduces 

stretch-induced injury, and specifically investigate the role of the NF-kB pathway 

in mediating these effects. We then wished to examine novel therapeutic 

approaches, and focused on MSCs as an approach to mimimize injury and 

enhance repair. Experiments in this study concentrated both on the mechanism of 

action of HCA, and on the investigation of the therapeutic potential of MSCs for 

ARDS. 

In our in vitro experiments, we utilized a number of pulmonary cell lines and 

cultured them under conditions of normocapnia and hypercapnia. Cells were 

injured by cyclical biaxial strain, using the Flexercell system to simulate VILI. 

Several experiments were performed, adjusting strain magnitude and duration of 
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stretch, to ascertain timecourse and severity of injury. Outcomes were measured 

using assays that measured cell viability, cell membrane integrity, cytokine 

release and NF-kB activation. 

In this experimental series using HCA, it was shown that: 

1. Lung injury in vitro can be evident after as little as one hour of harmful 

cyclic stretch. 

2. Cyclic stretch injures lungs, promotes cytokine release and induces NF-kB 

activation. 

3. HCA reduces pulmonary epithelial injury, decreases cytokine release, and 

inhibits NF-kB activation. 

4. The protective effects conferred by HCA are dose-dependent. 

5. HCA confers greater protection in the acute phase than following 

prolonged exposure. 

6. HCA inhibits pulmonary epithelial NF-kB activation by maintaining IkBa 

in the cytoplasm, and preventing stretch-induced phosphorylation of the 

latter. 

7. Overexpression of IkBa attenuates NF-kB activation and pulmonary 

epithelial injury. 

8. IkBa ‘occluded’ the effect of HCA on NF-κB activation, in that there was 

no further decrease in NF-kB activation in the presence of HCA in 

pulmonary epithelial cells overexpressing IkBa 

In the series of experiments focusing on stem cell therapy, it was shown that: 

9. Deploying human MSCs in in vitro mechanical stretch experiments to 

attenuate pulmonary epithelial injury was not successful. However 

utilizing conditioned medium from human MSCs attenuated lung injury 

and inflammation after prolonged stretch, confirming the paracrine 

mechanism of benefit. 
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10. The use of microvesicles derived from human MSCs attenuated 

pulmonary epithelial stretch induced injury and inflammation after 

prolonged stretch. 

 

This series of studies broadens our understanding of HCA and lung injury and the 

complex relationship between VILI, HCA and NF-kB. It also confirms the 

protective paracrine effects of MSC therapy in prolonged stretch injury and paves 

the way for new experiments in this field aimed at translating MSCs towards 

clinical testing. 
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10. Publications and Presentations Arising 

from Work 

10.1 Peer reviewed publications 

• Hypercapnic acidosis attenuates pulmonary epithelial stretch induced injury 

via inhibition of the canonical NF-κB pathway. 

S Horie*, B Ansari*, C Masterson, J Devaney, M Scully, D O’Toole, J G 

Laffey 

Intensive Care Medicine Experimental (2016) 4:8 (*Joint first author). 

• Pulmonary overexpression of inhibitor IκBα decreases the severity of 

ventilator-induced lung injury in a rat model  

M Hayes, G F Curley, C Masterson, M Contreras, B Ansari, J Devaney, D 

O'Toole, J G Laffey  

Br J Anaesth. 2014 Dec;113(6):1046-54.  

• Effects of Intratracheal Mesenchymal Stromal Cell Therapy during Recovery 

and Resolution following Ventilator Induced Lung Injury. 

G Curley, B Ansari, M Hayes, J Devaney, F Barry, T O’Brien, D O’Toole, 

Laffey JG. Anesthesiology. 2013 Apr;118(4):924-932. 

•   Inhibition of pulmonary Nuclear Factor kappa-B decreases the severity of acute       

E. coli   pneumonia but worsens prolonged pneumonia. 

Devaney J, Curley GF, Hayes M, Masterson C, Ansari B, O'Brien T, O'Toole 

D, Laffey JG 

Crit Care. 2013 Apr 27;17(2):R82 

• Hypercapnic acidosis attenuates ventilation-induced lung injury by a nuclear 

factor-kB- dependent mechanism 

M Contreras*, B Ansari*, G Curley, B D Higgins, P Hassett, D O’Toole, J G 

Laffey Critical Care Medicine 2012 Vol 40, No 9 (*Joint first author). 

• Mesenchymal Stem Cells enhance recovery and repair following ventilator-

induced lung injury in the rat.  
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G Curley, M Hayes, B Ansari, G Shaw, A Ryan, F Barry, T O’Brien, D 

O’Toole, Laffey JG. Thorax 2012;67:496-501. 

 

10.2 Review Papers and Editorials 

• “Ischaemia-reperfusion-induced lung injury: Could hypercapnia have a 

therapeutic role?”  

B Ansari, Laffey JG. Critical Care Medicine 02/2012;40(2):688-690. 

• “Clinical Review: Stem cell therapies for acute lung injury/acute respiratory 

distress syndrome – hope or hype?”  

M Hayes, G Curley, B Ansari, Laffey JG. Critical Care 03/2012;16(2):205. 

 

10.3 Published Abstracts 

• “Hypercapnic Acidosis Reduces Stretch Induced Inflammation by an NF-κB 

Dependent Mechanism 

Bilal Ansari*, Maya Contreras, Daniel O'Toole, John Laffey.  
TERMIS-EU Conference 2010, Galway, Ireland 

• “Hypercapnic Acidosis Inhibits NF-κB Mediated Inflammation in a Rodent 

Model of Ventilator Induced Lung Injury 

Maya Contreras*, Daniel O'Toole, Brendan Higgins, Bilal Ansari, Gerard 

Curley, Claire Masterson, John Laffey.  

TERMIS-EU Conference 2010, Galway, Ireland 
•  “HYPERCAPNIC ACIDOSIS REDUCES STRETCH-INDUCED 

INFLAMMATION BY AN NF-KAPPA B-DEPENDENT MECHANISM.”  

Bilal M. Ansari, Maya Contreras, Daniel O'Toole, and John Laffey.  

Am. J. Respir. Crit. Care Med. 2010; 181: A1681  

• “Hypercapnic Acidosis Attenuates Moderate And Severe Ventilator Induced 

Lung Injury By An NF-kB Dependent Mechanism” 

Maya Contreras, Daniel O'Toole, Brendan Higgins, Bilal M. Ansari, Gerard F. 

Curley, Claire Masterson, and John Laffey.  

Am. J. Respir. Crit. Care Med. 2010; 181: A1680 



Chapter 10 
 

193 
 

• “Hypercapnic Acidosis Attenuates Stretch-Induced Inflammation In Alveolar 

Epithelial Cells By An NF-kB Dependent Mechanism” 

Bilal M. Ansari, Gerard F. Curley, Claire H. Masterson, Patricia M. McHale, 

Daniel P. O'Toole, and John G. Laffey.  

Am. J. Respir. Crit. Care Med. 2011; 183: A1659 

• “Contrasting Effects Of Metabolic Versus Hypercapnic Acidosis On 

Pulmonary Epithelial Wound Healing” 

Patricia M. McHale, Claire H. Masterson, Bilal M. Ansari, Daniel P. O'Toole, 

and John G. Laffey.  

Am. J. Respir. Crit. Care Med. 2011; 183: A5109 

• “HUMAN MESENCHYMAL STEM CELL-CONDITIONED MEDIUM IS 

PROTECTIVE IN STRETCH-INDUCED LUNG INJURY” 

B. Ansari, D O’Toole, G. Curley, JG Laffey.  

Intensive Care Med. 2011 Sep;37 Suppl 1:S6-314. 

• “Human Mesenchymal Stem Cell-Conditioned Medium May Be Protective In 

Stretch-Induced Pulmonary Epithelial Injury” 

Bilal M. Ansari, Daniel P. O'Toole, Gerard Curley, Mairead Hayes, Claire H. 

Masterson, Patricia McHale, and John G. Laffey.  

Am. J. Respir. Crit. Care Med. 2012; 185: A5451 

• “The Role Of Intra-Tracheal Versus Systemic Delivery Of Mesenchymal 

Stem Cells During Recovery And Resolution Following Ventilator Induced 

Lung Injury” 

Gerard Curley, Bilal M. Ansari, Mairead Hayes, Daniel O'Toole, and John G. 

Laffey.  

Am. J. Respir. Crit. Care Med. 2012; 185: A4973 

 

10.4 Oral presentations  

• “Hypercapnic Acidosis Reduces Stretch-Induced Inflammation By An NF-κB 

Dependent Mechanism.” 

Intensive Care Society of Ireland Autumn Meeting, Dingle, October 2009 
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• “Investigating the Contribution of Inhibition of NF-κB and Oxidant Stress to 

the Protective Effects of Hypercapnic Acidosis in Ventilator-induced Lung 

Injury.” 

Intensive Care Society of Ireland Research Award oral presentation at 

ESICM 9th     Summer Conference, Dublin Castle, June 2010 

• “Hypercapnic Acidosis Reduces Stretch-Induced Inflammation By An NF-κB 

Dependent Mechanism.” 

TERMIS – Tissue Engineering and Regenerative Medicine International 

Society EU Conference, Galway June 2010 

• “Hypercapnic Acidosis Reduces Stretch-Induced Inflammation In Alveolar 

Epithelial Cells By An NF-κB Dependent Mechanism.” 

 Delaney Medal Presentation March 2012, Dublin, Ireland. The Delaney 

medal is a prestigious memorial medal awarded by the Council of the College 

of Anaesthetists annually for research either clinical or laboratory based in the 

field of Anaesthesia and Intensive Care. Six presenters from Ireland are 

shortlisted each year for their work. 

• “Human Mesenchymal Stem Cell-Conditioned Medium Is Protective in 

Stretch-Induced Pulmonary Epithelial Injury.” 

American Thoracic Society International conference, San Francisco, 

California, 23rd May 2012. Winner of ATS Travel Award. 

• “Over Expression Of Secretory Leukocyte Protease Inhibitor (SLPI) And 

Glutathione Peroxidase-3 (GPX3) Attenuate Inflammation And Oxidant-

Mediated Pulmonary Epithelial Injury.” 

American Thoracic Society International conference, San Francisco, 

California, 21st May 2012. 

• “Hypercapnic Acidosis Reduces Stretch-Induced Inflammation In Alveolar 

Epithelial Cells By An NF-κB Dependent Mechanism.” 

Royal Academy of Medicine in Ireland, Section of Biomedical Sciences 

Meeting, NUI, Galway June 2012 
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10.5 Poster Presentations 

• “Hypercapnic acidosis reduces stretch induced lung injury by an NF-kB 

dependent mechanism”. 

B Ansari, M Contreras, G Curley, D O’Toole, JG Laffey. 

 Western Anaesthesia Symposium, Westport, April 2010. The Western 

Anaesthetic Symposium is the annual scientific meeting organised by the 

Department of Anaesthesia and Intensive Care, University College Hospital 

Galway and attracts a wide audience of anaesthetists from around Ireland. 

 

•  “Hypercapnic acidosis reduces stretch induced lung injury by an NF-kB 

dependent mechanism”.  

B Ansari, M Contreras, G Curley, D O’Toole, JG Laffey. 

American Thoracic Society International Conference, New Orleans, USA 

, May 2010 

• “Hypercapnic Acidosis Attenuates Stretch-Induced Inflammation in Alveolar 

Epithelial Cells by an NF-kappa B Dependent Mechanism”.  

B.M. Ansari, G.F. Curley, C.H. Masterson, P.M. McHale, D.P. O'Toole, J.G. 

Laffey. 

American Thoracic Society International Conference, Denver Colorado, 

15/05/2011 

• “Human Mesenchymal Stem Cell-Conditioned Medium May Be Protective in 

Stretch-Induced Lung Injury”.  

B. Ansari, D O’Toole, G. Curley, JG Laffey. 

European Society of Intensive Care Medicine LIVES Conference, Berlin, 

05/10/2011 

• “Human Mesenchymal Stem Cell-Conditioned Medium is Protective in 

Stretch-Induced Lung Injury”.  

B Ansari, D O’Toole, G Curley, C Masterson, P McHale, M Hayes, J Laffey 

MSC International Mesenchymal Stem Cell Conference, NUI, Galway, 

2nd July 2012 

• “Mesenchymal stem cells enhance early repair following ventilator-induced 

lung injury”. 
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 M Hayes, G. Curley, B Ansari, D O’Toole, John G. Laffey 

Winner, best poster, MSC International Mesenchymal Stem Cell 

Conference, NUI, Galway, 2nd July 2012 
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