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Abstract 

 
Hydrogen sulfide (H2S) is a key biologically relevant signalling molecule and has been 

recognised as the third endogenous gasotransmitter. H2S modulates various biological 

functions through complex mechanisms which may involve Transient Receptor 

Potential (TRP) channels such as TRPA1. TRPA1 is postulated to play a prominent role 

in pulmonary inflammation and airway hypersensitivity. H2S has been found to also 

modulate cell growth and survival, with high concentrations leading to reactive airway 

disease, acute respiratory failure and pulmonary fibrosis. N-Acetylcysteine (NAC) is a 

thiol precursor of L-Cysteine which elicits antioxidant effects and has been implicated 

in preventing the progression of pulmonary fibrosis. The aim of the study was to 

examine the effects of H2S on TRPA1 and human primary bronchial fibroblasts 

(HPBF). 

 

Initial experiments sought to examine the effects of NaHS on HEK293 cells transfected 

with TRPA1 (HEK-TRPA1) using fluorometric calcium assays. These assays were 

hampered by a direct reaction between the H2S donor NaHS and the fluorescent dye. 

However this has led to the identification of a putative new H2S sensor. 

 

Next, untransfected HPBF and HEK-TRPA1 were treated with NaHS or with NAC, and 

the effects assessed using a five-day growth assay. Chronic NaHS exposure induced a 

significant reduction in the growth of HEK-TRPA1 cells. Furthermore an acute 30 

minute treatment with NaHS significantly reduced the growth of both HEK-TRPA1 

cells and HPBFs, whereas NAC only inhibited growth of the latter.  

 

The NAC mediated inhibition in HPBF growth provides in vitro evidence for the 

potential anti-fibrotic actions of NAC in the lung. The inhibitory effects on growth at 

day five following a brief 30 minute NaHS exposure is a novel finding that requires 

further investigation to elucidate the mechanism of action. This could potentially 

provide a better understanding of the effects of H2S in modulating the progression from 

inflammation to fibrosis. 
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1.1 Gasotransmitters 
 

The human body utilises many different molecules for intercellular and intracellular 

communication. These range from neurotransmitters and hormones to gaseous 

transmitters (gasotransmitters). The first gasotransmitter to be identified was nitric 

oxide (NO) (Furchgott and Vanhoutte, 1989; Olson, 2013).  The discovery of this 

molecule as the much evasive endothelium derived relaxing factor (EDRF) initiated a 

new frontier of knowledge by introducing gaseous molecules as viable biological 

ligands. The gaseous nature of these messengers allows them to work in a much more 

diverse as well as rapid manner, for example they are not reliant on release from 

vesicles that are targeted towards the plasma membrane, instead they can diffuse out of 

the cell as a radical as soon as they are synthesised (Myers et al., 1990). However, they 

can also be released in a more conventional manner through binding to carrier 

molecules (Myers et al., 1990).  The gaseous nature also affords a greater diversity in 

the sites of action on the effector cell; these range from proteins on the plasma 

membrane to an array of intracellular targets which can be reached by the 

gasotransmitters rapidly diffusing through the cell membrane due to their low molecular 

weight and high lipid solubility. Such flexibility allows gasotransmitters such as NO to 

mediate a host of physiological processes from the regulation of organ function such as 

the vascular tone or respiration, to its involvement in the inflammatory cascade 

including a putative direct effect in the destruction of microorganisms by the immune 

system. Furthermore, NO has also been found to modulate intracellular cascades that 

result in host cell survival or death (Moncada and Higgs, 2006; Fago et al., 2012).  

 

 

The characterisation of NO as EDRF in the late 1980s initiated the search for other 

endogenously produced gasotransmitters which have so far yielded two novel systems; 

carbon monoxide and hydrogen sulfide (Mancardi et al., 2009; Olson, 2011; Olson, 

2013). The former was the first of the two to be discovered, and as with NO has been 

shown to modulate a host of cellular functions such as metabolism, the redox state and 

cell death, with these activities primarily mediated by the mitochondria (Almeida et al., 

2015).  
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1.2 Hydrogen Sulfide 
 

Hydrogen sulfide (H2S) is the third recognised endogenous gasotransmitters (Abe and 

Kimura, 1996; Wang, 2012). It is a colourless flammable gas that was first discovered 

in 1777 by Carl Wilhelm Scheele. It has the characteristic odour of ‘rotten eggs’ and is 

soluble in water, however it has a five-fold greater solubility in lipophilic solvents 

which facilitates its rapid ability to penetrate the plasma membrane (Mancardi et al., 

2009; Wagner et al., 2009). It is found naturally in the environment as a result of 

anaerobic metabolism of organic substrates and is particularly concentrated in swamps 

and sewers (Stein and Bailey, 2013). Conversely H2S is also produced naturally through 

inorganic reactions that occur in volcanic gases and well waters (Bates et al., 2002). It 

has also been found to be present in mammalian cells. 

 

 

 

1.2.1 Discovery of H2S as a Gasotransmitter 

 

The discovery that endogenous H2S could be produced in mammals (Stipanuk and 

Beck, 1982), together with the presence of the relatively high concentrations of H2S in 

the brain (Goodwin et al., 1989), led to the original experiments which revealed that 

H2S exists as an endogenous neuromodulator (Abe and Kimura, 1996). In their studies, 

Abe and Kimura provided evidence for a selective enhancement of N-methyl-D-

aspartate (NMDA) receptor-mediated responses by H2S; this was consequently shown 

to facilitate the induction of hippocampal long-term potentiation (LTP) (Abe and 

Kimura, 1996).  Hippocampal LTP is known to be an important mechanism in the 

formation of memories. These findings sparked a growing field of research into this 

small gaseous molecule, with the ensuing publications confirming the importance of 

H2S as a key biologically relevant signalling molecule (Hosoki et al., 1997; K R Olson, 

2011; Kenneth R Olson, 2011; Wang, 2012).  
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1.2.2 H2S Chemistry 

 

A brief discussion of the chemistry behind this gaseous compound will allow a greater 

understanding of its role in biological systems. H2S has a molecular weight of 34 grams 

per mole, and a boiling point of -60.2 °C, which renders it a gas at room temperature 

and pressure. At very low concentrations it has the characteristic smell of ‘rotten eggs’, 

this changes to a ‘sickeningly sweet’ smell at 30 parts per million (ppm),  however the 

ability to smell it is then dulled at 50 ppm and completely lost at 100 ppm (Kenneth R 

Olson, 2011). The sulphur atom in H2S contains two lone pair of electrons which render 

H2S a polar molecule; this thus allows it to be dissolved in aqueous solutions with a 

solubility of around 80 - 110 mM at 37 °C. During dissolution it is thought to form 

equilibrium between three species dissolved hydrogen sulfide, hydrogen sulfide anions 

(HS-) and sulfide anions (S2-) (for simplicity water has not directly been shown in the 

equation): 

 

퐻2푆  ↔퐻푆- + 퐻 ↔ 푆2- + 퐻   

 

The pKa for the first and second steps in the equation above are pKa1 = 6.9 and pKa2 = 

11. Hence at the pH of 7.4, HS- predominates in a ratio of approximately 3:1 relative to 

H2S, with minimal amounts of S2- also present (Olson, 2012; Kashfi and Olson, 2013;  

Zhao et al., 2014). It is not fully understood which of the three species (if not all) is the 

active form in biological systems, hence all three are inferred to when making reference 

to H2S in biological experiments (Kashfi and Olson, 2013).  

 

 

 

1.2.3 H2S Metabolism  

 

It has been known for over three-decades that the human body contained enzymes that 

were capable of producing H2S (Figure 1). However, the synthesis of H2S was thought 

to simply represent a by-product of two constitutively expressed enzymes involved in 

the metabolism of cysteine; cystathionine gamma-lyase (CSE) and cystathionine beta-

synthase (CBS) (Fago et al., 2012). The true significance of the synthesis of H2S only 

became apparent after its endogenous role in biological systems was reported by Abe 

and Kimura (Abe and Kimura, 1996). Both CBS and CSE are present in various tissues 
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in the body including the vascular endothelium, pulmonary smooth muscle cells (SMC) 

and fibroblasts, but they are also found in the plasma where they have a role in 

generating H2S from cysteine and/or homocysteine (Chen and Wang, 2012; Kimura, 

2014). However, in contrast to CSE, CBS possesses a haem domain which allows CBS 

to have additional functionality as a redox sensor as well as providing a mechanism for 

cross-talk between the three gasotransmitter systems as NO and CO are able to  bind to 

the haem domain and inhibit CBS activity (Puranik et al., 2006). There is evidence now 

emerging for the presence of novel endogenous pathways involved in the synthesis of 

H2S (Kimura, 2014; Wallace and Wang, 2015). One such mechanism is through the 

actions of the enzymes cysteine aminotransferase (CAT) and 3-mercaptopyruvate 

sulfurtransferase (3-MST), which in a multi-step reaction lead to the production of H2S 

from cysteine. 

 

 

The therapeutic properties of sulphurous compounds have been known about for 

centuries, this is evidenced by the reported health benefits attributed to the consumption 

of garlic, or bathing in sulphur springs (Prandelli et al., 2013). On the other hand, it has 

also been known that exposure to high concentrations of H2S can be fatal (Kamijo et al., 

2013). H2S is the second leading cause of gas-related fatalities in the workplace, but it 

has also been used in acts of suicide (Olson, 2011; Kamijo et al., 2013). The principal 

mechanism underlying this toxic effect is thought to involve the inhibition of 

cytochrome-c oxidase in the mitochondrial electron transport chain; although this still 

remains controversial (Dorman et al., 2002; Olson, 2011). Due to the toxic nature of 

high concentrations of H2S, the body has developed tight regulatory systems to maintain 

levels of H2S within a physiological range. In mammals sub-lethal concentrations of 

H2S are rapidly oxidised to sulphate by mitochondrial enzymes and excreted in the urine 

(Predmore et al., 2012). Three enzymes are involved in this mitochondrial process; a 

membrane-bound sulfide:quinone oxidoreductase, a sulphur dioxygenase in the 

mitochondrial matrix and a  sulfurtransferase (Figure 1) (Predmore et al., 2012). This 

oxidation occurs in the majority (if not all) of tissues which include the liver, lungs, 

kidney, and brain, but is particularly prominent in the colonic mucosa where large 

quantities of H2S are generated by colonic bacteria (Kabil and Banerjee, 2010).  
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1.2.4 The Role Hydrogen Sulfide in Physiology and Disease 

 

The recent explosion in the published literature on H2S has provided a plethora of 

evidence which indicates that this gasotransmitter affects virtually every organ system 

(Olson, 2013). Thus, it is not surprising that an increasing number of physiological and 

pathological processes are thought to be related to alterations in the synthesis of H2S 

(full reviews and detailed references in Olson, 2011; Wang, 2012). The effects of H2S in 

normal physiology as well as pathophysiology are too complex to delineate it simply in 

a binary manner as a ‘good’ or ‘bad’ molecule, thus its effects will be examined by 

looking at two of the major organ systems that relate to this thesis, with a specific focus 

on the respiratory system.  

 

 

 

1.2.4.1 Pulmonary System 

 

The gross effects of H2S on the human pulmonary system are evident from the toxic 

effects observed when increasingly high concentrations of H2S are inhaled. An exposure 

to 300 ppm of H2S causes respiratory complications such as pulmonary oedema, 

however becomes acutely lethal at 1000 ppm (Zhao et al., 2014). Indeed, what is 

becoming increasingly recognised are the vast number of more subtle effects this 

gasotransmitter has on the respiratory system. Moreover, one of the most profound 

physiological roles that H2S has been postulated to play is as a key molecule involved in 

sensing oxygen ( Olson, 2011; Kashfi and Olson, 2013).  

 

 

 

1.2.4.1.1 Oxygen Sensing 

 

The dependence of eukaryotes on oxygen to sustain life renders it highly likely that 

complex organisms such as mammals must have a mechanism to detect the presence of 

oxygen in order to institute states of adaptation during hypoxia. The molecular 

mechanism underlying the detection of hypoxia is not fully understood, but there are 

several lines of evidence pointing towards H2S representing the foundation of the 

eukaryote oxygen sensing/transduction mechanism (Olson et al., 2010; Kimura, 2013; 
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Olson, 2013). The Olson group have shown treatment with hypoxia or H2S produce 

temporally and quantitatively identical responses in the vasculature of  several different 

vertebrate species (Olson, 2011). They have also shown that the inhibition of H2S 

synthesis in these vessels prevents the hypoxic response. In contrast, the addition of 

cysteine augmented the effects of H2S (Olson et al., 2006). Others groups have also 

provided data showing the important role of H2S in mediating oxygen sensing in the 

mammalian carotid body (Peng et al., 2010). Alterations in the levels of H2S do not 

only affect the pulmonary vasculature but also the airways. Pre-contracted murine and 

porcine bronchi have been shown to relax in the presence of H2S through a mechanism 

that is independent of cyclooxygenases, soluble guanylyl cyclase and adenosine 

triphosphate  (ATP) dependent potassium (KATP) channels (Kubo et al., 2007; Chen et 

al., 2009). However there is conflicting evidence that questions the theory that H2S is an 

O2 sensor, for example a reduction in the partial pressure of oxygen in the pulmonary 

circulation does not necessarily lead to an increase in H2S levels (Wallace and Wang, 

2015). Although the importance of H2S as an oxygen sensor remains inconclusive, the 

increasing literature on the effects of H2S in the lungs does highlight the importance of 

this gasotransmitter in pulmonary physiology.  

  

 

 

1.2.4.1.2 Pulmonary Diseases 

 

Variations in levels of H2S have also been implicated in acute and chronic pulmonary 

pathologies such as acute lung injury, asthma, chronic obstructive pulmonary disease 

(COPD), and pulmonary fibrosis (Chen and Wang, 2012).  In acute lung injury 

exogenous H2S was found to improve the arterial oxygenation and attenuate the 

inflammatory response (Li et al., 2008; Chen et al., 2009). The latter was observed 

through a reduction in the polymorphonuclear leukocytes, interleukins 6 and 8 as well 

as reduced activation of inducible nitric oxide synthetase (Li et al., 2008; Chen et al., 

2009). 
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1.2.4.1.3 COPD 

 

COPD is a chronic inflammatory condition which consists of progressive airway 

obstruction, mucus hypersecretion, and lung destruction (Decramer et al., 2012). It is 

the fourth leading cause of death worldwide, with smoking as the predominant risk 

factor (Dekhuijzen and van Beurden, 2006; Decramer et al., 2012). The pathogenesis of 

this pulmonary inflammatory condition is not completely understood, however there is 

an increasing body of evidence to suggest H2S may play a role in this disease (Chen and 

Wang, 2012).  For example, it has been found that smokers with COPD have a 

significantly lower level of serum H2S compared to control patients who do not have 

COPD or smoke (Chen et al., 2005). Furthermore patients with an acute exacerbation of 

COPD have also been shown to have significantly lower levels of serum H2S relative to 

patients with stable COPD (Chen et al., 2005). Newer data have led to the proposal that 

the sputum-to-serum ratio of H2S can serve as a useful marker of disease severity as 

well as subtype in COPD, and could help guide treatment (Saito et al., 2014). 

Furthermore, rodent models of chronic cigarette-smoke exposure have shown that 

increased endogenous H2S levels were associated with an anti-inflammatory and 

bronchodilatory effect (Chen et al., 2011). Consistent with this, the administration 

exogenous H2S donors induced a reduction in several markers of airway inflammation 

such as airway reactivity, the thickness of bronchial walls, the amount of pulmonary 

inflammatory cells and pro-inflammatory cytokines (Chen et al., 2011; Han et al., 

2011). Consequently there was a reduction in certain cardiovascular sequelae of this 

condition such as pulmonary hypertension (Chen et al., 2011; Han et al., 2011). In 

humans, the progression of COPD results in the development of chronic hypoxia and 

pulmonary hypertension; both of which have also been associated with a reduction in 

the plasma and lung tissue production of H2S (Qingyou et al., 2004). Furthermore, 

pulmonary hypertension has been shown to be potentiated by inhibitors of H2S 

synthesis and reduced with exogenous H2S (Chunyu et al., 2003; Qingyou et al., 2004; 

Olson, 2011). 
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1.2.4.1.4 Asthma 

 

Asthma is another chronic inflammatory condition of the airways. It affects over 330 

million people worldwide, making it one of the most common diseases in the world 

(Martinez and Vercelli, 2013; Beasley et al., 2015). It has a complex multicellular 

pathology characterised by the infiltration of inflammatory cells such as eosinophils, 

basophils, mast cells and CD4+ T-helper cells into the airway submucosa. This then 

leads to mucus hypersecretion, airway wall remodelling, airway hyper-responsiveness, 

and in severe disease, airway fibrosis (Martinez and Vercelli, 2013; Chung, 2015). 

Patients with stable asthma have been shown to have lower levels of serum H2S 

compared to non-asthmatics, with the levels declining further during an acute 

exacerbation of the asthma (Wu et al., 2008). In a rodent model of asthma, treatment 

with donors of H2S attenuated the pathological remodelling observed in this disease; 

this included goblet cell hyperplasia (mucus secreting cells), collagen deposition, and 

infiltration by eosinophils and neutrophils (Chen et al., 2009).  It also improved the 

peak expiratory flow rate (Chen et al., 2009). Furthermore rodent models of asthma 

have also shown that there is a decrease in amount of plasma H2S, as well as CSE and 

CBS messenger RNA in the lung tissues (Li et al., 2010). The latter increased with 

corticosteroid therapy (Li et al., 2010); this is the mainstay of long-term asthma 

management through its prevention of disease progression.  

 

 

 

1.2.4.1.5 Pulmonary Fibrosis 

 
Pulmonary fibrosis is a respiratory condition characterised by the accumulation of 

excess fibrous tissue in the lung in response to known or unknown triggers, with the 

latter referred to as idiopathic pulmonary fibrosis (IPF) (Datta et al., 2011).  This causes 

a distorted alveolar architecture that is associated with a progressive decline in gaseous 

exchange, as well as pulmonary function, and ultimately culminates with death. The 

histological hallmark consists of fibrotic foci with excessive collagen deposition and 

matrix remodelling (Hoo and Whyte, 2012). The pathogenesis of this process is not 

fully understood, but is thought to involve epithelial micro-injuries which then lead to 

the development of the fibroblastic foci with the process mediated by cytokines such as 

platelet-derived growth, epidermal growth factor, insulin-like growth factor-1, fibroblast 
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growth factor-2, and Transforming growth factor-β1 (Fang et al., 2010; Datta et al., 

2011; Hoo and Whyte, 2012).  

 

 

There is increasing evidence for the role of H2S in models of pulmonary inflammation 

and fibrosis (Yanfei et al., 2006). Fang et al. (2009) have published data on the anti-

fibrotic effect of H2S (50 – 500 µM) on the FCS induced migration and proliferation of 

the foetal lung fibroblast-like cell line MRC-5. Others have shown a pro-apoptotic 

effect of NaHS/H2S on the non-primary human fibroblasts (Baskar et al., 2007). The 

Fang group have also reported that H2S was shown to prevent the epithelial to 

mesenchymal transition (EMT) in the human epithelial carcinoma cell line A549 (Fang 

et al., 2010). EMT is being increasingly realised as another mechanism through which 

cells from a non-mesenchymal lineage can transition to produce myofibroblasts. In 

contrast, myofibroblasts have classically been thought to derive from transformed 

fibroblasts, and are believed to play a major role in the fibrotic process in disorders such 

as IPF (Hoo and Whyte, 2012). As airway smooth muscle myocytes have been shown to 

express both CSE and CBS (Perry et al., 2013), it is postulated that they may be capable 

of modulating local H2S levels, this would thus prevent the transition of cells to 

myofibroblasts and inhibit the fibrotic process. 
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1.2.4.2 Cardiovascular System 

 

This system is closely associated with the respiratory system, and underlies some of the 

therapeutic effects of H2S in the sequelae of pulmonary pathologies such as the 

pulmonary hypertension that can be observed in the latter stages of COPD. However the 

effects of H2S on the heart and vessels also have implications in several other disease 

processes, for example H2S has been found to be beneficial in ischaemic reperfusion 

injury (IRI) (Elrod et al., 2007). IRI is a process that can occur during the reperfusion of 

the cardiac myocardium after a period of ischemia. During this process the reperfusion  

with blood induces a release of reactive oxygen species (ROS) that subsequently 

promote cell death; this propagates the tissue injury caused by the initial ischaemia 

(Elrod et al., 2007). The cardioprotective role of H2S in IRI is thought to involve the 

activation of KATP channels and the upregulation of genes encoding antioxidant proteins 

(Salloum, 2015). Another beneficial effect of H2S in this circumstance is through the 

reduction in myocardial work due to its negative inotropic and chronotropic effects 

(Predmore et al., 2012). H2S has also been shown to have pro-angiogenic effects that 

are mediated through an elevation in the levels of vascular endothelial growth factor 

(VEGF), and this was found to mitigate the progression from compensatory cardiac 

hypertrophy to heart failure (Givvimani et al., 2011). The favourable effects of H2S in 

the cardiovascular diseases such as atherosclerosis are also thought to occur through the 

consumption of homocysteine during the production of H2S. Homocysteine is an amino 

acid associated with endothelial injury, with raised levels observed in atherosclerosis 

(McCully, 1996). An additional mechanism involved in the H2S mediated  reduction in 

homocysteine could be through the ability of H2S to provide direct vascular endothelial 

protection from oxidative stress (Mancardi et al., 2009).  

 

 

H2S has been repeatedly shown to consistently produce vasodilatory effects on both 

systemic and pulmonary vasculature (Hosoki et al., 1997; Olson, 2011). The 

predominant mechanism that underpins these vasodilatory effects involve extracellular 

calcium (Ca2+) as well as KATP channels, however is independent of the normal 

vasodilators such as nitric oxide, prostacyclin, superoxide or hydrogen peroxide (Olson, 

2011). In addition, H2S has been found to inhibit the activity of renin, an enzyme which 

is involved in the production of the potent vasoconstrictor angiotensin II (Lu et al., 

2010). The reduction in the production of angiotensin II together with the direct 
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vasodilatory effects of H2S may in part underlie the profound hypotension observed in 

patients with septic shock.  An indirect effect of H2S on the vascular system  has also 

been reported in type I diabetes; here an inappropriate H2S mediated regulation of 

insulin secretion has been associated with the development of micro- and macrovascular 

complications (Brancaleone et al., 2008).  

 

 

The beneficial effects of H2S on the cardiovascular system have led to clinical trials 

aimed at reducing myocardial injury using the first generation of H2S donating drugs 

(ClinicalTrials.gov identifiers: NCT01007461 and NCT00858936). Unfortunately the 

trials were terminated early without any published explanation or results. It may be 

postulated that reasons behind an early trial termination was that the first generation of 

H2S donors were ineffective and/or toxic as a result of a poorer understanding of their 

properties in vivo; this will be discussed later. Such events do identify a greater need to 

further explore both the H2S system as well as the current H2S donating compounds in 

order to develop improved H2S based treatments in the future. 

 

 

 

1.2.4.3 Metabolic 

 

The first major publication on the effects of H2S on a whole organism was presented in 

Blackstone et al. in 2005. This team provided evidence for the role of H2S in reducing 

the murine metabolic rate which in effect allowed the mice to enter a state of 

hibernation. During this state there was a significant reduction in the core body 

temperature and oxygen consumption (Blackstone et al., 2005). Upon removal of the 

exogenous H2S the mice returned to their pre-treatment physiological state, and 

displayed no alterations in their behaviour. This has opened up the possibility of using 

H2S based therapies in states of potentially fatal hypoxaemia for example acute 

respiratory distress syndrome or septic shock. Drugs based on these principles are still 

undergoing development, however there has been some work investigating the effects of 

administrating low concentrations (<5 ppm) of H2S gas in healthy human volunteers. 

These studies found that the inhalation of H2S gas caused an increase oxygen uptake, 

reduction in carbon dioxide excretion and an increase lactate production, which when 

taken together suggests that H2S was uncoupling oxidative respiration.(Bhambhani and 
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Singh, 1991; Bhambhani et al., 1996). It would be anticipated that such an uncoupling 

would alter the bioenergetics of cells and thus affect their physiological properties 

including their ability to grow (O’Brien and Vetter, 1990).   

 

 

1.2.4.4 H2S concentrations in vivo 

 

One of the major challenges with understanding the physiology of H2S has been to 

precisely measure the concentrations of H2S present in vivo as well as in experimental 

models. Several different methods have been developed to achieve this including assays 

utilising methylene blue or monobromobimane, ion selective electrodes or gas 

chromatography (Wang, 2012). All of these can be difficult to perform with precision 

and accuracy, and dynamic measurements are hampered by destruction of samples 

during the assays (Nagy et al., 2014; Zhao et al., 2014). Due to these problems, it is 

unclear what the exact levels of H2S are at various sites, however in mammalian blood 

the concentration of H2S is estimated to be within the high nanomolar to micromolar 

range, with this depending on the state of the sulphur atom i.e. gaseous or bound sulfide 

(Furne et al., 2008; Wang, 2012). One reason as to why H2S is found freely present in 

blood is due to its increased stability in biological systems compared with other 

gasotransmitters such as NO (Wallace and Wang, 2015). Furthermore, the tissue 

concentrations of H2S are believed to be even higher than those observed in the blood, 

with a site-specific variability in levels (Olson et al., 2014).  

 

 

 

1.2.5 Current H2S Based Therapies 

 

The aforementioned perturbations in the levels of H2S have been shown to play an 

important role in many organ systems during normal physiology and disease (Szabó, 

2007). This provides the foundation for the development of H2S based therapies to 

modulate and/or treat conditions affecting each of these organ systems, as well as 

systemic disorders such as sepsis (Zhong et al., 2003; Mok et al., 2004;  Bhatia et al., 

2005).  
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The H2S based treatments that are known to have been studied so far, include the 

administration of the gaseous H2S (Bhambhani and Singh, 1991; Bhambhani et al., 

1996; Fiedler et al., 2008),  simple sulphur salts such as sodium sulfide (Na2S) to 

healthy human volunteers (Toombs et al., 2010),  the simple addition of a H2S donating 

moiety to well-known drugs in order to augment the therapeutic profiles (Bhatia et al., 

2008; Frantzias et al., 2012), or finally the synthesis of completely novel H2S donating 

drugs (Li et al., 2008; Meng et al., 2015).  

 

 

The simple addition of an H2S donating moiety to a known medication has led to the 

development of drugs such as S-aspirin (ACS14), S-diclofenac (ACS15), and naproxen 

(ATB-346) which are based on aspirin and the non-steroidal anti-inflammatory drugs 

(NSAIDs) diclofenac and naproxen respectively. The purpose of the added H2S moiety 

is to ameliorate the serious gastrointestinal (GI) side effects of NSAIDs which include 

fatal GI ulceration (Frantzias et al., 2012; Wallace et al., 2015). NSAID based therapies 

have been the current focus of pharmaceutical research into H2S donating drugs, with 

ATB-346 undergoing development as a treatment for osteoarthritis. This drug has 

recently completed a Phase I clinical trial with no notable adverse events reported 

(Wallace and Wang, 2015). Another H2S donating drug is a derivative of sildenafil 

resulting in the compound ACS6 which has been postulated to be effective in the 

treatment of acute respiratory distress syndrome (Kashfi and Olson, 2013; Bos et al., 

2014). One may speculate that the aforementioned anti-inflammatory together with 

antioxidant effects of H2S underlie its therapeutic action in this case. It would be very 

exciting to see if ACS6 is shown to be beneficial in pulmonary diseases particularly 

during the more advanced stages when pulmonary hypertension begins to develop. This 

would be even more fascinating given that sildenafil has been licensed in the treatment 

of pulmonary hypertension (Channick et al., 2013).  

 

 

There are other putative H2S-based therapies on the horizon, for example the novel 

synthetic compound GYY4137 (morpholin-4-ium 4 methoxyphenyl (morpholino) 

phosphinodithioate) has shown promise in reducing bacterial lipopolysaccharide (LPS) 

induced pulmonary inflammation in rodents (Li et al., 2009), and has been found to 

have anti-proliferative properties in various malignancies both in vitro and in vivo 

(Szabó, 2007). This compound is of increasing interest due to its ability to slowly 
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release H2S (Li et al., 2008). Another new group of compounds that have received a 

patent (WO2013045951 A1) are the H2S donating drugs that specifically target the 

mitochondria, these are postulated to have a role in the treatment of disorders such as 

hypertension, haemorrhagic shock, as well as in conditions characterised by 

inflammation and oedema (Szczesny et al., 2014). 

 

 

The range of H2S based drugs undergoing clinical trials together with the far reaching 

effects this molecule has on organ systems provides an exciting opportunity for 

treatments for several condition in the future including those affecting the respiratory 

and cardiovascular systems. However the fact that H2S is known to be fatal at higher 

concentrations necessitates high quality drug development to ensure the compounds can 

release H2S in a stable and regulated manner. Moreover, there is an increasing need to 

explore further the molecular effects of H2S in biological systems. The therapeutic and 

toxic roles of H2S are eloquently summarised by Paracelsus, “Poison is in everything, 

and no thing is without poison. The dosage makes it either a poison or a remedy”. 

 

 

 

1.2.6 Putative molecular mechanisms of action of H2S 

 

As H2S is studied in greater depth, a more thorough understanding of its putative 

mechanisms of action are being gained. There are a growing number of receptors that 

are now thought to be under the direct or indirect influence of H2S, with many of these 

proteins belonging to the ion channel receptor superfamily. The KATP  channel was 

identified as one of the first direct molecular targets for the cellular effects of H2S 

(Reiffenstein et al., 1992). This receptor is thought to mediates the vasodilatory 

properties of H2S in the cardiovascular, respiratory, nervous and GI systems (Chen et 

al., 2012; Fernandes et al., 2013). Other molecular targets include voltage-gated sodium 

Nav1.5 channels (Wallace and Wang, 2015), calcium channels such as the T-type 

voltage gated calcium channel Cav3.2 (Okubo et al., 2012), and the Transient Receptor 

Potential (TRP) channels TRPV1 and TRPA1 (Streng et al., 2008; Miyamoto et al., 

2011; Andersson et al., 2012; Ogawa et al., 2012). 
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1.3 Ion Channels 
 

Ion channels are pore-forming membrane proteins that have an intrinsic membrane 

spanning channel which can be opened and closed in response to different stimuli.  

They can be activated by a ligand such as glutamate as in the NMDA receptors, or by 

changes in the transmembrane potential as observed with Cav3.2. The selectivity of the 

pore to various ions is determined by the structure of the pore forming domain and the 

associated protein linker regions, together these form the selectivity filter (Jiang et al., 

2003). This selective permeability coupled with the variation in the number and types of 

ion channels present within the membranes of the cells, allows cells to establish and 

control the electrochemical gradients across their plasma and intracellular membranes. 

Upon channel activation, such electrochemical gradients drive the passage of the ions 

through the pore which then activate intracellular signalling cascades that mediate the 

ensuing cellular response. The response can range from the secretion of hormones to 

cell proliferation or death. 

 

 
1.3.1 Transient Receptor Potential Channels  

 

The TRP channels are a large family of predominantly non-selective cation channels 

that are found in a variety of species from the common fruit-fly (Drosophila 

melanogaster) where they were first identified, to mammals (Kaneko and Szallasi, 

2014). The mammalian TRP family consists of at least 28 members that are divided into 

six sub-families based on sequence homology; TRPV (vanilloid), TRPM (melastatin), 

TRPA (ankyrin), TRPC (canonical), TRPP (polycystin) and TRPML (mucolipin). The 

TRP proteins are predominantly located on the plasma membrane as homomeric 

tetramers. Each monomer consists of six transmembrane spanning domains (Figure 2), 

with the pore-forming loop present between the fifth and sixth segments (Wu et al., 

2010). These channels are involved in a vast number of physiological processes from 

sensory receptors to hormone secretion and development (Wu et al., 2010). They can be 

activated by a variety of stimuli which include ligands such as capsaicin or allyl 

isothiocyanate which are respectively found in chillies and garlic, changes in 

temperature or osmolarity, depletion of intracellular Ca2+ stores, intracellular secondary 

messengers, as well as physical stimuli such as stretch and shear stress (Di and Malik, 

2010; Pedersen et al., 2005).  
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1.3.2 TRPA1  

 

The distinguishing feature of the TRPA family is the presence of 14–16 N-terminal 

ankyrin repeats which are postulated to allow mechano-sensation (Wu et al., 2010).  

The TRPA1 channel itself is unique to the TRPA channels as it is the only one found to 

be present in mammals, whereas the other members are also present in insects (Wu et 

al., 2010). The TRPA1 channel is found in the vagal sensory nerves of the airways, 

trigeminal nerves, and dorsal root ganglion (DRG), which is consistent with the 

postulated role of the TRPA1 receptor in inflammation and bronchoconstriction 

(Caceres et al., 2009; Banner et al., 2011). Furthermore, the reported activation of these 

receptors by the pungent ingredients in wasabi (isothiocyanates), garlic (allicin), 

cinnamon (cinnamaldehyde), cloves (eugenol), and ginger (gingerol) may explain how 

these compounds are detected by the human respiratory sensory pathways and thus 

elicit a physiological response to these ingredients (Jordt et al., 2004; Bautista et al., 

2006; Hinman et al., 2006; Louhivuori et al., 2009; Geppetti et al., 2010). The detection 

of such compounds many of which contain sulphur may also play an important role in 

detecting H2S and thus underlie the respiratory irritation caused by increasing 

concentrations of inhaled H2S. Accordingly, there is accumulating evidence to show 

that H2S can directly activate these receptors (Andersson et al., 2012; Ogawa et al., 

2012). Consequently it has been postulated that the TRPA1 receptor may serve as an 

integrator in certain neuro-inflammatory processes found in diseases such as COPD and 

asthma (Caceres et al., 2009; Jha et al., 2015; Raemdonck et al., 2012). 

 

 

The aforementioned chemical stimuli of TRPA1 have been shown to interact with the 

protein at various different sites (Deering-Rice et al., 2015; Laursen et al., 2015). A 

significant number of ligands are believed to activate the receptor through covalent 

modifications at critical cysteine residues on the N-terminus (Hinman et al., 2006; 

Macpherson et al., 2007; Sadofsky et al., 2011). These modifications result in a 

conformational change in the TRPA1 channel which opens the pore and allows a flux of 

cations in particular Ca2+ through the channel (Wang et al., 2012). Similarly H2S is also 

thought to stimulate the TRPA1 receptor through such covalent interactions with critical 

cysteine residues (Ogawa et al., 2012; Takahashi et al., 2012). However in sensory 

trigeminal neurones, a novel indirect mechanism has been proposed whereby H2S first 

reacts with NO to produce nitrosothiols that then activate TRPA1 (Wild et al., 2015). 
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1.3.4 Inflammation and TRP Channels in Bronchi 

 

As mentioned earlier, pulmonary fibroblasts have been shown to play an important role 

in the pathophysiology of airway diseases such as asthma, COPD and IPF. However the 

comprehensive mechanism underlying fibroblast activation in such disorders is not 

completely understood.  It is becoming increasingly evident that human bronchial 

fibroblasts undergo changes in their membrane receptor repertoire following stimulation 

by inflammatory mediators such as Tumour Necrosis Factor α (TNFα) and Interleukin-

1α (IL-1α) (Sadofsky et al., 2012). These changes include the up-regulation TRPV1 

which is subsequently stimulated by noxious stimuli such as capsaicin, protons, and 

high temperatures; all of these factors that are present during inflammation (Mitchell et 

al., 2005; Sadofsky et al., 2012). Both TRPV1 and TRPA1 receptors that are present on 

non-neuronal airway cells are then able to facilitate the release of further inflammatory 

mediators such as prostaglandins and interleukins (Geppetti et al., 2010; Nassini et al., 

2012a). Hence TRPA1 and TRPV1 do not only act as sensors of noxious stimuli but 

also modulate the ensuing inflammatory response ( Sadofsky et al., 2012; Baxter et al., 

2014; Kichko et al., 2015). As further evidence is emerging, it is becoming evident that 

TRPA1 may in fact dominate over TRPV1 in mediating the airway hyper-

responsiveness, this is achieved through the induction of both neurogenic and non-

neurogenic inflammation in the airways in response to airway irritants (Nassini et al., 

2012b). The findings of the importance of airway inflammation in the pathogenesis of 

asthma and COPD, together with the effects of H2S in these disorders as well as on  

TRP channels, have led to the hypothesis that TRP channels may mediate some of the 

effects of H2S in acute and chronic inflammatory lung conditions including acute lung 

injury, asthma and COPD (Geppetti et al., 2006; Ang et al., 2011; Takahashi et al., 

2012).  
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1.4 Cell Growth and Mechanisms Altering Growth  

 

The inflammatory process is a complex active process involving cell recruitment, 

activation, differentiation and death. Cellular survival is determined by a delicate 

equilibrium between differentiation, proliferation, and death with a perturbation in any 

of these processes leading to cellular dysfunction and disease. A more detailed 

discussion of the normal cell cycle is provided in chapter four.  

 

 

 

1.4.1 Hydrogen Sulfide and Cell Survival 

 

There is increasing evidence for the diverse activity of H2S in cellular function and 

survival (Yang et al., 2004; Guang-dong and Wang, 2007; Baskar et al., 2008; Tyagi et 

al., 2009; Yang, 2011). Depending on the circumstances, it can act as a mitogen and 

inhibitor of cell proliferation or as a promoter of apoptosis (Guang-Dong and Wang, 

2007). The effects of H2S on cell survival appear to be cell-selective with certain 

malignant cells entering pro-apoptotic stage (Chattopadhyay et al., 2012; Frantzias et 

al., 2012), whereas in other cells a pro-proliferative state is activated (Szabo et al., 

2013). These complex effects of H2S do not appear to only be cell specific but the 

effects also vary depending on the concentration of H2S present; low micromolar 

concentrations (10-20 µM) have been shown to promote angiogenesis whereas at higher 

concentrations (≥200 µM) such effects are lost (Yang, 2011). Pro-angiogenic effects of 

H2S are also witnessed in rodent models of inflammation, where knocking out  CSE and 

thus reducing H2S delayed wound healing through a mechanism postulated to involve 

the KATP channel/MAPK pathway (Papapetropoulos et al., 2009; Szabó and 

Papapetropoulos, 2011).  

 

 

The concentration dependent dual effects of H2S on angiogenesis are also mirrored in 

models of oxidative stress, where pre-treatment with 50-100 µM NaHS provided 

cytoprotection, but concentrations above 250 µM caused cytotoxicity (Tyagi et al., 

2009). Such cytoprotective effects have been observed in cell and tissue types ranging 

from cardiac myocytes and airway smooth muscle cells to neuroblastoma cell lines 

(Yang, 2011). The effects get even more complex as the Szabo group have recently 
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reported a pro-proliferative effect of tumour-derived H2S which was only evident with 

H2S synthesised from CBS rather than CSE (Szabo et al., 2013). Thus, the differences 

in the effects of H2S on cell survival appear to depend on the concentration applied, the 

tissue type as well as the environment within which H2S is added.  

 

 

 

1.5 Clinical Relevance of Study 

 

Patients with chronic respiratory conditions such as asthma and COPD routinely 

undergo surgery; this can either be performed under general, regional or local 

anaesthesia.  A concern when anaesthetising patients with such airway pathologies 

particularly those with the more severe forms, is the respiratory reserve these patients 

possess to cope with the effects of a general anaesthetic (GA). This concern is amplified 

when the surgery is prolonged or if the surgery involves significant lung resection for a 

pulmonary malignancy. Indeed the latter has a higher incidence in patients with COPD 

due to smoking which is a common risk factor to both (Brunelli et al., 2008; Decramer 

et al., 2012; Durham and Adcock, 2015). Moreover there is a concern that patients with 

minimal respiratory reserve may require a period of post-operative ventilatory support 

on the intensive care unit (ICU) (Linden et al., 2005; Brunelli et al., 2008). Post-

operative ventilation brings further risks to the patient including the complication of 

ventilator associated pneumonia (VAP). These factors increase the morbidity and 

mortality, prolong the stay of patients in ICU/hospital and significantly increases the 

cost of the healthcare episode (Nair and Niederman, 2015). Furthermore, those suffering 

from COPD have an increased risk of developing a VAP during their stay in ICU 

(Rouzé et al., 2014). It is important to highlight that a much more common source of 

referral of patients with COPD or other chronic respiratory conditions to ICU is during 

episodes of sepsis. At such times, the ICU clinician is frequently faced with the 

conundrum of whether it would be in the best interest of the patient to undergo invasive 

ventilation due to the associated poorer outcomes (Squadrone et al., 2004; Rouzé et al., 

2014). Through studying the role of H2S at the molecular and cellular level it is hoped 

that further treatments can be developed that can either retard the disease progression in 

chronic lung inflammatory conditions, or increase the range of therapies available in 

ICU for the treatment of significant hypoxia in pathological states such as acute 

respiratory distress syndrome.   
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During a GA the airway hyper-responsiveness present in patients with asthma and 

COPD is also a concern due to the difficulties experienced in ventilating such patients 

through episodes of severe bronchospasm. There are several acute bronchodilatory 

agents utilised in current clinical practice, these include beta-adrenergic receptor 

agonists and muscarinic acetylcholine receptors antagonists, whereas steroids are used 

to prevent the chronic inflammatory response (Decramer et al., 2012; Martinez and 

Vercelli, 2013). H2S is a newer agent that has been reported to have bronchodilatory 

properties in several different species (Fitzgerald et al., 2014; Huang et al., 2014; 

Rashid et al., 2013). Preliminary unpublished experiments performed on human bronchi 

by the host research group have shown that H2S also appears to have bronchodilatory 

effects. 

 

 

Given the evidence that has been discussed, my hypothesis is that the H2S mediates part 

of its effects on the respiratory system through the activation of the TRPA1 channel. 

One of these effects is the regulation of pulmonary fibroblasts during episodes of 

pulmonary inflammation. The aim of this project is to investigate the mechanisms of 

action of H2S. The medium to long term value of such work would be in the 

development of novel treatments that could be translated to the clinic,and thus benefit 

patients with the aforementioned pulmonary conditions. 

 

 

 

1.6 Aims  

 

To investigate the effects of hydrogen sulfide on TRP channels as well as on human 

primary bronchial fibroblasts. 
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2.1. Materials and Reagents 
 

Dulbeco’s modified Eagle’s medium (DMEM), foetal calf serum (FCS), trypsin EDTA 

and amphotericin B were purchased from Gibco (Paisley, UK). The antimicrobials 

penicillin G sodium and streptomycin sulphate, glutamine and fluo-3 acetoxymethyl 

ester (fluo-3 AM) were from Life Technologies (Paisley, UK). Fluo-3 pentammonium 

salt and geneticin were obtained from Santa Cruz biotechnology (Heidelberg, 

Germany). Sodium hydrosulfide (NaHS) was purchased from Acros Organics (Geel, 

Belgium). Allyl isothiocyanate (AITC), dimethyl sulphoxide (DMSO), 

tris(hydroxymethyl)aminomethane base (tris base), acetic acid, hydogren peroxide, and 

calcium chloride were bought from Fisher Scientific (Loughborough, UK). Basement 

membrane matrix (Matrigel) was procured from BD biosciences (Oxford, UK). All 

other reagents were from Sigma-Aldrich (Poole, UK). 

 

 

2.1.1. Ligand Composition 

 

Calcium Ionophore: The calcium ionophore A23187 dissolved in DMSO was used at a 

final concentration of 2 µM as an experimental standard. 

 

NaHS: A 1M solution of the H2S donor NaHS was produced by dissolving NaHS 

(Sigma-Aldrich, UK) in deionised water. Serial dilutions were then performed with the 

deionised water to give the stock solutions with concentrations of 100 µM- 1 M NaHS. 

The concentrations utilised ranged from 100 nM to 1 mM of NaHS. 

 

Capsaicin: The TRPV1 agonist capsaicin was used to confirm the presence of this 

receptor in the cell culture. Stock solutions of 1 and 25 mM capsaicin in DMSO were 

used to produce a final concentration of 1-25 µM. 

 

Cinnamaldehyde:  Stock solution of this TRPA1 agonist was produced using DMSO 

and applied at a final concentration of 40-400 µM. 
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Allyl Isothiocyanate (AITC): The stock solution of AITC a potent TRPA1 receptor 

agonist was produced using DMSO. 

 

Hydrogen Peroxide (H2O2): Fresh stock solutions of H2O2 were diluted in water and 

produced on the day of experiment. 

 

 

 

2.2. Fluorometric Calcium Assays: Direct NaHS Application 

 

 

2.2.1. Transfected Human Embryonic Kidney 293 Cells 

 

Human Embryonic Kidney-293 (HEK293) cells that had been previously transfected 

with human (h) TRP channels (A1 and V1) or with an empty plasmid vector (EV) were 

used (Morgan et al., 2014). The host group had formerly characterised these transfected 

cells and channels to determine the presence of the operational TRP channel or EV ( 

Sadofsky et al., 2011; Morgan et al., 2014). Cultures of these cells had been previously 

frozen in a freezing mix (containing Foetal Calf Serum; FCS) and stored either at -80 °C 

(short term storage) or -200 °C (longer term storage). When required, frozen cells were 

rapidly thawed in warm water, washed in phosphate buffered saline (PBS without 

calcium and magnesium; Gibco, Invitrogen, UK), and placed into Dulbecco's α-MEM 

(α-modified essential medium) (DMEM; Gibco, UK) with v/v 10% FCS, 1 % penicillin, 

1% streptomycin, 1 % L-glutamine, and 100 µg.ml-1 geneticin (medium-H). Cells were 

incubated in T75 cell culture flasks (Sigma, UK) at 37°C, in a 5% CO2:95% air-mix 

until over 70% confluent.  

 

 

 

2.2.2 Cell Harvesting 

 

On the day of experiment, healthy cultures were washed with PBS, and detached using 

HEPES-buffered saline EDTA (HBSE 10mM HEPES, 150 mM NaCL, 1.7mM EDTA). 

Cells were washed further with PBS, and quantified using a haemocytometer, following 

which centrifuged at 500 x relative centrifugal force (RCF) for 5 min. The pellet was re-
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suspended in an isotonic buffer containing 10 mg/ml bovine serum albumin to a final 

concentration of 5 x 106 cells per ml. The isotonic buffer consisted of 145 mM NaCl, 5 

mM KCl, 1mM MgCl2,1 mM CaCl2, 10 mM HEPES, 10 mM glucose; adapted from 

(Merritt et al., 1990). Cells were then incubated in the dark for 30 min with 5-10 µM of 

fluo-3AM (F3AM) at room temperature on an orbital mixer. Following this, cells were 

centrifuged at 500 RCF for 5 min, washed with PBS and re-suspended in the isotonic 

buffer to a final concentration of 5 x 106 cells per ml.  

 

 

 

2.2.3 Fluorescence Assay 

 

Fluorescence measurements were performed on a fluorescence spectrofluorometer 

(Photon Technology International, US), with an excitation wavelength of 506 nm and 

emissions recorded at 526 nm, using F3AM or fluo3. These probes were chosen due to 

the vast experience the host laboratory had of using F3AM for calcium imaging. The 

AM ester allows the delivery of the probe across the cell membrane and into the 

cytosol. 100 µl of the aforementioned cell suspension was added to 1900 µl isotonic 

solution in cuvettes containing a magnetic stirrer. In this experimental model, changes 

in fluorescence normally relate to variations in the intracellular calcium concentration.  

During the assays, the cells were allowed to equilibrate to a steady baseline 

(approximately 50-100s), followed by the addition of the ligand and the fluorescence 

count recorded.  Individual cell lines expressing the particular TRP channels were then 

exposed to the respective receptor-specific agonist to confirm expression of the 

functional receptor (e.g cinnamaldehyde for TRPA1, capsaicin for TRPV1), to calcium 

ionophore, and also to increasing concentrations of the H2S donor, NaHS (Olson, 2012).  

 

 

 

2.2.4 Data Analysis 

 

The baseline fluorescence response was classed as the stable fluorescence count (A) 

immediately prior to addition of the test ligand. The peak fluorescent count (B) was 

recorded following the addition of a test ligand. The change in the fluorescent count was 

thus B – A. The change in the fluorescent count was then standardised as a percentage 
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of the mean ionophore response. The mean ionophore result was produced by taking the 

mean of all the responses to the ionophore within that experiment; each ionophore 

response was calculated using B – A.  The intensity of the fluorescence was determined 

using Felix GX 4.2.2 software (Photon Technology International, US). Due to the 

protracted response pattern seen with NaHS particularly at the higher concentrations, 

the peak height was taken as the count at 250s post-addition of NaHS; this was a 

compromise between prolonging the experiment with the associated cellular instability 

versus a sufficient time for the response to NaHS to develop.  

 

The experiments investigating the autofluoresce of the dye, the % change in the relative 

fluorescent unit (RFU) was calculated using the formula: 

 

 
 

All results were analysed and graphically represented using either Excel 2010 

(Microsoft, US) or Prism 6 (GraphPad, US). Unless otherwise stated all results are 

mean ± the standard error of the mean (SEM). 

 

 

2.3. Fluorometric Calcium Assays: NaHS Pre-Treatment 
 

 

2.3.1 HEK293 Cells 

 

HEK293 cells transfected with hTRPA1 were transferred to T75 flasks as described 

above (2.2.1) and incubated at 37°C, in a 5% CO2:95% air-mix until over 70% 

confluent. Cells were then split into two smaller T25 flasks and kept under the 

aforementioned conditions. Once approximately 70% confluent, the flask was either 

treated with 10 µM NaHS or vehicle (sterile distilled water), and left overnight in the 

incubator. Fluorometric calcium assays were performed on the following day using the 

same protocol mentioned in 2.2.2 - 2.2.4.  The TRPA1 agonist AITC was utilised as a 

substitute to cinnamaldehyde in assessing TRPA1 activity due to the former having a 

greater potency (Bandell et al., 2004), and to particularly avoid the autofluorescence 

that is observed with higher concentrations of cinnamaldehyde (data not shown).  

% ΔRFU = ((B-A)/A) x 100% 
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2.4 Cell Growth Assays 

 

These assays are based on the Sulforhodamine B (SRB) cell growth assays described by 

Skehan et al. (Skehan et al., 1990). 

 

 

2.4.1 HEK293 Cell Culturing and NaHS Treatment 

 

HEK293 cells transfected with hTRPA1 or EV were cultured and harvested as in 2.2.1. 

The cell harvesting protocol was as in 2.2.2 apart from the cells in the pellet were re-

suspended in medium-H to a density of 40 x 103 cells per ml. The haemocytometer was 

used to confirm this cell density. One ml of this cell mixture was then added to each 

well on a twelve-well plate coated with Matrigel (BD biosciences, UK). Cells were 

incubated overnight at 37°C, in a 5% CO2:95% air-mix, the following day each well 

was treated with vehicle control (sterile ddH2O), medium-H, or the test concentration of 

NaHS dissolved in the medium.  Following treatment of all plates, the day 0 controls 

were allowed to settle for 2 hours before the medium was removed, and the cells fixed. 

The rest of the plates were left to grow to allow a time-course experiment. 

 

 

2.4.2 Pulmonary Fibroblasts Cell Culturing and NaHS Treatment 

 

Human Primary Bronchial Fibroblasts (HPBF) cultures were derived from normal 

conducting bronchial tissue explants obtained under informed consent from patients 

undergoing pulmonary surgery. Ethics approval for the collection of tissue had been 

obtained from the Oxford Central national research and ethics service under the 

reference 12/SC/0474. The culturing of HPBF was based on modifications of a 

previously published protocol (Ramachandran et al., 2006). The bronchial tissue 

explants were dissected into pieces of less than 1mm3 and were placed into individual 

wells of a 24 well culture plate with 500 µl DMEM containing v/v 20% FCS, 1% L-

Glutamine and 1% antibiotic/antimycotic (penicillin G sodium, streptomycin sulphate 

and amphotericin B) and then grown at 37 °C in humidified 95% air:5% CO2. The cells 

were harvested by trypsinisation using TrypLE (Gibco , Paisley) when confluent, split 

by a 1:3 ratio and transferred into 25cm2 flasks in 5 ml of fresh fibroblast specific 



 
 

Chapter 2: General Methods 
 

28 
 

medium (HPBF medium) which was renewed at least twice weekly. The HPBF medium 

(medium-F) consisted of DMEM containing v/v 10% FCS, 1% L-Glutamine, 1% non-

essential amino acids and 1% antibiotic/antimycotic (penicillin G sodium, streptomycin 

sulphate and amphotericin B). 

 

 

Cells were allowed to grow to confluence, with medium changes at least twice weekly. 

Confluent cells were trypsinised, and passaged with a split ratio of 1:5. Cells were only 

used between passages 2-8 for all experiments to avoid the spontaneous loss of the 

fibroblast phenotype through culturing on plastic for extended periods of time 

(Ramachandran et al., 2006). Cells were characterised through their typical spindle 

shape morphology with characteristic swirls on full confluence (Ramachandran et al., 

2006). After trypsinisation, fibroblasts that were used in each growth assay were 

managed as the HEK293 cells in 2.4.1, except the fibroblasts were re-suspended at a 

density of 20 x 103 cells per ml (this was found to be the optimal concentration for this 

cell type, data not shown) in medium-F. A 0.5 ml aliquot of this cell mixture was added 

to each well in 24-well plate coated with matrigel. 

 

 

 

2.4.3 Cell Fixation and Staining. 

On each day of the time course, the corresponding control and treatment plates were 

removed and the cells fixed with 1 ml of cold 25% trichloroacetic acid (TCA) that was 

gently added to each well and left on ice for one-hour. The mixture was then discarded, 

followed by four gentle washes with distilled water following which the plates were 

allowed to air-dry and stored for staining. Fixed cells were stained for 30 minutes using 

0.5 ml per well of 0.4% SRB dissolved in 1% acetic acid. This was followed by 4 

washes with 1% acetic acid after which plates were left to air dry. Stained cells were 

then dissolved in 0.75ml of 10mM Tris Base (pH 10) and a 150 µl aliquot of this 

solution added to a flat bottomed 96-well plate. The optical density of the samples was 

measured by assessing the absorbance at 492 nm using a mutiwell microplate reader. 

The volume of SRB, Tris and the dissolved dye solution added to the 96-well plate were 

determined through preliminary experiments aimed at optimising the signal-to-noise 

ratio (data not shown). 
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2.4.4 Data Analysis 

 

Data analysis was performed by comparing the optical density at 492 nm (OD492) and 

the percentage growth in treatment and control groups, with statistical analysis 

performed using Prism 6.0 (Graphpad, US) software.  Unless otherwise states all results 

are mean ± the standard error of the mean (SEM). The % cell growth was calculated 

using the equation: 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

% Cell Growth =  mean ODsample – mean ODday0  x 100% 

            mean ODnegative control – mean ODday0 
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2.5  Flow Cytometry 
 

2.5.1 Cell Plating, treatment and fixation 

 

HEK293 cells transfected with TRPA1 were cultured and harvested as in 2.4.1. Three 

ml of the cell suspension containing 40 x 103 cells.ml-1 was then plated onto a matri-gel 

coated 12 well plate. Cells were then treated for 30 minutes within the class II laminar 

flow hoods with either vehicle containing medium-H, 100 µM H2O2, or NaHS (1 µM - 

10 mM), following which the treatments were exchanged for 5 ml fresh medium-H and 

the plate returned to the incubator. Cells were allowed to grow without interruption, 

before being processed on the fifth day when both the cells (after dissociation with 

TrpLE, and quenching with medium-H) and media were centrifuged together at 500 

RCF for 5 minutes. The ensuing pellet was re-suspended in PBS and centrifuged again 

at 500 RCF for 5 minutes. The pellet containing the cells was then fixed in 66% ethanol 

at a density of 1 x 106 cells per ml and stored at 4 ºC.   

 

 

 

2.5.2 Flow Cytometry 

 

On the day of flow cytometric analysis, 0.5 ml of the cell solutions mentioned in 2.5.1 

were transferred to the bench-top, gently agitated to re-suspend any aggregates and 

allowed to equilibrate to room temperature. The cells were then centrifuged at 500 RCF 

for 5 minutes, the ensuing pellet was re-suspended in 100 µL of PBS, and centrifuged at 

500 RCF for 5 minutes; this PBS wash step was repeated. The new pellet was then 

gently re-suspended in 200 µL of a staining solution of PBS containing Propidium 

Iodide (PI) and RNaseA with a final concentration of 50 µg.ml-1 and 200 µg.ml-1 

respectively; these were found to be optimal for these experiments (data not shown). 

The cells were incubated in the staining solution for 30 mins at 37 ºC in the dark, after 

which they were placed on ice in the dark. The samples were analysed on a FACS 

Calibur flow cytometer (BD Biosciences, US), with the forward scatter and side scatter 

gates set to exclude debris and large cell aggregates. The FL2-H (height) channel was 

then used to collect PI fluorescence under 488 nm laser illumination and detection at 

585/42 nm. Data was collected using Cell Quest pro software (BD biosciences, US) 

until at least 10 000 counts were recorded and/or the entire sample had been utilised.  
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2.5.3  Data Analysis 

 

PI fluorescence collected under FL2 Channel-H was plotted against the cell count on a 

histogram, the ungated data was then analysed using Mod Fit LT version 4.1.7 (Verity 

software, USA). 
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3.1. Introduction 
 

3.1.1. Hydrogen Sulfide and TRPA1 
 

H2S is emerging as a novel gasotransmitter that has numerous roles in both health and 

disease. Recently there have been an increasing number of reports suggesting that some 

of the physiological and pathological effects of H2S are mediated through the activation 

of TRPA1 and possibly TRPV1 receptors (Trevisani et al., 2005; Geppetti et al., 2006; 

Streng et al., 2008; Miyamoto et al., 2011; Andersson et al., 2012; Ogawa et al., 2012; 

Pozsgai et al., 2012; Munaron et al., 2013;).  

 

 

Trevisani et al. (2005) were among the first to raise the possibility that TRPV1 

mediated the observed intense respiratory tract irritation which follows a toxic exposure 

to NaHS. They examined the effects of NaHS on guinea-pig airways, and found an 

elevation in neuropeptide release which could be significantly attenuated using either a 

TRPV1 antagonist or through capsaicin desensitisation. Furthermore they showed that 

the NaHS induced contractions in isolated airways were resistant to atropine, but could 

be prevented in part by capsaicin desensitization or with TRPV1 antagonists. They also 

found intratracheal administration of NaHS increased the total lung resistance and 

airway plasma protein extravasation, both of which were reduced with TRPV1 

antagonism. The effects of intratracheal administration of NaHS are akin to the 

pulmonary oedema observed with high concentrations of inhaled H2S. Other 

experimental models have also implicated TRPV1 as the mediator of the effects of H2S 

(Patacchini et al., 2005).  

 

 

More recent findings utilising patch-clamp analysis have instead suggested TRPA1 is 

the predominant receptor mediating the aforementioned effects of H2S ( Miyamoto et 

al., 2011; Andersson et al., 2012; Ogawa et al., 2012). The data in these studies also 

demonstrate that TRPV1 itself was not sensitive to H2S. Additionally, subsequent to the 

Trevisani study it is now becoming evident that capsaicin sensitive lung vagal (CSLV) 
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afferents which are known to mediate airway inflammation, express TRPA1 receptors in 

addition to TRPV1 (Hsu et al., 2013). This finding opens up the possibility that the 

earlier results implicating TRPV1 as a target of H2S may have actually been mediated 

by TRPA1. The Trevisani group were not the only authors to suggest the effects of H2S 

were mediated through TRPV1, others have reported this in organs such as the bladder 

(Patacchini et al., 2005). However as with the CSLV afferents, both TRPA1 and 

TRPV1 have also been shown to be co-expressed in the urinary tract (Streng et al., 

2008; Gratzke et al., 2009), thus possibly explaining the findings by Patacchini et al, 

(2005). White et al. (2013) have provided data which is consistent with TRPA1 

facilitating an indirect action of H2S, here activation of the TRPA1 receptor induced the 

release of sensory neurotransmitters in a capsaicin-like action. These results may also 

explain the findings reported by Trevissani and others whereby antagonsists of TRPV1 

together with capsaicin-mediated desensitisation were found to attenuate the effects of 

H2S (Patacchini et al., 2005; Trevisani et al., 2005). 

 

 

It is well known that thiol containing compounds such as mustard oil induce their 

effects through the activation TRPA1 (Bautista et al., 2005; Hinman et al., 2006; 

Macpherson et al., 2007; Sadofsky et al., 2011). Morevoer, at present there are several 

lines of evidence to support the theory that H2S itself activates the non-human TRPA1; 

this includes single channel studies, whole neuronal cells experiments, knock-out 

models and animal behavioural models (Miyamoto et al., 2011; Andersson et al., 2012; 

Ogawa et al., 2012; Pozsgai et al., 2012).    Miyamoto et al. (2011) using whole cell 

neurones from rat dorsal root ganglia provided the early data that exposed H2S as a 

TRPA1 agonist. This was subsequently elaborated upon by Ogawa et al. (2012) and 

Andersson et al. (2012). The former revealed a reduced intracellular calcium response 

to H2S in mouse sensory neourones when TRPA1 was knocked-out. This was also 

mimicked in naïve DRG cells via TPRA1 selective antagonists, as well as in HEK293 

cells transfected with mouse TRPA1. In contrast such findings were not observed in 

TPV1-/- DRG cells. Andersson et al. (2012) provided further evidence for this using 

chinese hamster ovary (CHO) cells together with behavioural mouse models of 

chemical and cold hypersensitivities.   
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It is pertinent to note that none of the above studies utilised human TRPA1 receptors. 

This is particulalry important as TRPA1 channels are known to have species-specific 

variations in their response to certain chemical ligands and temperature stimuli (Bianchi 

et al., 2012; Laursen et al., 2015). These differences are especially significant when the 

ligands concerened act through the modification of cysteine residues on the N-terminal 

of the receptor, as is postulated with H2S (Chen et al., 2008; Laursen et al., 2015). 

Therefore it is essential to investigate the effects of H2S on human TRPA1 channels.  

 

 

 

3.1.2. H2S Donors 
 

H2S is a gas at room temperature which makes the safe use of H2S in the laboratory 

more difficult due to the requirement of specific equipment to both store and apply it as 

well as extract its waste.  Moreover, for prolonged experiments additional specialist 

equipment such as H2S delivering incubators would be required to provide a controlled 

and safe supply of H2S. Nevertheless, it has been previously utilised in its gaseous state 

in experiments (Blackstone et al., 2005), as the administration of gaseous H2S avoids 

the reliance on the unpredictable release of H2S from donor compounds, this has been 

previously discussed in section 1.2.1.  

 

 

In spite of these advantages, the practical problems and expense of using gaseous H2S 

have led researchers in the field to utilise H2S donating compounds such as the 

inorganic sulfide salts NaHS and Na2S (Olson, 2012; Wang, 2012). Although these salts 

have been shown to have a similar biological effect to that seen with H2S, a 

disadvantage is that they tend to release H2S spontaneously upon solvation (Zhao et al., 

2014). This renders it difficult to precisely control the release of H2S. Nevertheless, 

NaHS appears to be the favoured salt in the literature due to its familiarity from the 

early studies on H2S, cost, and availability. Furthermore NaHS has a reduced propensity 

to affect the pH of the vehicle solution relative to Na2S as it requires fewer protons from 

the solvent during the solvation process (Dombkowski et al., 2005).   
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3.1.3. HEK293 Cell Line 
 

The HEK293 cell line has been a commonly used expression tool for recombinant 

proteins since its inception around 40 years ago (Graham et al., 1977). It was produced 

through the permanent immortalisation of human embryonic kidney cells with type 5 

adenovirus DNA, and is thus regarded to have an epithelial lineage (Graham et al., 

1977). Due to this lineage, there is a lack of the complex cellular architecture, 

subcellular organization or the biochemistry associated with native neuronal 

preparations thus bringing into question the utility of these cells as a model of sensory 

neurones (see Thomas and Smart, 2005). However HEK293 cells do contain many of 

the intracellular signalling pathways present in neuronal tissue (Thomas and Smart, 

2005). Furthermore, studies have revealed that immortalised HEK293 cells do show an 

even greater similarity to neuronal cells through the presence of certain neurofilamental 

proteins and neurone specific mRNAs (Shaw et al., 2002). This latter observation 

maybe the product of the adenovirus immortalisation inducing a neuronal gene 

expression profile (Graham et al., 1977; Thomas and Smart, 2005).  

 

 

The relative high proportions of neuronal elements observed in HEK293 cells do 

provide an advantage when utilised as a neuronal model when it is compared against 

other commonly used transformed cell-lines such as CHO cells. On the other hand, 

HEK293 cells also provide an advantage over the use of primary neuronal cells as they 

are easier to work with and more amenable to stable transfection with plasmids thus 

allowing the overexpression of a protein of interest. Another advantage is that these 

cells have been shown to possess certain elements that are required for the action of 

ligand gated ion channels (such as TRP receptors) in their native environment (Thomas 

and Smart, 2005). Conversely, the disadvantages of studying ion channels in such cell 

lines include the presence of endogenous receptors/channels which may confound the 

results. However, this can be partly overcome through comparisons with control 

HEK293 cells which have undergone transfection with a plasmid lacking the DNA 

encoding the receptor of interest. In addition the overexpression of the transfected 

receptor also helps to mitigate the effects of endogenous receptors which may confound 

the results. In conclusion, models such as the HEK293 cells provide a foundation on 

which initial studies can be performed in order to understand the core features of a 

receptor. This knowledge can then be built upon in more complex models. 
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3.1.4. IMR-32 Cells 
 

This cell line was originally derived from a 13-month old boy diagnosed with a 

neuroblastoma (Tumilowicz et al., 1970). IMR-32 cells have been used as an in vitro 

model to study sensory pathways such as those found in the lung (Carbone et al., 1990). 

The sensory receptors TRPA1 and TRPV1 are found upregulated in these cells 

(Louhivuori et al., 2009; Raemdonck et al., 2012; Abdullah et al., 2014), consequently 

these cells provide a neuronal model within which the effects of H2S on TRPA1 

channels can be examined. This also allows further verification of any results obtained 

in the experiments examining the effects of H2S on hTRPA1 and hTRPV1 in the 

HEK293 cells. 

 

 

 

3.2 Aim  

 

Chapter one has discussed the relevance of TRP receptors such as TRPA1 in pulmonary 

inflammation and the role that H2S may play in this. The aim of this part of the project 

is to: 

I. Assess whether H2S interacts with the hTRPA1 receptor protein. 

II. Examine if H2S affects hTRPV1 

III. Investigate whether any of the effects of H2S are also reproduced in the IMR-32 

neuronal model. 
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3.3 Methods 
 

Fluorometric calcium assays and NaHS were utilised to examine the direct interaction 

of H2S and TRP channels. 

 

 

3.3.1 Cell Preparation 
 

HEK293 cells previously transfected with TRPA1, TRPV1 and EV, were thawed, 

cultured and harvested as described in 2.2.1-2.2.3. A similar protocol was used for the 

IMR-32 cell line. 
 

 

3.3.2 Cell Treatment 
 

In all experiments utilising HEK293 or IMR-32 cells, ligands were applied as described 

in section 2.2.3. The cells were then either directly treated with NaHS during the 

experiment, or had already undergone an overnight pre-treatment with NaHS as 

described in section 2.3.1.  

 

 

3.3.3 Autofluorescence Assays 
 

3.3.3.1 NaHS Autofluorescence 

 

A cell free system was used to determine the presence of any inherent fluorescence 

within NaHS. 1998 µl of the isotonic buffer solution with 1mM CaCl2 was added to a 

cuvette containing a magnetic stirrer. The fluorescence of the solution was then 

measured using a spectrofluorometer with an excitation wavelength of 506 nm and the 

emissions recorded at 526 nm. Changes in fluorescence were recorded following the 

addition of NaHS (final concentrations between 1 µM to 10 mM), followed by 100 mM 

CaCl2. In a parallel set of experiments, the isotonic solution was produced without the 

addition of 1 mM CaCl2 to investigate whether the initial calcium in the solution had an 

effect on any autofluorescence observed with NaHS. 
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3.3.3.2 Fluo-3 and F3AM fluorescence 

 

A cell free system was used to assess the change in fluorescence upon the addition of 

NaHS to either F3AM or fluo-3.  These experiments were performed by adding 1950 µl 

of double distilled deionised water to cuvettes, the fluorescent count was recorded at 

baseline and after the addition of 10 nM of either F3AM or fluo-3. Next the response to 

the addition of 1 mM of CaCl2 was recorded, followed by responses to different 

concentrations of NaHS (100 nm – 1mM). Data analysis was performed as described in 

2.2.4, however in these experiments, the change in fluorescence was recorded as a 

percentage of the fluorescence before the ligand was added (i.e. (B-A)/B x 100%; 

please see methods section). The use of a cell-free system negated the need to use the 

ionophore. 
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3.4.3 The Effect of NaHS on the pH of the Solution 
 

 

Alterations in the pH of a solution can affect cellular physiology and this confounding 

factor may explain any observed responses. Consequently assays were performed to 

investigate the effect of different NaHS concentrations on the pH of the isotonic 

solution. The results (Figure 5) revealed there was a significant change in the pH of the 

isotonic solution upon the addition of NaHS P <0.0001 (One-way ANOVA, n=3 

experiments). However Dunnett’s post-hoc analysis indicated the effect of 10 mM 

NaHS appeared to skew the data, with this concentration inducing an increase in the pH 

from 7.0 to 7.4.  As a result, 10 mM NaHS was not used in any of the experiments in 

this chapter. Removal of this concentration from the statistical model revealed that 100 

nM to 1mM NaHS did not cause a significant change in pH of the isotonic solution (P > 

0.40, One-way ANOVA, n=3). 
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Figure 5 The effect of NaHS (100 nM – 10 mM) on the pH of the isotonic solution. The point 0 on the 
horizontal axis represents the native pH of the isotonic buffer with no NaHS added. Each individual data 
point has been plotted on the chart. There was a significant change in the pH of the isotonic solution upon 
the addition of NaHS P <0.0001 (One-way ANOVA, n=3 experiments). 
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3.4.4 The Effects of NaHS on hTRPA1, hTRPV1 & EV 
 

 

The application of NaHS (1 µM – 1 mM) induced a concentration dependent increase in 

the fluorescence observed in HEK293 cell transfected with hTRPA1, hTRPV1 and EV 

(Figures 6-8). The concentration response curves indicate that cells transfected with 

hTRPV1 (EC50= 20.0 µM) were more sensitive to the effects of NaHS relative to 

hTRPA1 (EC50 = 32.0 µM) and EV (EC50 = 21.4 µM). However, the hTRPA1 response 

to NaHS displayed the greatest increase in fluorescence relative to the mean ionophore 

response; however the replicates in these graphs show large deviations from one another 

(Figures 6 - 8).  There are several possible reasons that could account for these results 

including errors in the calculations, inconsistencies in the experimental repeats or there 

may be another factor that will be further discussed later. The calculations were 

reviewed several times with errors not detected, plus the conditions for the experimental 

repeats were as homogenous as possible.  
 

 
Figure 6 Concentration response curve showing the peak responses (standardised as the % of the mean 
Ionophore response) of HEK293-hTRPA1 to NaHS (1 µM – 1 mM). Data are plotted from three 
independent experiments each with two repeats. EC50=32.0 µM calculated with Prism 6; Y= 1465 / 
(1+10(-4.55-X)), three-parameter log agonist versus response curve. 
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Figure 7 Concentration response curve showing the peak response (standardised to the mean response to 
2 µM Ionophore) of HEK293-hTRPV1 to NaHS (1 µM – 1 mM). Data are plotted from three independent 
experiments each with two repeats. EC50=20.0 µM calculated with Prism 6; Y= 556 / (1+10(-4.70-X), three-
parameter log agonist versus response curve. 
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Figure 8 Concentration response curve showing the peak response (standardised to the mean response to 
2 µM Ionophore) to NaHS (1 µM – 1 mM) in HEK293-EV cells. Data are plotted from three independent 
experiments each with two repeats. EC50=21.4 µM calculated with Prism 6; Y= 266 / (1+10(-4.67-X), three-
parameter log agonist versus response curve. 
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3.4.5 The Effect of NaHS on IMR-32 Cells 
 

 

This cell line has been shown to express TRPA1 and TRPV1 receptors following 

treatment with Bromodeoxyuridine (BrdU) (Louhivuori et al., 2009; Abdullah et al., 

2014).  However, in order to assess whether NaHS has a non-TRPA1/V1 mediated 

response in this cell line, the experiments were initially performed in non-BrdU treated 

IMR-32 cells. NaHS treatment triggered an increased in the RFU; the characteristics of 

this response was very similar to that seen in the HEK293 cells, with an EC50 of 14.8 

µM (n=3, Figure 9). This EC50 is even lower than that observed in HEK293 cells 

transfected with hTRPV1. This result together with those reported in 3.4.5 meant that 

further experiments to examine the effects of BrdU treatment and/or further studies on 

HEK293 cells were not performed until the dye had undergone further investigations. 

 

Figure 9 Concentration response curve displaying the peak response (standardised to the mean response 
from 2 µM Ionophore) of wild-type IMR32 cells to NaHS. Data are plotted from three independent 
experiments each with two repeats. EC50=14.8 µM calculated with Prism 6; Y= 255 / (1+10(-4.83-X), three-
parameter log agonist versus response curve. 
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3.4.6 Autofluorescence with NaHS  
 

The investigations into the effects of NaHS on TRPA1 provided some evidence of large 

amounts of fluorescence at the higher concentrations of NaHS (Figure 10). This 

appeared to plateau at around 1 x 106 RFU. The plateauing effect indicates the 

saturation of an element within the measuring apparatus. Experiments were performed 

to assess whether NaHS exhibited an inherent degree of fluorescence as this could 

confound the results. These experiments were performed with the isotonic buffer 

solution in the absence and presence of Ca2+, the latter was at the working concentration 

(1mM CaCl2) as well as at a saturating concentration (100 mM CaCl2).  These three 

different parameters were chosen in order to simulate the effects of no, high (333 µM) 

and extremely high (33.3 mM) concentrations of Ca2+. In the absence of F3AM there 

was no significant difference in the fluorescence intensity following the addition of 

NaHS (1 µM - 10mM) or CaCl2 (0 – 100 mM) to the isotonic solution P= 0.62 and P= 

0.44, respectively (two-way repeated measures (RM) ANOVA, n=3 per group) (Figures 

11 and 12). These results suggest that within the concentrations of NaHS utilised in 

these experiments, the compound itself does not exhibit an inherent fluorescent activity 

when applied to a cell free system both in the absence and presence of calcium. 
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Figure 10 A recording indicating the effects of high concentrations NaHS on HEK-hTRPA1 cells. The 
graph displays a trace from an experiment whereby the effects of an increasing concentration of NaHS 
were compared against the response to 2 µM Ionophore. Cells were allowed to equilibrate to provide a 
baseline tracing, following which the test compounds were added (arrows). Note after treatment with 1 
mM NaHS, there is a rapid increase in the fluorescent signal which appears to plateau at approximately 9 
x 105

 RFU.  
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Figure 11 The effects of NaHS concentrations on fluorescence (expressed as a % change in baseline 
fluorescence) in a cell free system containing the isotonic buffer in the presence of no or 100 mM CaCl2.  
In this system, NaHS was added to the isotonic solution containing no calcium followed by the addition 
100 mM CaCl2. Both the concentration of NaHS and the presence of CaCl2 had no significant effect on 
the change in fluorescence; P= 0.62 and P =0.44 respectively (two-way repeated measures ANOVA, n = 
3). 
 

 
Figure 12 The effects of NaHS concentration on the fluorescence in a cell free system similar to that 
described in Figure 11.  On this occasion, 1mM of CaCl2 was added to the isotonic solution, following 
which NaHS was applied, and then finally 100 mM CaCl2 to examine the effects of saturating the system 
with a supra-normal calcium concentration. Once more, both the concentrations of NaHS and the 
presence of CaCl2 even at a very high concentration had no significant effect on the change in 
fluorescence; P= 0.74 and P =0.53 respectively (two-way repeated measures ANOVA, n = 3). 
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3.4.7 The Effects of NaHS on F3AM 
 

The observations that treatment with NaHS induced an increase in the fluorescence 

intensity in two different cell types (HEK293 and IMR-32) regardless of the presence of 

TRP receptors highlighted the possibility that the results may be due to 

autofluorescence. This could be from a direct interaction between NaHS and the F3AM 

dye. The experiments were performed in double-distilled water (ddH2O) to avoid any 

interference from the solutes present in the isotonic solution, thus enabling a pure 

assessment of any interactions between the dye and NaHS. Preliminary assays were 

used to identify the lowest concentration of F3AM which would allow detection of a 

fluorescent signal upon binding to calcium (data not shown). Consequently 10 nM 

F3AM was established as the ideal concentration in this experimental model. The 

addition of 10 nM F3AM to ddH2O induced a minor increase in fluorescence of 7.27 ± 

2.32 % from baseline (Figure 13A and B), followed by an increase of 1.96 ± 0.90 % 

after the addition of CaCl2. A small rise in fluorescence was detected after the addition 

of 1 µM and 1mM NaHS of 5.16 ± 1.80% and 3.38 ± 2.89%, respectively. The changes 

in the fluorescence within the four treatment groups was not statistically significant, P = 

0.470 (repeated measures one-way ANOVA with Tukey’s multiple comparison test, n= 

3 per group). The data from experiments examining the effects of NaHS on F3AM 

(figure 13A shows the trace from one experiment) were used to produce the data in 

figure 13B. The fluorescence was recorded before (A) and after the addition of F3AM 

(B), with the post-F3AM fluorescence expressed as a percent of the fluorescence prior 

to the addition of the drug (% ΔRFU = ((B-A)/A) x 100%). These calculations were also 

performed following the addition of 1mM CaCl2, 1 µM and 1mM NaHS, with the whole 

experiment repeated a further two times on different days, the data point from each drug 

within each experimental repeat have been plotted in figure 13B.  

 



  
 

Chapter 3: H2S and TRPA1 
 

50 
 

A 

 
B 

 Figure 13A The effects of adding 10 nM F3AM, 1 mM CaCl2, 1 µM NaHS and 1mM NaHS on the 
fluorescent count at 526 nm in a cell free system using only ddH2O. The observed spikes on adding each 
drug are caused by tip of the pipette interfering with the spectrofluorometric detection system. B The % 
change in the baseline fluorescent count at 526 nm upon addition of 10 nM F3AM, 1 mM CaCl2, and 
NaHS at 1 µM or 1 mM. There was no significant difference observed in the fluorescent responses 
between the four treatment groups; P= 0.470, one-way RM ANOVA with Tukey’s multiple comparisons, 
n =3. 
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3.4.8 The Effects of NaHS on Fluo-3 
 

The hydrolysis of F3AM by cellular esterases produces the fluo-3 species 

intracellularly. The following experiments were performed in order to assess whether 

this form of the dye was interacting directly with NaHS. The same 10 nM concentration 

of fluo-3 was used as had been for F3AM. The addition of fluo-3 induced an increase in 

fluorescence from 1500-3000 RFU seen with water, to 4000-6000 RFU (Figure 14A 

and B) and most likely signifies the inherent fluorescence of the dye. This change is 

minimal when placed in the context of the experiments with TRP channels in a cell 

based system (Figure 3); on that occasion the baseline RFU was over 200 000 RFU and 

would increase to over 1 000 000 RFU following the application of NaHS.  
 

The addition of 1mM CaCl2 to the fluo-3 induced a 55% increase in the RFU; this is in 

keeping with a fluorescent dye that is sensitive to calcium (Figure 14A). However, the 

application of NaHS at concentrations ≥ 1 µM induced an exceedingly large increase in 

the RFU which plateaued at 200 000 - 250 000 RFU (Figure 14A). 1 µM NaHS initiated 

a mean % increase of 1738% ± 398.7% in the RFU (n=3 independent experiments each 

with 1-2 repeats), and 1mM NaHS produced a further elevation in the fluorescence of 

1472% ± 571.5% (Figure 15B). The 1 mM NaHS treatment group was excluded from 

the repeated-measures ANOVA to avoid the violation of circularity that would be 

observed in the statistical model if there was a ceiling effect observed after treatment 

with 1 µM NaHS.  In  this statistical model, there was a significant difference between 

the three treatments groups of 10 nM fluo-3, 1 mM CaCl2 and 1 µM NaHS, with the 

latter inducing a significant increase in the fluorescence when compared to the former 

treatment (P = 0.013, one-way repeated measures ANOVA with Tukey’s multiple 

comparison test , n=3).  
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A 

  
B

  
Figure 14A A recording highlighting the effects of adding 10 nM fluo-3, 1 mM CaCl2, 1 µM NaHS and 
1mM NaHS on the fluorescent count at 526 nm in a cell free system using only ddH2O. The addition of 
fluo-3 did result in a sustained increase in the fluorescence, this was also observed following the addition 
of CaCl2, and was even more pertinent when 1 µM NaHS was added. B Results from 3 independent 
experiments each with 1-2 repeats in the cell-free system. There was a significant effect of the different 
treatments on the % change in fluorescence (P = 0.03, repeated measures one-way ANOVA, n=3). Both 1 
µM and 1mM NaHS induced an increase in the fluorescence. 
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Comparisons were made between the changes in RFU observed with fluo-3 and F3AM 

following treatment with 1 µM NaHS (Figure 15). In the presence of 1 mM CaCl2 there 

was a significant increase in fluorescence in fluo-3 but not F3AM upon exposure to 1 

µM NaHS (P = 0.049, two-tailed t-test, n=3 in each group).   

 
 

 
Figure 15 The % change in the RFU of both 10 nM fluo-3 and 10 nM F3AM upon addition of 1 µM and 
1mM NaHS in a cell-free system containing 1 mM CaCl2 in ddH2O. There was a significant difference in 
the response observed with fluo-3 versus F3AM after the addition of 1 µM NaHS  (P = 0.049, two-tailed 
t-test, n=3 in each group).. 
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3.4.9 NaHS Pre-treatment 

 
In this experiment the effects of H2S on the TRPA1 receptors were examined by an overnight 

pre-treatment of HEK293-hTRPA1 cells with NaHS. TRPA1 receptor activity was assessed 

using AITC. The overnight pre-treatment with 10 µM NaHS did not result in a significant 

difference in the response to AITC (EC50 of 5.3 µM) when compared with control cells pre-

treated with vehicle (AITC EC50 of 2.4 µM) (Figure 16; P = 0.752, two-tailed unpaired t-test; 

n=3)  

 

Figure 16 Dose response curves to AITC following an overnight pre-treatment of HEK293-hTRPA1 cells 
with 10 µM NaHS or vehicle control. Responses shown are peak responses to AITC (standardised to the 
mean response from 2 µM Ionophore).  EC50= 2.4 µM (Y= 97.4 / (1+10(-.5.62-X)), and 5.3 µM (Y= 102.1 / 
(1+10(-5.28-X)) for vehicle and NaHS pre-treated cells, respectively, calculated with Prism 6 using a three-
parameter log agonist versus response curve. P = 0.752, two-tailed t-test, n = 3 independent experiments 
each with up to 3 repeats per data point.  
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3.5 Discussion 
 

 

3.5.1 The Stability of NaHS 
 

The initial investigations sought to examine the effects of NaHS on HEK293 cells, as 

well as explore the characteristics of NaHS in a cell-free system. It was shown that older 

preparations of NaHS particularly those at a lower concentrations, displayed a much 

greater variability in the fluorescence response observed. This effect is likely to be due 

to the volatility of H2S with the effects of its loss from solutions more evident at the 

lower concentration of NaHS. As a result of that experiment, all NaHS stock solutions 

were freshly made for each set of experiments and discarded after three hours. These 

solutions were kept in air-tight containers and shielded from direct light. This approach 

was further vindicated following the results of a recent publication that highlighted a 

great deal of variation in the amount of H2S that is released, and this partly depended on 

the conditions within which the NaHS was stored (Nagy et al., 2014). A potential 

criticism for this set of experiments was the lack of repeats to allow statistical analysis. 

However given the strength of the variability in my preliminary results together with the 

data from Nagy et al. (2014) it was deemed the two repeats were sufficient to allow the 

aforementioned approach for managing the NaHS stock solutions.  Nagy et al. (2014) 

found that in their stock solutions, there was a reduction in the sulfide content of 

approximately 20% after three hours. 

 

 

These authors also reported that in addition to a temporal-dependence in the stability of 

NaHS stock solutions, temperature also had an effect. They described a 30% reduction 

in the amount of H2S present if the experiment was performed at lower temperatures 

due to a shift in pKa1. However, they did suggest that stock solutions should be stored 

on ice and in the dark to help retard the volatilisation and loss of H2S. Although my 

experiments were performed in the dark, the samples were not stored on ice because 

their paper was published after the majority of my experiments had been performed. 

Furthermore, my experiments were performed at room temperature as it was not 

feasible to adapt the equipment to function at the temperature of 37 °C. Working at 

body temperature would render the experiments more characteristic of physiological 

conditions and avoid temperature acting as a confounding factor. The latter is highly 
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relevant as TRP receptors including TRPA1 are known to be temperature sensitive 

(Gracheva et al., 2010). Consequently, the advantage of not storing my stock solutions 

on ice was that this avoided a further reduction in the working temperature of my assay. 

This reduction would have occurred as the apparatus in the experiment did not have a 

heating element to help maintain a constant working temperature.  

 

 

The paper by Nagy et al. (2014) has also highlighted other important features of 

working with H2S releasing salts which include the lower purity of NaHS available 

from Sigma-Aldrich (the vendor of the NaHS that was utilised in these experiments), 

and the presence of polysulfides which may be confounding the results. Unfortunately 

the recent publication date of this paper meant that the findings could not be 

implemented in the experiments within this thesis given the majority of the experiments 

had already been performed. There is a case for the use of a more stable and pure sulfide 

solution suggested by Nagy et al. which is produced via dissolving Na2S × 9H2O 

crystals that have had their surface washed in double distilled argon saturated water; this 

apparently produces a solution with low volatilisation and slow oxidation (Nagy et al., 

2014). However as mentioned in 3.1.2 this has to be balanced with the increased 

propensity that Na2S has to affect the pH of the solution (Dombkowski et al., 2005). As 

changes in pH can affect cellular physiology, it was important to rule out the effect of 

different concentrations of NaHS on the pH of the solution. The experiments in section 

3.4.3 provide evidence against NaHS (within the concentration range used) affecting the 

pH of the isotonic solution. 

 

 

3.5.2 The Effects of NaHS on TRPA1/EV/V1/IMR-32 

 

The initial results in our model system appeared to support the findings of others that 

NaHS did have an effect on TRPA1 (3.4.1 and 3.4.4). Although this effect was 

consistent with the literature, the EC50 of 32.0 µM NaHS on hTRPA1 expressed in 

HEK293 cells was considerably lower than that reported by others who described it to 

be in the mM range (Andersson et al., 2012). The mM range for the EC50 of NaHS on 

TRPA1 receptors suggested by Andersson et al.(2012) does appear to be supra-

physiological  particularly as older estimates place the in vivo H2S concentrations in a 

range that peaks around a few hundred micromolar (Olson, 2011), whereas the newer 
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analytical methods suggest peak H2S concentrations might be much lower (Stein and 

Bailey, 2013). However there may be areas within the cell where pools with a higher 

concentration of H2S exist.  

 

 

In my experiments, the magnitude and universal nature of the NaHS mediated increase 

in fluorescence observed in all HEK293 cells transfected with the different TRP 

receptors as well as in EV (also observed in HEK293 cells transfected with hTRPM8, 

data not shown), was suspicious of being artefact from a confounding variable and 

needed further investigation. Accordingly the response to NaHS was assessed in a 

different cell line to rule out a non-specific response in HEK293 cells. The IMR-32 cells 

were used as these are known to express TRPA1 and TRPV1 receptors (Louhivuori et 

al., 2009; Raemdonck et al., 2012; Abdullah et al., 2014). In line with the 

aforementioned results with HEK293 cells, NaHS treatment initiated a significant 

increase in the RFU in the IMR-32 cell line (Figure 9). Taken together these results 

suggested that either the signal was due to autofluorescence of NaHS and/or a non-

specific reaction was occurring between the dye and another factor in the experiments 

which was most likely NaHS. The potential for such confounding factors would explain 

the large variation in the data in 3.4.4-5. Accordingly, the next set of experiments were 

performed to examine the autofluorescence of the dye instead of further repeats of the 

experiments in 3.4.4-5.  The autofluorescence that was subsequently detected in 3.4.8 

partly explains the relatively poor fit of the data in figures 6-9 and the likelihood that 

the maximal response has not been determined for hTRPA1,V1 and M8. Furthermore, 

the results of the autofluorescence experiments mean that the true responses of the TRP 

receptors could not be determined within this experimental set-up; this renders the data 

in figure 6-9 invalid for determining the EC50 of NaHS on these receptors. 

 

 

3.5.3 NaHS Autofluorescence   
 

NaHS did not appear to result in autofluorescence at concentrations between 1 µM - 

10mM in my cell-free experimental system. As 10 mM NaHS did appear to 

significantly affect the pH of the isotonic solution (Figure 5), it was deemed important 

to avoid using NaHS at concentrations above 1 mM whilst performing concentration-

response curves. It is notable that others have reported that NaHS within the 1 - 10 mM 
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range has an effect on TRPA1 (Andersson et al., 2012), however their experiments did 

involve buffering their solutions to maintain a constant  pH regardless of the 

concentration of NaHS utilised. By ensuring my experiments were performed at 

concentrations ≤ 1 mM avoided the effects of changes in pH of the solution and ensured 

that physiologically relevant concentrations of H2S were being investigated. 

 

 

3.5.4 The Effects of NaHS on Fluo-3 and F3AM 

 
The results discussed in the section 3.5.3 made it less likely that NaHS autofluorescence 

was the reason behind the universal increase in fluorescence observed in all cells 

examined. Instead the interaction between NaHS with the calcium dye F3AM and fluo-

3 its intracellular de-esterified form was investigated. The results in sections 3.4.7 and 

3.4.8 demonstrate that NaHS was indeed reacting with fluo-3. This thus explains the 

unexpected initial universal observations that NaHS was inducing a large increase in 

fluorescence (i.e. a marker of intracellular calcium) in all cell types tested regardless of 

the receptor repertoire. The mechanisms behind the results with the HEK293 and IMR-

32 cells would involve the F3AM dye permeating into the cell through its hydrophobic 

AM group, cellular esterases would catalyse the conversion to fluo-3. This hydrophilic 

variant is then trapped and can bind to free intracellular calcium. Subsequently 

NaHS/H2S/S2- then directly reacts with fluo-3/Ca2+ complex to produce a large increase 

in the fluorescence signal.  The results in sections 3.4.7 and 3.4.8 provide evidence for 

this hypothesis in a cell-free system, but to further confirm this theory, additional assays 

could be performed where cells are allowed to incubate with fluo-3 and the cells then 

treated with NaHS as in section 3.3.2. It would be anticipated that there would be a 

minimal increase in the fluorescence as fluo-3 would not be able to permeate into the 

cell, and with the excess dye already washed off from the cells, there would be 

insufficient intracellular concentrations of fluo-3 to react with NaHS. 

 

 

In addition it would be useful to repeat the experiments with the application of 1 mM 

NaHS without the preceding application of 1 µM NaHS. This would allow a more 

accurate comparison to be performed between the effects of 1 µM and 1 mM NaHS  by 

avoiding the cumulative effect observed when adding these concentrations in a serial 
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manner. Nevertheless such experiments may still be confounded by fluo-3 becoming 

saturated with micromolar concentrations of NaHS. The lack of a significant difference 

between the two NaHS treatments groups together with the relatively small change in 

RFU observed when 1 mM NaHS was added (Figure 14A and B), suggest that upon the 

addition of 1 µM NaHS, the system is close to reaching the upper limit of detection in 

this assay thus further increases in NaHS do not proportionately increase the RFU. 

Furthermore, in the cell based system the maximum RFU detected was over 1 000 000 

compared to the 3 000 000 detected in the cell-free system, this thus may suggest that 

the upper limit of detection may be a consequence of the dye itself becoming saturated, 

rather than representing the ceiling of the measuring apparatus. 

 

 

As other authors have used techniques such as patch-clamp electrophysiology or the 

Fura-2 dye in their calcium imaging experiments, their results are less likely to have  

been affected by a direct reaction between NaHS and the analytical technique they 

employed (Miyamoto et al., 2011; Andersson et al., 2012; Ogawa et al., 2012). 

Nevertheless, it would be useful to explore whether Fura-2 and its AM ester are also 

directly reacting with NaHS.  Furthermore, it should be highlighted that Andersson et 

al. (2012), Miyamoto et al. (2011), and Ogawa et al. (2012), have all used non-human 

TRPA1 receptors in their experiments. This  raises the question of whether their data is 

relevant in humans particularly as there is a degree of heterogeneity in the physiological 

properties of TRPA1 receptors observed within different species (Bianchi et al., 2012; 

Laursen et al., 2015). The discrepancies between the levels of NaHS is compounded by 

some authors assuming that the concentration of NaHS applied is the same as the 

concentration of H2S, as is the case by Ogawa et al. (2012) who use NaHS but then state 

the results as the direct response to H2S. This is not strictly correct, as mentioned in 

section 1.2.2, NaHS dissolves to produce H2S as well as S2- and the equilibria for the 

generation of these species are affected by various factors including temperature (Olson, 

2012; Nagy et al., 2014). 

 

 

The large increase in fluorescence seen upon the addition of ≥ 1 µM NaHS to 10 nM F3 

is very interesting for several reasons. The first being it explains the aforementioned 

universal increase in the fluorescence observed regardless of the cell-lineage or the 

presence and type of TRP channels. Furthermore researchers wanting to study the 
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effects of H2S on cellular calcium signalling should not use F3AM/fluo-3 as a calcium 

indicator. Additionally, scientists who are investigating intracellular calcium signalling 

using F3AM/fluo-3 in cells which possess large pools of intracellular H2S should be 

mindful of this confounding factor (although the active species that is reacting with the 

fluo-3 in my experiments could also be NaHS/HS-, however there was insufficient time 

to perform further experiments to determine the exact species that is reacting with the 

dye). Therefore, such work should also be complemented and/or replaced by other 

methods of studying surges in intracellular calcium. Conversely, the results of previous 

experiments examining intracellular calcium flux using fluo-3AM/fluo-3 may be 

inaccurate due to the effects of cellular pools of H2S (if this is the active species which 

has reacted with fluo-3 in my experiments).  

 

 

To the best of my knowledge this is the first report of a dye from this family of 

fluorescent probes being shown to react directly with NaHS/H2S/S2-. This in itself is a 

significant finding given that there has been a substantial recent drive to identifying a 

sensitive and specific intracellular H2S detector (Lippert, 2014; Guo et al., 2015). None 

of these probes have been found to be appropriately sensitive, specific and or with a 

feasibly low toxic profile allowing them to be used in live cellular imaging of H2S. The 

exact nature of the reaction between H2S and the dye is beyond the scope of this thesis. 

However, there is a need for further research to study this unique finding in order to 

help understand the molecular mechanism of the reaction between NaHS/H2S and fluo-

3. Research is also required to assess whether this well studied dye that has been 

previously used in live cells (Merritt et al., 1990; Dubaj et al., 2007), could now also 

have the appropriate characteristics to make it a successful cellular H2S probe.   

 

 

3.5.5 The Effects of NaHS Pre-treatment on TRPA1 Receptor Activity 
 

In this experiment the goal was to determine the effects of pre-treating HEK293-

hTRPA1 cells with NaHS in order to overcome the direct interaction between NaHS 

and fluo-3. Overnight treatment with 10 µM NaHS did not significantly affect the 

TRPA1 receptor pharmacology as assessed with AITC in HEK293-hTRPA1 cells. 

There are several putative reasons for the lack of effect, it could be that the results are 

indeed correct and within this model NaHS does not affect the responses of the 
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hTRPA1 receptor. Although this is unlikely as others have shown that NaHS/H2S has 

been found to affect TRPA1 receptors (Miyamoto et al., 2011; Andersson et al., 2012; 

Ogawa et al., 2012). In contrast there may be several reasons why the results could not 

be presenting an accurate picture, for example it might be that the duration of pre-

treatment was too long and this allowed for the activation of adaptive mechanisms in 

the cells to overcome the effects of the NaHS pre-treatment. Furthermore the NaHS may 

have escaped into the environment soon after the application and thus does not represent 

a prolonged pre-treatment. To overcome this problem in the experimental model it 

would be useful to only apply NaHS for a brief period then, wash it off and examine the 

effects on hTRPA1 activity. Moreover it would be valuable to study the effects of 

different NaHS pre-treatment durations on TRPA1 activity. On the other hand it may be 

that the concentration of NaHS used was too low, particularly given the EC50 of NaHS 

on TRPA1 channels that has been described in the literature to be in the millimolar 

range ( (Miyamoto et al., 2011; Andersson et al., 2012; Ogawa et al., 2012). Therefore 

it would also be beneficial to examine the effects of different concentrations of NaHS 

used for the pre-treatment. Such experiments would have utility in modelling the effects 

of H2S on TRPA1 during different inflammatory episodes for example acute versus 

chronic inflammation where levels of H2S may be altered (Banner et al., 2011; Chen 

and Wang, 2012; Kaneko and Szallasi, 2014).  

 

 

3.5.6 Conclusion 

 

The overall conclusions that can be drawn from this chapter are that fluo-3 directly 

reacts with NaHS/H2S/S2-. This renders this calcium indicator inappropriate for 

experiments investigating intracellular calcium concentrations in response to direct 

NaHS treatment. Furthermore when working with NaHS several precautions need to be 

taken, it should be freshly made for each experiment with maximum use of three hours, 

maintained cool on ice as well as in the dark, and kept in air tight containers. However, 

overnight pre-treatment with 10 µM NaHS did not have a significant effect on the 

TRPA1 receptor pharmacology. Further research is required to investigate the utility of 

fluo-3 as an H2S probe as well as the effects of the effects of H2S on human TRPA1 

receptors. The reaction between NaHS and fluo-3 does not allow for any conclusions to 

be drawn from these experiments on the effects of H2S on TRP channels in HEK293 or 

IMR-32 cells. 
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4.1. Introduction 
 

4.1.1. The effect of H2S on Cellular Proliferation 

 
4.1.1.1. Cell Growth 

 

The growth and replication of eukaryotic cells is a complex process which is governed 

by multiple, interrelated signalling pathways involving cell cycle regulatory molecules 

(Campisi, 2005; Pasparakis and Vandenabeele, 2015; Rubin, 1997). In order to maintain 

cellular homeostasis on a background of normal development and cell turnover, it is 

essential to coordinate cell proliferation and death (Pasparakis and Vandenabeele, 

2015). Such systems are particularly important during times of high cellular activity 

such as observed during an inflammatory process, whereby to maintain the 

physiological response to injury, cells need to be rapidly recruited to the site of injury, 

proliferate and/or differentiate swiftly, then allow healing through resolution of the 

response by the cells involved either dying or migrating to other sites (Medzhitov, 

2008). Uncontrolled excessive and/or prolonged inflammatory responses cause tissue 

damage and contribute to the pathogenesis of acute and chronic inflammatory diseases.  

 

 

4.1.1.2. Cell Death 

 

Classically cell death follows two routes; programmed cell death (apoptosis) or 

unregulated death (necrosis). Apoptosis is an evolutionarily conserved system which is 

regulated by a complex interaction between cell surface receptors and intracellular 

proteins, and is the usual mechanism through which inflammatory cells die at the end of 

an inflammatory response (Medzhitov, 2008). However, it is now becoming evident that 

the reality is a lot more complex with necrosis also amenable to partial regulation in 

processes such as necroptosis (Pasparakis and Vandenabeele, 2015). There is increasing 

evidence that H2S plays an active role in cell proliferation as well as death (Baskar et 

al., 2007; Guang-dong and Rui, 2007; Baskar and Bian, 2011), for example H2S has 

been shown to induce a serum-independent proliferation of non-transformed rat 
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intestinal epithelial cells (Deplancke and Gaskins, 2003), in contrast it can promote 

apoptosis in human aorta smooth muscle cells by activating the mitogen-activated 

protein kinases and caspase 3 (Yang et al., 2004b).   

 

 

4.1.1.3. The Cell Cycle 

 

At the molecular level, the process of cellular growth and proliferation is dependent on 

the cell cycle (Figure 17). This is the sequence of events through which a cell duplicates 

its genome, grows, and divides (Alberts et al., 2002). Under normal conditions it is a 

highly regulated process involving checkpoints that can prevent the progression of the 

cycle in order to mitigate the propagation of errors in the DNA (Kastan and Bartek, 

2004; Morgan, 1997). In eukaryotes the cell cycle can be divided into 3 major phases 

interphase, mitosis and cytokinesis. Interphase can be further separated into three stages, 

Gap 1 (G1), Synthesis (S), and Gap 2 (G2); following this the cell enters mitosis and 

cytokinesis which together can be referred to as the Mitotic phase (M) (Scholey et al., 

2003). During G1 the cells increase in size but the amount of DNA remains constant, 

and progression to the next stage depends on passing the G1 checkpoint (Morgan, 1997; 

Alberts et al., 2002). The subsequent stage is the S phase during which DNA replication 

occurs resulting in the process whereby there is a doubling of the DNA content. The cell 

then enters the G2 phase by which point the entire DNA has been replicated, the cell 

continues to grow, is assessed at the G2 checkpoint to ensure the cell is appropriately 

prepared and the environment favourable for the M phase. Progressions through the G1 

and G2 stages are delayed at the respective checkpoints if the DNA is damaged for 

example by radiation or chemicals; these interruptions provide time for any potential 

DNA repair to be completed. 

 

 

  

 

 

 

 



 

Figure 17 D
cycle check points and what factors are assessed at each of these points. Phases: synthesis (S), Growth 
1(G1), Growth 2 (G
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4.1.2. Pulmonary Fibroblasts in Chronic Disease 

 
4.1.2.1. Fibroblasts in Inflammation 
 

Fibroblasts are cells that originate from the primitive mesenchyme and play a major role 

in providing a supporting framework for the extracellular matrix (ECM) (Flavell et al., 

2008). They have a characteristic spindle shape with an elliptical nucleus and are highly 

adapted to synthesise and secrete components of the ECM which includes collagen, 

elastin, proteoglycans, and glycoproteins (Chang et al., 2002; Camelliti et al., 2005).  In 

addition to a structural role, fibroblasts are also becoming increasingly recognised for 

the important part they actively play in both normal and pathological wound healing 

following tissue injury (Chang et al., 2002).  

 

 

Normal wound healing involves three major phases; inflammatory, proliferative and 

finally a remodelling phase (Medzhitov, 2008). The inflammatory phase involves 

vasoconstriction, platelet aggregation, and leucocytosis (Hall, 2010). This is followed 

by the proliferative stage, where fibroblasts increase in number, lay down collagen and 

attempt to fill tissue defects in the tissue (Steffensen et al., 2001). The wound then starts 

to gradually contract though the action of smooth muscle cells and also undergoes 

epithelialisation. The final stage involves the maturation and remodelling of the new 

tissue; a process that may last years, depending on the severity of the insult (Steffensen 

et al., 2001).  

 

 

The role of fibroblasts in inflammation and cellular proliferation is in part mediated 

through intricate communication with leukocytes and other inflammatory cells ( 

Duffield et al., 2013; Chrysanthopoulou et al., 2014). This process involves the 

secretion of cytokines and prostanoids, as well as altering the expression profile of 

cellular adhesion molecules which thus promote leukocyte recruitment, activation and 

survival (Flavell et al., 2008; Kendall and Feghali-Bostwick, 2014). However 

aberrations in the regulation of fibroblast proliferation can lead to the development of 

pathological states which are implicated in certain disease conditions such as 

atherosclerosis, COPD, and pulmonary fibrosis (Libby, 2002; Garantziotis et al., 2004; 

Ojo et al., 2014). 
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4.1.2.2. The Effects of H2S on Pulmonary Fibroblasts 

 

As described in chapter 1, there is mounting evidence for the role of H2S in models of 

pulmonary inflammation and fibrosis (Yanfei et al., 2006). The data for the effects of 

H2S on pulmonary fibroblasts is mixed with some providing evidence for an anti-

fibrotic effect of H2S in the immortalised cell line MRC-5 (Fang et al., 2009),  whilst 

others have shown a pro-apoptotic effect in non-primary human fibroblasts (Baskar et 

al., 2007). Such effects were found to involve different ion channels depending on the 

tissue studied. In the MRC-5 line it was found not to involve potassium channels (Fang 

et al., 2009), whereas in human atrial fibroblasts the  Kv4.3 potassium channel was 

shown to mediate the inhibition of fibroblast proliferation by NaHS (Sheng et al., 

2013).   

 

 

 

4.1.2.3. The Role of TRPA1 in Pulmonary Fibroblasts 

 

TRPA1 is also a viable candidate for the pro- and anti-proliferative effects of H2S due to 

several reasons; it is expressed in pulmonary fibroblasts, in fact it was originally cloned 

from human lung fibroblasts (Jaquemar et al., 1999). Other reasons include the wide 

tissue distribution of this channel which is found in the pulmonary, cardiovascular, 

gastrointestinal, haematological systems as well as in the brain which would explain the 

different effects on different regions of the body (Takahashi et al., 2012). TRPA1 has 

also been shown to promote cell survival in small cell lung cancer (Schaefer et al., 

2013), and regulates local tissue inflammation (Okada et al., 2011). The latter may be 

achieved through TRPA1 functioning as a component of the transduction machinery 

through which environmental irritants are detected. Consistent with this theory, these 

receptors are found to be present on several different pulmonary cell types in addition to 

the aforementioned pulmonary fibroblasts (Bautista et al., 2006, 2005; Jaquemar et al., 

1999; Nassini et al., 2012). Finally as already discussed, H2S has been reported to 

activate TRPA1 receptors ( Miyamoto et al., 2011; Andersson et al., 2012; Ogawa et 

al., 2012), furthermore both the lung and pulmonary artery tissues are rich in active 

CSE thus providing an endogenous source of H2S (Hosoki et al., 1997).  
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These findings have led to the hypothesis that the perturbations in the H2S-TRPA1 

interaction is involved in pulmonary inflammation which may then progress to produce 

disorders such as COPD, asthma and pulmonary fibrosis. Despite this evidence, there 

have not been any studies that investigate the effects of NaHS/H2S on the growth of 

primary pulmonary fibroblasts. 

 

 

 

4.1.2.4. N-Acetylcysteine and Fibrotic Conditions 

 

Several different therapies have been investigated for the treatment of the pulmonary 

fibrotic condition IPF. N-Acetylcysteine (NAC) is one such treatment, and has shown 

promise in experimentally-induced fibrosis both in animal models as well as in some 

early clinical trials. Although the mechanisms underlying its action are not fully 

understood, it is believed that the benefit of this cysteine derivative is through the 

synthesis of glutathione and thus the potentiation of the cellular antioxidant reserves 

(Datta et al., 2011).  This together with the beneficial effect of NAC in the treatment of 

toxicity from sulphurous compounds (Shohrati et al., 2014), opens up the possibility 

that NAC is able to modulate the effect of H2S, and thus this will be studied in this 

chapter. 

 

 

 

4.2. Aims 
 

The aim of this chapter is to investigate the effects of H2S on cellular growth in both 

HEK293 cells and HPBF by: 

I. Assessing whether the hTRPA1 receptor protein mediates any effects of H2S on 

cell growth in HEK293 cells. 

II. Examining the effects of a brief exposure to H2S in both the immortalised cell 

line (HEK293) and primary pulmonary fibroblasts (HPBF). 

III. Assessing whether NAC modulates the effects of H2S. 
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4.3.1.2. The effect of NaHS on the  pH of the medium 
 

The pH of the medium was measured before and after the addition of NaHS (100 nm – 

10 mM) using a calibrated pH meter (FiveEasy, Mettler Toledo; UK).  

 

 

4.3.1.3. The effect of NaHS within the incubator on control cell growth 
 

As H2S is a volatile gas it could potentially escape from the NaHS treated wells and 

affect the growth of neighbouring controls. To address this, two control plates were 

placed in two separate incubators under the same conditions (temperature, humidity and 

air mix). One of the incubators contained both vehicle treated control cells and cells 

treated with NaHS, whereas the other only contained vehicle treated cells (‘incubator 

control’).  
 

 

4.3.1.4. The effect of high concentrations of NaHS on adjacent cell growth  
 

This experiment was used to compare the effects of the location of the 10 µM NaHS 

treated cells (relative to 10 mM NaHS) on growth. Plates were arranged as indicated in 

Figure 18B. One row of cells were treated with 10 mM NaHS and the other three rows 

of cells were treated with 10 µM NaHS; each successive row of 10 µM NaHS treated 

cell was thus at an increased distance from the 10 mM NaHS. 

 

 

4.3.1.5. Concentration dependent effects of chronic NaHS treatment 

 

Cells were treated with increasing concentrations of NaHS (1 µM – 10 mM).  
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4.3.2. Chronic NaHS Treatment of HEK293-EV Cells 
 

HEK293-EV cells previously were cultured, harvested and plated as described in 2.4.1, 

2.4.3-2.4.4. The cells were then treated with increasing concentrations of NaHS (1 µM – 

10 mM) that was left on as part of the ‘chronic’ treatment paradigm. 

 
 

 

4.3.3. Acute NaHS treatment of HEK293-hTRPA1 cells 
 

These sets of experiments were performed to examine the effects of acute NaHS 

treatment on the growth of HEK293-hTRPA1 cells. The ‘acute’ term was used as NaHS 

was applied to the cells for 30 minutes and then replaced with fresh media. The 

HEK293-hTRPA1 were cultured and harvested as described in 2.4.1. However, in 

contrast to the chronic experiments, these experiments were performed in 24-well 

plates, 0.5 ml of the 40 x 103 cells.ml-1 cell solution added to each well. The plates were 

left overnight in the incubator at 37 °C in a 95%:5% air-CO2 mix. The following day 

(‘Day 0’) cells were either treated with medium only, medium containing vehicle, or 

NaHS (1 µM – 10 mM) for 30 minutes within the class II laminar flow hoods. The 

solution was then exchanged for 1.5 ml of fresh medium, and the plates returned to the 

incubator to allow cell growth. 

 

 

On each day of this growth assay, the appropriate plate was removed and the cells fixed, 

stained and analysed as per 2.4.3 and 2.4.4 with some modifications. These changes 

were due to the use of 24-well instead of 12-well plates and involved using 0.75 ml of 

cold 25% TCA per well, 0.25ml per well of 0.4% Sulforhodamine B, and 0.3 ml per 

well of 10mM Tris Base (pH 10). The volume of TCA, SRB, Tris Base and the 

dissolved dye solution, were determined through preliminary experiments (data not 

shown). 
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4.3.4. Acute NaHS treatment of HPBF 

 

The effects of a 30 minute acute treatment with NaHS on the growth of HPBF was 

assessed using the SRB growth assay as described in 2.4.2. The plates were left 

overnight in the incubator at 37 °C in a 95%:5% air-CO2 mix in medium-F. The next 

day, HPBF cells were either treated with medium-F, medium-F containing vehicle, or 

NaHS dissolved in medium-F (1 µM – 10 mM) for 30 minutes within class II laminar 

flow hoods. Cells were allowed to grow for 0-5 days and the SRB assay performed as 

described for HEK cells in section 4.3.3. 

 

 

4.3.5. Application of NAC on HEK293-hTRPA1 and HPBF cells 
 

In these sets of assays, growth was assessed on days 0 and 5, instead of a detailed time-

course. The growth was standardised as a % of the vehicle (ddH2O) treated controls 

using the formula described in 2.4.4. 

 
 

 

4.3.5.1. The effects of NAC on HEK293-hTRPA1 cells 

 

 

Cells were plated as described in 4.3.3, allowed to settle overnight, then treated for 1.5 

hours with either medium, medium with vehicle or NAC (100 nM – 10 mM) dissolved 

in medium (Figure 19A).  The NAC was then exchanged for 1.5 ml of medium and 

returned to the incubator. Plates were then fixed on each consecutive day as per the SRB 

assay. 

 

 

In a parallel set of experiments, the above was repeated however after 1 hour of NAC 

treatment, 10 mM of NaHS was also applied for 30 minutes to all wells except the 

vehicle and medium controls (Figure 19B). Hence, the total NAC exposure time was 1.5 

hours and total NaHS exposure 0.5 hours. The drugs were then exchanged with 1.5 ml 

of medium, returned to the incubator, and processed as per the SRB assay. 
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4.4. Methods: Flow Cytometry 
 
 
 
4.4.1. HEK293-hTRPA1 Cells 
 

HEK293-hTRPA1 cells were cultured, harvested, treated and analysed as in section 2.5 

 

 

4.4.2.  HPBF Cells 
 

HPBF cells were cultured and harvested as discussed in 2.4.2, followed by plating and 

treatment as described in section 2.5 for HEK293 cells. In contrast to HEK293 cells, the 

density of the HPBF cells used was 20 x 103 cells per ml of medium-F. Furthermore, an 

extra 1mM NaHS treatment group was also added. 
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4.5. Results: Cell Growth Assays 

 
4.5.1. Chronic NaHS treatment in HEK-hTRPA1 cells 

 
 
4.5.1.1. The effect of vehicle on HEK293 cell growth 

 
These experiments were performed to compare the effects of vehicle versus medium 

alone on the growth of HEK293-hTRPA1 cells. In both groups there was an increase in 

the OD at 492 nm with time; in the SRB assay this represents an increase in the number 

of cells present on the plate. The mean OD on day 0 was 0.119 ± 0.018 (± SEM) and 

0.108 ± 0.011 for medium and vehicle respectively (Figure 20). The greatest staining 

was seen on the day five of the assay where the OD had significantly increased to 1.909 

± 0.276 and 1.795 ± 0.215 in the medium and vehicle groups, respectively (P<0.0001 

two-way ANOVA, n = 3). This increase in OD was also evident in the expected greater 

numbers of cells visible under light microscopy on day 5. There was no significant 

difference found in the rate of cell growth observed between the two groups P=0.68 

(two-way ANOVA, n=3). Hence treatment with 1% v/v ddH2O vehicle does not 

significantly affect cell growth in this assay. 
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Figure 20 The SRB calorimetric assay was utilised to examine the density of cells present on the growth 
plates. Day 0 consists of the growth present on the day of treatment; the reference start of the assay. The 
graph shows the mean OD at 492 nm ± SEM for each group on each day. As growth increases, a greater 
number of cells become adherent, which when fixed and stained causes a greater amount of SRB staining 
which relates to an increased OD in the sample. There was no statistically significant difference between 
growth in medium containing vehicle (1% v/v sterile ddH2O) and medium alone; P= 0.68, two-way 
ANOVA, n=3 separate experiments (each experiment contained 6 wells for each group on each day). In 
both groups there was a significant (P < 0.0001) increase in OD, and hence cell growth with time.  
 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 4: H2S and Cellular Growth 
 

76 
 

4.5.1.2. Does the Addition of NaHS Change the pH of the Medium? 
 
 
 
These experiments were performed in order to rule out changes in pH as the determinant 

of any observed effects, particularly since NaHS can alter the pH of the solvent (Figure 

21).  There was no significant difference in the hydrogen ion (H+) concentration (P 

=0.594, one-way ANOVA, n = 3) or the pH of the medium when 100 nM – 10mM 

NaHS was added (P = 0.534; one-way ANOVA, Dunnett’s multiple comparison, n=3).  

 
 
 
 

 
Figure 21 The effect of adding different concentrations of NaHS to the pH of the medium. Data are 
shown as the mean ± 95% confidence intervals (CI).  There was no significant difference in the pH of the 
medium before and after the addition of NaHS (100nM – 10mM); P=0.492, one-way ANOVA with 
Dunnett's multiple comparisons, n=3.  
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4.5.1.3. The effect of NaHS within the incubator on control cell growth  

 

 

On day five, control cells that were in the same incubator as NaHS/H2S treated cells had 

a mean OD of 1.816 ± 0.226 compared with 2.156 ± 0.184 in those cells in a 

NaHS/H2S-free incubator (Figure 22). Hence the growth in two groups was not 

significantly different, P = 0.31 (unpaired two-tailed t-test, n=3 experiments with 12 

wells in each group per experiment).  

 

 
Figure 22 The OD at 492 nm observed on day five in the controls cells exposed to NaHS treated cells in 
their incubator, and those in an incubator devoid of NaHS. Data presented as the mean ± 95% CI. There 
was no statistically significant difference in the OD and thus growth between the two groups, P = 0.31 
(unpaired two-tailed t-test, n=3 experiments with 12 wells in each group).  
 

 

 

 

4.5.1.4. The effect of high concentrations of NaHS on adjacent cell growth  

 

 

The volatile nature of H2S could allow it to diffuse from wells with a high concentration 

of NaHS to those with low/no NaHS thus affecting those cells. This would create a 

concentration gradient with those cells closest to the 10 mM NaHS treatment group 

encountering a greater perturbation in their growth. Figure 23 shows the effect on cell 

growth of the proximity of the 10 µM NaHS treatment groups on each day of the SRB 
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assay. The mean % growth observed in the 10 µM NaHS treated cells adjacent to wells 

exposed to 10 mM NaHS was 74.6 % ± 14.8%, this was 90.5 ± 7.3% for cells one row 

of wells away, and 58.8 ± 22.3% for cells furthest away.  Although it appears that the 

cells further away from the 10 mM NaHS (i.e. ‘2 rows away’) had a reduced growth 

particularly on days 3 - 5, the considerable variability in the repeats rendered 

statistically insignificant. The location of 10 µM NaHS treated cells had no significant 

effect on cell growth (P = 1.00, two-way ANOVA with Tukey’s multiple comparison 

test, n = 3 experiments each with 3 wells per group per day), only the number of days 

after treatment resulted in a significant change in the % growth of cells (P = 0.01).  

 

    

Figure 23 Bar Chart displaying the mean % cell growth ± SEM relative to controls in HEK293-hTRPA1 
cells treated with 10 µM NaHS.  The cells treated with 10 µM NaHS were either adjacent to, one row 
away, or two rows away from cells treated with 10 mM NaHS. Although the number of days after 
treatment had a significant effect on cell growth (P = 0.01, two-way ANOVA), the relative location of the 
10 µM NaHS treated cells had no effect on growth of cells (P = 1.00, two-way ANOVA with Tukey’s 
multiple comparison test, n = 3 experiments each with 3 wells per group per day).    
 

 

 



 
 

Chapter 4: H2S and Cellular Growth 
 

79 
 

4.5.1.5. The  effects of chronic NaHS treatment on HEK293-hTRPA1 cells 

 

 

The growth of control cells increased from a mean OD ± SEM of 0.077 ± 0.0139 (day 

0) to 0.904 ± 0.600 (day 5; Figure 24A). All other treatment groups also exhibited a 

significant increase in growth with time (P = 0.0003) though not with NaHS treatment 

(P = 0.730; two-way ANOVA with Tukey’s multiple comparison test, n = 3). The mean 

OD ± SEM following 10 mM NaHS increased from 0.099 ± 0.042 on day 1 to 0.153 ± 

0.074 on day 5 post treatment. This rate of growth was much less than that observed in 

the other groups.   

 

 

On further analysis of the data on day five (Figure 24B), it was observed that NaHS 

treatment caused a significant difference in growth (P = 0.043, one-way ANOVA, n=3), 

with only 10 mM NaHS inducing a significant reduction in the growth to 11% ± 3.4% 

of control (P < 0.01; Tukey’s multiple comparisons). This reduction in growth is evident 

in Figure 24C which shows a photo of a plate from the experiment. Also shown in 

Figure 24B is the fitting of a log inhibitor versus a response curve with an IC50 of 2.6 

mM (1.2 mM – 5.5 mM; 95% CI) and a R2
 0.83. There is a steep decline in the % 

growth at concentrations greater than 100 µM NaHS; however, the variation in the data 

does mean the fit is not very accurate. To obtain a better fit, further repeats are required 

to help narrow the confidence intervals and there is a need for several more 

concentrations of NaHS to be assessed between 100 µM – 10 mM. 
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4.5.2. The effect of chronic NaHS treatment on HEK293-EV cells 
 

HEK293-EV cells were treated similarly to the HEK-hTRPA1 (Figure 25). There was a 

significant effect of time (P < 0.0001) but not NaHS treatment on the OD of the groups 

(i.e. growth, P = 0.055; two-way ANOVA, n=3). Tukey’s multiple comparison test 

revealed 10 mM NaHS treatment caused a significant reduction in the OD (P < 0.05) 

relative to control cells on day 5. The % growth of HEK-EV cells on day 5 was 

significantly affected by 1 µM – 10 mM NaHS (Figure 25B, P<0.0001, one-way 

ANOVA, n=3). Tukey’s multiple comparison tests revealed that in fact only 10 mM 

NaHS induced a significant reduction in the growth, with the mean cell growth 16% ± 

4.6% of control (P < 0.001).  Figure 25B also shows the fit of a log inhibitor versus 

response curve to the data, this has an IC50 of 2.3 mM (1.1 mM – 5.0 mM; 95% CI) with 

a R2 0.76. Interestingly, as observed with HEK-TRPA1, 100 µM NaHS tends to buck 

the dose-dependent trend of reduced cell growth on day 5 following NaHS treatment. 

This could represent a true observation with a partial stimulatory effect occurring at this 

concentration following a complex interaction of NaHS with cell systems, or it could 

simply just arise from the error margins in this assay. 
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(A)  

   (B)          

 
Figure 25 (A) The mean OD ± SEM observed in the cell growth assay on each day following chronic 
treatment of HEK-EV with NaHS. Two-way ANOVA revealed a significant effect of day (P<0.0001), but 
not the NaHS concentration on cell growth (P=0.055, n=3 independent experiments each with up to 3 
observations). (B) The mean % growth ± SEM of control cell growth on Day 5 following chronic 
treatment of HEK-EV with 1 µM – 10 mM NaHS. One-way ANOVA with Tukey’s multiple comparison 
revealed a significant reduction in growth on day 5 following 10 mM NaHS treatment (P<0.001, n=3 
independent experiments each with up to 3 observations). Superimposed is the fitting of a log inhibitor 
versus normalised response curve; IC50 is 2.3 mM (1.1 mM – 5.0 mM; 95% CI), R2

 = 0.76, 
calculated using Prism 6.0, % Control Growth=100/(1+10([NaHS]+2.64)). 
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4.5.3. The effects of acute NaHS on HEK-hTRPA1 cells 

 

In the acute experiments cells were treated with NaHS for 30 minutes only. Initially, 

screening experiments were performed to identify the optimal NaHS concentrations to 

use in the formal experiments (Figure 26). Acute treatment with 1 µM – 10 mM NaHS 

caused a significant difference in the growth of cells (P=0.001, one-way ANOVA, n= 3 

experiments). Tukey's multiple comparisons test revealed the effect was primarily due 

to the 10 mM NaHS treatment, with growth at 38 % ± 11.4% of controls (mean ± SEM). 

This matches the results observed with chronic NaHS treatment and suggests that the 

inhibition in growth observed with chronic NaHS treatment may in fact be occurring 

during the early stages of the application.  This effect is long-lasting and continues even 

after the NaHS is removed. The preliminary experiments did highlight a need for a 3 

mM NaHS treatment group to help improve the resolution in the data between 1 mM 

NaHS and 10 mM NaHS.  

 

 

Figure 26 The growth of HEK293-TRPA1 cells on day 6 following an acute 30 minute treatment with 
NaHS (1 µM – 10 mM). Data is expressed as the mean ± SEM % of control growth. There was a 
significant reduction in growth following acute treatment with 10 mM NaHS relative to vehicle and other 
NaHS treatment groups (P < 0.05; one-way ANOVA with Tukey’s multiple comparison, n=3 experiments 
with up to 4  repeats per experiment). Also shown is a log inhibitor versus normalised response curve 
with an IC50 is 6.2 mM (3.0 mM – 12.8 mM; 95% CI), R2 = 0.77, calculated using Prism 6.0, % Control 
Growth=100/(1+10([NaHS]+2.21)). 
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The main experiments were then performed to assess when the effects of 10 mM NaHS 

became evident on the standard 5 day cell growth assay (Figure 27A).  These 

experiments indicated that both day (P < 0.0001) as well as 30 minute NaHS treatment 

(P < 0.001) caused a significant difference in the OD (two-way ANOVA, n=3). Tukey’s 

multiple comparisons test revealed that this significant effect on growth was 

predominantly due to 10 mM NaHS (P < 0.01). This effect on growth was only apparent 

on day 5 post-acute NaHS treatment and is consistent with the data from the chronic 

treatment group (section 4.5.1.5). When the results are assessed in terms of the % of 

control growth (Figure 27B), acute 10 mM NaHS treatment caused a significant 

reduction in growth to 65.8% ± 4.7% (P<0.01, one-way ANOVA with Tukey's multiple 

comparisons test, n =3). This appears to indicate that acute treatment with 10 mM NaHS 

has a smaller effect on cell growth relative to chronic treatment where growth was 11% 

of control on day 5. An explanation may be that the greater duration of NaHS exposure 

during chronic treatment allows it to hamper cell growth further. 
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 (A) 

  (B)  

 
Figure 27 (A) The mean OD ± SEM observed in the cell growth assay on each day following acute 
treatment of HEK293-TRPA1 with NaHS. Two-way ANOVA revealed a significant effect of day 
(P<0.0001), and the acute 30 minute NaHS treatment on cell growth (P=0.001, n=3 independent 
experiments each with up to 3 observations). (B) The data from A on day 5 expressed as a mean ± SEM 
% growth. One-way ANOVA with Tukey’s multiple comparison revealed a significant reduction in 
growth on day 5 following 10 mM NaHS treatment (P<0.001-0.001, n=3 independent experiments each 
with up to 3 observations). Superimposed is a fitted log inhibitor versus normalised response curve; IC50 
is 21 mM (15 mM – 30 mM; 95% CI), R2

 = 0.72, calculated using Prism 6.0, % Control 
Growth=100/(1+10([NaHS]+1.67)). 
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4.5.4. The effects of acute NaHS treatment on HPBF cells 
 

 

These experiments sought to investigate the effects of NaHS on cultured primary cells 

from the lung (HPBF). This was performed in order to examine if a similar effect on 

growth is observed as had been with the immortalised HEK293-hTRPA1 cells. The 

HPBF were plated at a lower density relative to the HEK293 cells as preliminary 

experiments (data not shown) found they have a propensity to form layers as they grow 

in close proximity to each other.  Preliminary experiments examined the effect of 

vehicle versus medium on the growth of HPBF and found there was no significant 

difference in growth between medium or vehicle treated HPBF cells (P = 0.51, 2-tailed 

unpaired t-test, n=3; data not shown). What was evident was a lower OD in this assay, 

this is attributable to the lower density of plated cells together with a tendency of the 

fibroblasts to stain weakly in the SRB assay (Figures 24 and 28). 

 

 

However, there was a significant effect of both day (P < 0.0001) as well as a 30 minute 

NaHS treatment (P < 0.001) on the OD (two-way ANOVA, n=3). Tukey’s multiple 

comparisons test revealed further that both 3 mM and 10 mM NaHS had a significant 

effect on the OD relative to the vehicle control on day 5 (P = 0.01 for both; Figures 28A 

and 29). This was also evident when analysed as % of cell growth (P < 0.0001, one-way 

ANOVA, n=5; Figure 28B). Growth on day 5 after 3 and 10 mM NaHS treatments was 

30% ± 10.7 and 23% ± 6.6% respectively, relative to the vehicle controls (P < 0.05; 

Tukey’s multiple comparisons). The reduced growth following 10 mM NaHS and the 

significant effect of 3 mM NaHS suggests HPBF have an increased susceptibility to 

NaHS relative to HEK-TRPA1 cells; this is emphasised by the lower IC50 of 1.2 mM 

NaHS (Figure 28B). This IC50 has a narrower 95% confidence interval (0.3 mM -4.3 

mM) and thus provides a more accurate estimation of the IC50 in the HPBF population.  

 

 

The concentration-response curve also appears to have a much more recognisable curve 

than that seen with the HEK-TRPA1 cells; this may be due to the increased sensitivity 

allowing the determination of the peak inhibitory response in this assay. However, the 

R2 value is lower compared to the HEK cells at 0.62. Although a higher R2 value does 
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normally suggest the regression line forms a good fit of the data, this is not a universal 

feature as sometimes a regression line with a lower R2 value may provide a more 

accurate model of the interaction between the independent and dependent variables. 

Figure 29 provides photographs of an actual experimental plate of HPBF on day 5 post-

acute NaHS treatment. As can be seen, there is a reduction in the SRB colour in the 

wells when moving from the vehicle treatment to 10 mM NaHS group of wells. 

Microscopically the reduced number of cells is evident at 40 times magnification. 
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  (A) 

 
(B) 

 
Figure 28: (A) The mean OD ± SEM observed in HPBF following acute NaHS treatment (1 µM – 
10mM). Two-way ANOVA revealed a significant effect of day (P<0.0001) and the acute NaHS treatment 
on OD i.e. cell growth (P<0.0001, n=3 independent experiments each with up to 3 observations). Both 3 
mM and 10 mM NaHS induced a significant reduction in OD relative to vehicle treatment (P=0.01, 
Tukey’s multiple comparison). (B) The data from day 5 in A expressed as the mean ± SEM % cell 
growth. One-way ANOVA with Tukey’s multiple comparison revealed a significant reduction in growth 
on day 5 following both 3 mM and 10 mM NaHS treatment (P<0.001-0.05, n=5 independent experiments 
each with up to 3 observations). Also shown is the fitted log inhibitor versus response curve; IC50 is 1.2 
mM (0.3 mM – 4.3 mM; 95% CI), R2

 = 0.62, calculated using Prism 6.0, % Control Growth= 10.1 + 
{95.3/(1+10([NaHS]+2.94))}. 
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4.5.5. Application of NAC on HEK-TRPA1 and HPBF cells 

 

These experiments sought to examine the role of NAC in HEK and HPBF cells in the 

presence as well as absence of NaHS; this was at the IC50 concentrations of each cell 

line.  
 

 

4.5.5.1. The effect of NAC and NaHS on HEK-TRPA1 cells 

 

An acute NAC treatment did not induce a significant effect on growth of HEK-hTRPA1 

cells (P = 0.63, one-way ANOVA, n=3; Figure 30A). However, as seen in figure 30A 

there does appear to be a trend of NAC inhibiting growth. Treatment with 10 mM NAC 

reduced growth to 42% ± 11.4% of control cells; in contrast this was 61% ± 26.7% after 

100 nM NAC.  

 

 

Next the effects of NAC pre-treatment on the NaHS induced inhibition of cell growth 

were examined. The addition of 10 mM NaHS reduced the mean growth to 86 ± 21% of 

the control response, whereas in the presence of 10mM NAC pre-treatment, the growth 

was 84 ± 6% (Figure 30B). Therefore 10mM NaHS alone did not have a significant 

effect on growth relative to vehicle treatment (P=0.536, unpaired two-tail t-test, n=3); 

this result is inconsistent with those observed in section 4.5.3. This difference may be 

due to an underpowered study and thus further repeats would be beneficial. However in 

order to examine the overall effects of NaHS on HEK-hTRPA1 cells treated with NAC, 

the data from figure 30A and B were pooled (Figure 31). It was subsequently evident 

that 10 mM NaHS induced a significant effect on growth (P=0.015, two-way ANOVA, 

n=3 independent experiments). This growth was in fact greater in the presence  rather 

than absence of 10 mM NaHS. Furthermore the aforementioned trend of reduced cell 

growth with increasing NAC concentrations appears to have been attenuated in the 

presence of 10 mM NaHS (Figure 31).  
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(A) 

  
(B) 

 
 
Figure 30: (A) The mean % cell growth ± SEM observed on day 5 following acute treatment (1.5 
hours) of HEK293-TRPA1 cells with 100 nM – 10 mM NAC. One-way ANOVA with Dunnett’s 
multiple comparison, revealed there was no significant reduction in growth P=0.63 (n=3 
independent experiments each with up to 3 repeats). (B) The mean % cell growth ± SEM observed 
on day 5 following acute treatment (1.5 hours) of HEK293-TRPA1 cells with 1 µM – 10 mM NAC 
and 10 mM NaHS. One-way ANOVA with Dunnett’s multiple comparison revealed there was no 
significant reduction in growth P=0.959 (n=3 independent experiments each with up to 3 repeats). 
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Figure 31:  The mean % cell growth ± SEM observed on day 5 following a 1.5 hr treatment of 
HEK293-TRPA1 cells with 1 µM – 10 mM NAC with or without a 0.5 hr of 10 mM NaHS. Two-
way ANOVA revealed the concentration of NAC had no significant effect on growth (P=0.979), 
however the presence of NaHS significantly affected growth P=0.015 (n=3 independent experiments 
each with up to 3 repeats). 
 

 

 

4.5.5.2. The effect of NAC and NaHS on HPBF cells 

 

 

These experiments were performed in a similar manner to those is 4.5.5.1, with HEK-

TRPA1 substituted with HPBF. Acute 1.5 hour application of NAC caused a significant 

reduction in HPBF growth on day 5 (P=0.017; one-way ANOVA, n=3); this was 

particularly evident following 1 mM and 10 mM NAC treatment with growth at 44% ± 

11.2% and 53% ± 9.1% respectively (Figure 32A). However, Dunnett’s multiple 

comparisons test revealed that only 1 mM NAC had a statistically significant effect on 

growth relative to the vehicle treated controls. This initially appears to show that HPBF 

have a greater sensitivity to NAC compared with HEK293-TRPA1.  
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In the next group of experiments, HPBF were treated with NAC in a similar manner to 

the HEK293 cells in 4.5.5.1 (Figure 32B).  On this occasion a 1 mM NaHS 

concentration was utilised due to the lower IC50 of 1.2 mM identified in section 4.5.4. 

There was a significant reduction in cell growth following treatment with 1 mM NaHS 

(76 ± 1.8%) in the absence of NAC (P=0.0002, unpaired two-tailed t-test, n = 3); this 

was consistent with the inhibitory effects observed in 4.5.4. Pre-treatment with NAC (1 

µM – 10 mM) in the presence of NaHS did not have a significant effect on growth (P = 

0.160, one-way ANOVA with Dunnett’s multiple comparison corrections, n=3, figure 

32B). However when pooled comparisons were made between HPBF treated with NAC 

(1 µM – 10 mM) in the presence and absence of 1 mM NaHS (Figure 33), NAC was 

found to have a significant effect on cell growth (P=0.004), in contrast 1 mM NaHS did 

not (P=0.339, two-way ANOVA, n=3). These results are very interesting as what they 

appear to initially suggest is that although the 1 mM NaHS independently induced a 

significant reduction in growth relative to controls, this effect was mitigated in the 

presence of NAC.  

 

 

A more thorough examination of the graphs in figures 32B and 33 suggest that 1 mM 

NaHS  did result in an inhibition of growth, this inhibition was greater with 1 µM NAC 

pre-treatment, however 10 -100 µM NAC (mean growth 92  ± 11%) reversed these 

effects. Finally 1 mM and 10 mM NAC (52% ± 21.5% and 49% ± 15.4% respectively) 

in the presence of NaHS induced a similar level of growth inhibition to that observed 

with these concentrations of NAC in the absence of NaHS. The results suggest a 

biphasic process occurring with NAC in the presence of NaHS; at the high micromolar 

concentrations NAC is able to reverse the inhibitory effects of 1mM NaHS but this is 

then lost as NAC enters the mM concentrations as it begins to inhibit cell growth. This 

theory is supported by the results of a one-way ANOVA with Dunnett’s multiple 

comparisons; there was a significant effect of 1 mM NaHS in the absence (P ≤ 0.05) and 

presence of 1 µM NAC (P ≤ 0.01) in comparison with vehicle, however 10 and 100 µM 

NAC were not significantly different (P ≥ 0.05) from vehicle (n=3; in these 

comparisons 1mM and 10mM NAC data was excluded). Although it is fully appreciated 

that repeating such statistical tests with the exclusion of data can result in false positive 

results.  
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 (A)  

 
 
 
(B) 
 

 
 
Figure 32: (A) The mean % cell growth ± SEM observed on day 5 following acute treatment (1.5 hours) 
of HPBF cells with 100 nM – 10 mM NAC. One-way ANOVA revealed a significant effect of NAC on 
growth P=0.017, only 1 mM NAC had a significantly different growth to vehicle after Dunnett’s 
correction (n=3 independent experiments each with up to 3 repeats). (B) The mean % cell growth ± SEM 
observed on day 5 following acute treatment (1.5 hours) of HPBF cells with 1 µM – 10 mM NAC and 30 
min of 1 mM NaHS. One-way ANOVA with Dunnett’s multiple comparison revealed NAC did not 
significantly affect cellular growth following 1 mM NaHS treatment P=0.160 (n=3 independent 
experiments each with up to 3 repeats). 
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Figure 33:  The mean % cell growth ± SEM observed on day 5 following a 1.5 hr treatment of HPBF 
cells with 1 µM – 10 mM NAC with or without a 0.5 hr of 1 mM NaHS. Two-way ANOVA revealed the 
concentration of NAC had a significant effect on growth (P=0.004), however the effects of 1 mM NaHS 
were not significant on cell growth P=0.339 (n=3 independent experiments each with up to 3 repeats). 
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4.5.6. The effect of NaHS on cell cycle in HEK-TRPA1 and HPBF cells 
 

These experiments sought to examine whether the NaHS mediated a reduction in cell 

growth observed with HEK293-TRPA1 and HPBF was due to cellular quiescence 

during the cell growth cycle.  

 
 

 

4.5.6.1. The effects of NaHS on the cell cycle in HEK-TRPA1 cells 

 

 

The mean number of cells detected on the flow cytometer per treatment was 11 472, 

thus the histograms shown in figure 34 represent a large enough sample of cells to 

provide a respectable estimation of the population characteristics (Riccardi and 

Nicoletti, 2006).  

 

 

The results demonstrated that the vehicle treated cells that had not been stained by PI 

produced a large number of counts at the lower range of the FL2H channel; this is most 

likely due to autofluorescence from the cells (Figure 34). Vehicle cells stained with PI 

produced two major peaks one around 180 and another around 360 in the FL2-H 

channel. These peaks are representative of the G1 and G2/M stages of the cell cycle, 

and the data are consistent with the peaks reported in the literature when utilising PI 

staining (Nunez, 2001). The interposing area is regarded as containing cells within the 

S-phase of the cell cycle. The ModFit algorithm was used to determine the contribution 

of the different phases of the cell cycle (G1, S, G2/M) to the histogram (Figure 34).  

 

 

Using this model, treatment with 10 mM NaHS caused a reduction in the proportion of 

cells in G1 (40.9 ± 2.6 %), an increase in S (59.1 ± 2.6 %) but there were none in the 

G2/M phase (0 ± 0 %) (Figures 34 and 35A).  In comparison, vehicle treated cells 

displayed a different distribution of cells in the phases of the cell cycle: 42.7 ± 1.2 % 

(G1), 49.2 ± 1.1 % (S), and 8 ± 0 % (G2/M). Thus over 3 independent experiments, 10 

mM NaHS induced a decrease in the proportion of cells in the G1 and G2/M phases 

with a complementary increase in the S phase of the cell cycle (Figure 35A). This data 
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suggests that 10 mM NaHS treatment is preventing the normal cellular progression into 

the G2/M phase of the cell cycle, with cells spending a disproportionate length of time 

in the S-phase. Nevertheless the HEK293-TRPA1 cells do clearly progress through the 

cell cycle as section 4.5.3 and Figure 25 have shown that there is an increase in growth 

on day 5 relative to day 1. The various treatments did not have a statically significant 

effect on the proportion of cells in each phase of the cell cycle (P > 0.98, two-way 

ANOVA with Bonferroni multiple comparisons, n = 3). 

  

 

A toxic dose of hydrogen peroxide was utilised as a positive control to examine its 

effects on the populations of cells in various stages of the cell cycle. There was a 

proportional reduction in the number of cells present at day 5 after treatment with 100 

µM H2O2 this was evident subjectively under microscopic examination as well as 

objectively. The later was noted by the persistently lower total cell counts (mean of 7 

557) on the flow cytometer, whereas the other treatment groups had a mean of ≥ 10 000 

cells per sample. In concordance with this there was a significant decrease in the 

number of diploid cells observed following treatment with 100 µM H2O2 (P < 0.05, 

two-way ANOVA with Bonferroni multiple comparisons, n = 3).  Furthermore H2O2 

also caused an increase in amount of cellular debris (50.9 ± 17.5 %) compared with 

vehicle controls (13.1 ± 3.4 % debris). However acute H2O2 treatment did not 

significantly affect the distribution of cells in the various stages of the cell cycle (P > 

0.05, two-way ANOVA with Bonferroni multiple comparisons, n = 3).  
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Figure 35:  Bar charts representing the pooled data from 3 separate experiments examining the effects of 
an acute treatment with vehicle, NaHS (1 µM- 10 mM) or 100 µM H2O2 HEK293-TRPA1 cells. Data are 
the mean ± SEM % of cells in the different stages of the cell cycle on day five (A). In (B) the data 
represent the proportion of cells found as diploid cells or cell debris on day 5 following the acute 
treatment. The various treatments did not have an no overall significant effect on the proportions of cellss 
in different stages of the cell cycle (P = 0.98; Two-way ANOVA with Bonferroni multiple comparisons, 
n=3) or on the proportion of diploid cells and cell debris (P = 0.94; Two-way ANOVA with Bonferroni 
multiple comparisons, n=3). The Bonferonni multiple comparisons did reveal there was a significant 
reduction in the number of diploid cells after 100 µM H2O2 when compared with vehicle controls 
(P<0.05, n=3).  
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4.5.6.2. The effects of NaHS on the cell cycle in HPBF cells. 

 

 

The mean number of cells detected on the flow cytometer per treatment was 10 804, 

with most of the histograms representing a sufficiently large enough sample of cells to 

provide a good estimation of the population characteristics (Riccardi and Nicoletti, 

2006). The only treatment group that fell short of this was 100 µM H2O2 which had a 

mean count of 1856 cells; a value considered too low to derive accurate conclusions of 

the population using flow cytometry. Non-PI labelled control cells produced a similar 

autofluorescence signal to that observed in the HEK-TRPA1 cells (Figures 34 and 36). 

Furthermore like the HEK-TRPA1 cells, vehicle cells stained with PI also produced two 

major peaks at around 180 and 360 in the FL2-H channel.  

 

 

However in contrast to HEK-TRPA1 cells, treatment with 10 mM NaHS produced an 

increase in the proportion of cells in the G2/M phase (7.8 ± 0.3 %), as well as the S 

phase (38.5 ± 3.7 %), with a reduced proportion of cells in G1 (53.8 ± 3.4 %) (Figures 

36 and 37A).  Cells treated with vehicle exhibited a distribution whereby 67 ± 4.3 % 

were in G1, 27.3 ± 2.4 % in S, and 5.7 ± 2.3 % in the G2/M phase. Not all 

concentrations of NaHS induced an increase in the proportion of cells in G2/M, as 1 µM 

- 1 mM NaHS actually prompted a reduction from 5.7 % in vehicle treated cells to 

between 1.2 – 2.7 % (Figure 37A). The various acute treatment did not have a 

significant effect of on the proportion of cells in the different stages of the cell cycle (P 

> 0.05, two-way ANOVA with Bonferroni multiple comparisons, n= 3 experiments).  

 

 

Comparisons between vehicle and NaHS revealed that an increase in the NaHS 

concentration reduced the amount of cellular debris; vehicle treated samples contained 

19.5 ± 8.2 % of cellular debris in contrast to 16.0 ± 5.4 % observed in samples treated 

with 10 mM NaHS (Figure 37B).  Treatment with NaHS or H2O2 had no significant 

effect on the amount of diploid cells or cellular debris (P > 0.05, two-way ANOVA with 

Bonferroni multiple comparisons, n= 3 experiments). However the data examining the 

effects of H2O2 cannot be reliably discussed due to the low cell counts. 
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Figure 36:
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Figure 37:  Bar charts representing the pooled data from 3 independent experiments examining the 
effects of an acute treatment with vehicle, NaHS (1 µM- 10 mM) or 100 µM H2O2 on HPBF. The data are 
presented as the mean ± SEM % of cell in the different stages of the cell cycle on day five (A). In (B) the 
data represent the proportion of cells found as diploid cells or cell debris on day 5. The treatments did not 
have a significant effect on the proportion of cells in different stages of the cell cycle (P > 0.05; Two-way 
ANOVA with Bonferroni multiple comparisons, n=3) or on the proportion of diploid cells and cell debris 
(P > 0.05; Two-way ANOVA with Bonferroni multiple comparisons, n=3). 
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4.6. Discussion 
 
 

4.6.1. The optimisation of NaHS in cell growth assays 
 

 

The main investigations described in this chapter have examined the effects of NaHS on 

cell growth. This has been accomplished through preliminary assays that sought to 

explore the effects of using the filtered ddH2O as a vehicle. It was hypothesised that the 

1% v/v vehicle would not have an effect on cell growth particularly as the volume 

utilised was extremely small and water was used instead of solvents such as dimethyl 

sulfoxide (DMSO) or ethanol which are known to damage cellular membranes and 

affect membrane protein activity (Sirotkin et al., 2001). Indeed the vehicle did not have 

a significant effect on growth. The next set of experiments examined whether NaHS 

was altering the pH of the medium as this would clearly confound results given that 

cells are sensitive to perturbation in pH (Alberts et al., 2002). Within the concentrations 

of NaHS used, it was not found to significantly affect the pH of the medium. Both H+
 

and pH data were analysed because from a purely statistical point of view, pH is 

susceptible to skew due to the logarithm function; this can be overcome by using the 

direct H+ concentrations. However Boutelier and Shelton (1980) have provided 

evidence to suggest that either can be used in biological experiments, although pH is 

easier to use as it avoids performing the antilogarithm and logarithm steps needed for 

analysis and then interpretation. 

 

 

The preliminary assays also provided evidence that the control cells could be incubated 

in the same incubator as the NaHS treated cells. The benefit of this result was that it 

negated the need for separate incubators in the ensuing assays and thus avoided the 

introduction of an additional variable into the experiment. Furthermore it was also 

found that gaseous H2S did not appear to interfere with cell growth in neighbouring 

wells or plates within the shared incubator. This may be due to the kinetics of the plate 

or that the H2S was escaping into the atmosphere before it had time to affect 

neighbouring cells. 
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4.6.2. The effects of NaHS on HEK293-EV, TRPA1 and HPBF growth 
 

 

The main experiments then highlighted that chronic treatment with high concentrations 

of NaHS attenuated cell growth in HEK293 cells transfected with or without TRPA1; 

this possibly abates the role of TRPA1 in this process. However the experiments 

performed were not sufficiently extensisve to provide a decisive conclusion, and further 

repeats would be necessary. The data appeared to indicate that HEK293-EV (IC50 of 2.3 

mM) cells were slightly more sensitive to chronic NaHS/H2S treatment compared with 

HEK-hTRPA1 (IC50 of 2.6 mM) which could be explained by several factors, it could 

be that hTRPA1 is not mediating any anti-proliferative effects of H2S in this model, on 

the other hand it could be that it is in fact providing a cytoprotective role from the H2S 

gas and hence increasing the concentration of NaHS/ H2S required to affect cell growth. 

The other explanation may be that this increased sensitivity is just a result of chance due 

to the number of repeats and the variability seen in this assay which includes a poorer fit 

in HEK293-EV (as exemplified by the lower R2 of 0.76), and/or the cell growth assay is 

not a sufficiently sensitive assay to use to determine an IC50. The latter could be 

addressed by performing further experimental repeats to increase the power of the 

study, whereas the former would need more complex assays involving cell stressors 

such as reactive oxygen species to tease out the true role of the TRPA1 receptor in these 

cell growth assays. Nevertheless what these results do show conclusively is that at mM 

concentrations, NaHS did inhibit cell proliferation regardless of the presence of TRPA1 

receptors. 

 

 

During the course of the experiments it was found that using the OD as the only 

measure of cell growth was not providing an accurate picture of what was occurring in 

the experiments (Skehan et al., 1990). One reason for the discrepancy between the 

analyses using absorbance versus the percentage cell growth is skew; the ODs represent 

the raw data that are not standardised to the initial cell density. Thus to obtain 

reproducible data, the assay is reliant on an incredibly homogenous method of plating 

cells onto the growth plates. However what I found was that a number of cells plated 

initially did vary irrespective of the several techniques utilised to ensure homogeneity. 

In an ideal world further repeats would help improve the confidence intervals and/or 

allow outliers to be identified. However the variability in the OD data was partly 
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overcome by converting to the % of control cell growth as this standardises the 

treatment groups against the control cell growth on both day zero and the day of cell 

fixation (Vichai and Kirtikara, 2006). However the confidence intervals were still 

relatively wide in the data looking at the % of control cell growth over the OD, and thus 

it could be that the cell growth assays are not sensitive enough to help accurately 

identify a concentration-response curve without performing many further repeats to 

overcome the sources of error in the assay such as during cell plating, applying 

treatments, and changing the medium. 

 

 

The observed inhibitory effects of NaHS on HEK-293 cells with both control EV as 

well as those transfected to overexpress a calcium channel (hTRPA1), are consistent 

with reports from others (Elies et al., 2015; Yang et al., 2004a). However, Elies et al. 

(2015) presented data showing this inhibition in their HEK control cells was evident by 

day 4 at a lower concentration of NaHS (100 µM). Several reasons could explain this 

discrepancy; one could be due to their use of serum-free media (SFM) which is known 

to increase cell stress due to the absence of growth factors (Freshney and Freshney, 

2005). Moreover the use of SFM does not accurately model the in vivo environment 

where a milieu of growth factors and cytokines are present. An additional cause to the 

discrepancies in the results could be that the authors have used non-transfected HEK293 

cells as controls instead of a mock-transfected HEK293 cells used in this thesis. 

Moreover, the methodological difference used for the quantitative assessment of cells 

counts may also explain the difference in results, as the tryptan-blue method used by 

Elies and colleagues has been reported to have an inferior sensitivity relative to the 

SRB-assay (Vichai and Kirtikara, 2006). Nevertheless there are certain similarities 

between the models used, as it appears that Elies and colleagues also used a similar 

chronic treatment paradigm whereby the NaHS was only applied once at the start of the 

experiment and left for the duration (Elies et al., 2015).   

 

 

In the chronic experiments, NaHS was left for the duration of the experiment in order to 

investigate how this would compare with a brief exposure of cells to NaHS. The former 

could be seen as a model of chronic inflammation with the latter as that of an acute 

inflammatory episode. An important limitation of the model utilised in these chronic 

treatment models is the variability in exposure to H2S that is likely to occur. In the 
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chronic treatment the H2S may have escaped into the atmosphere within a few hours 

given that others have shown the sulfide content in stock solutions reduce to under 40% 

after eight hours (Nagy et al., 2014). Furthermore this may even be faster in the 

presence of cells, as H2S becomes more unstable in solution by undergoing spontaneous 

oxidation in the presence of oxygen and metal catalysts (Kashfi and Olson, 2013). To 

truly appreciate the extent of the loss of NaHS/H2S, it would be useful to measure 

temporal changes in the sulfide content as the growth assays progress. Some have 

reported that half of a dose of H2S can be lost from open tissue culture wells in 5 

minutes (Kashfi and Olson, 2013). 

 

 

Nevertheless conceptually the acute and chronic treatments did differ and do provide a 

model of a brief versus a more protracted exposure to H2S. If one did want to accurately 

examine the chronic effects of H2S, a better model would utilise an incubator capable of 

maintaining a constant H2S gas concentration. However as alluded to in chapter 3 this 

would be a much more costly system to set-up and maintain. Interestingly, the 

comparison between a brief and more protracted NaHS/H2S exposure did reveal that in 

both models of application of NaHS there was a concentration dependent chronic 

inhibition of growth; the long-term effects on growth were reproducible both in primary 

human lung fibroblasts, as well as in over-expressing systems such as HEK-293. This 

possibly suggests a conserved molecular mode of action in both cell types. Consistent 

with this, it has been suggested that part of the toxic effects of H2S are mediated through 

the inhibition of cytochrome oxidase (Lindenmann et al., 2010; Chen and Wang, 2012), 

which thus perturbs the normal cellular bioenergetics and  reduces the availability of 

ATP for cellular processes such as growth. Others have provided evidence for the 

extracellular signal-regulated kinase (ERK)1/2 pathway mediating the H2S induced 

inhibition of the cell growth (Yang et al., 2004a). The ERK1/2 pathway can activate 

p21Cip/WAF-1 a cdk inhibitory protein which is important for cell cycle arrest (Yang et al., 

2004a). 

 

 

It was not known whether the NaHS treatment was causing a reduction in the overall 

rate of reproduction through induction of the hypometabolic state that has been 

observed in mice (Blackstone et al., 2005), or  through cells entering a quiescent stage 

in the cell cycle (Campisi, 2005), this was addressed using flow cytometry with PI 
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labelling. This experiment allows quantitative DNA content analysis in tissue culture 

cells using PI; a fluorescent molecule that binds nucleic acid with little or no sequence 

preference (Riccardi and Nicoletti, 2006). The PI based flow cytometry experiments 

found that NaHS did not significantly affect the proportion of cells in each phase of the 

cell cycle in HEK293-TRPA1 cells. This would suggest that although growth was still 

occurring in the NaHS over the five day course of the experiment, the reduction in the 

rate was a global phenomenon rather than cells getting trapped in a specific stage of the 

cell cycle. Hence, an interesting extension to this experiment would be to repeat it with 

non-hTRPA1 transfected HEK293, in order to determine whether there are any 

differences in the proportion of cells found in the various stages of the cell cycle which 

may then be attributable to the presence hTRPA1.  

 

 

The acute treatment of HPBF with NaHS produced a similar result to the HEK293-

hTRPA1 cells with the proportion of cells in each stage of the cell cycle not altering 

significantly. Thus, once more it is likely the effect was a global reduction in growth 

through the cells entering a hypometabolic state. These results seem inconsistent with 

those of Baskar et al. (2007), who found that treatment with 10-75 µM NaHS over 12-

48 hours caused a concentration dependent increase in DNA damage (assessed through 

micronuclei formation) and cell cycle arrest in the G1 phase. The difference in the two 

sets of data may pertain to Baskar et al. (2007), utilising human foetal fibroblasts 

instead of the adult fibroblasts used in this study, particularly as there is evidence for 

age related differences in Ca2+ handling between the two populations (Papazafiri and 

Kletsas, 2003). Baskar et al. (2007) also provided evidence that NaHS promoted 

apoptosis in their fibroblast population. This could explain why the cell cycle 

experiments performed in my study did not show a difference in the cell cycle 

populations; cells were undergoing apoptosis with a resultant global reduction in cell 

numbers.  

 

 

An augmentation of the flow cytometry assay involving the use of dual staining for both 

PI in conjunction with Annexin 5 would allow the detection of apoptosis (Riccardi and 

Nicoletti, 2006; Wlodkowic et al., 2009). Consistent with the hypothesis that NaHS 

could be inducing cellular apoptosis in the growth assays, NaHS was shown to induce 

apoptosis at concentrations < 200 µM but necrosis at > 200 µM in mature cortical 
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neuronal cells expressing the glutamate receptor (Cheung et al., 2007). Although these 

concentrations are several-fold lower than the concentrations that I used, different cells 

are known to have varying sensitivities to H2S/NaHS (Guang-dong and Rui, 2007). 

Another experimental method that could be utilised to examine such effects in the 

HEK293 cells and HPBF would be western blots to examine for apoptotic bodies, 

caspases, ERK and cathepsins (Liu et al., 2004; Yang et al., 2004b; Medzhitov, 2008). 

It is also important to be mindful that the lack of effect with NaHS on the proportion of 

cells in each stage of the cell cycle maybe a false negative secondary to an insufficient 

number of experimental repeats, or it may be that the ModFit model is not accurate 

enough to detect the subtle changes that NaHS had induced.  

 

 

In the flow cytometry assays, Hydrogen peroxide was used as positive control for cell 

death. It was shown to cause a significant reduction in cell numbers. However others 

have also reported that H2O2 itself activates TRPA1 with an EC50 of 230 µM ( Streng et 

al., 2008; Módis et al., 2013). This EC50 is high and does question the validity of their 

experiments as the 100 µM H2O2 that has been used in this experiment is commonly 

used as a positive control for cell death (Yang, 2004). On the other hand the EC50 of 230 

µM on TRPA1 may explain why the results for this treatment group were similar to 

those cells treated with a lower concentration of NaHS e.g. 1 and 10 µM NaHS in HEK-

TRPA1 cells (Figure 35A). 

 

 

 

4.6.3. The effects of NAC on HEK293- TRPA1 and HPBF growth 
 

 

As mentioned previously, the drug NAC has been used in the treatment of certain 

chronic fibrotic conditions such as IPF with a postulated mechanism thought to involve 

its anti-oxidant properties (Datta et al., 2011). To the best of my knowledge, this is the 

only study to date that has examined the in vitro effects of NAC on primary human 

pulmonary fibroblast growth. A previous study has explored the effects of NAC in 

human fibroblast cells; however this study did not investigate the effects on growth and 

used cells of foetal origin rather than adults (Sugiura et al., 2009).  Sugiura and 

colleagues did provide evidence for NAC inhibiting the transforming growth factor-β1 
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(TGF-β1) induced fibrotic process, interestingly TGF-β1 is also known to reduce the 

cellular glutathione levels and is known to promote tissue remodelling and fibrosis 

(Finesmith et al., 1990; Sugiura et al., 2009).  On the other hand NAC has been shown 

to inactivate TGF-β1 from a dimer to monomer through the reduction of its disulphide 

bonds (Meurer et al., 2005). One possible cause for the reduction in growth could be a 

change in pH induced by NAC unfortunately this was not assessed during the course of 

the experiments. 

 

 

The results presented here provide evidence that NAC significantly inhibits cell growth 

in primary human lung fibroblasts. This observation is consistent with studies on 

hepatic fibroblasts (Meurer et al., 2005), and provides in vitro evidence for the potential 

anti-fibrotic actions of NAC in the lung. These anti- proliferative effects of NAC may 

be mediated through inhibiting the effects of TGF-β1, likewise NaHS has also been 

shown to inhibit TGF-β1 induced cellular proliferation (Sheng et al., 2013). These 

findings thus provide a common mechanism underlying how the two agents may inhibit 

fibroblast proliferation and would be an avenue for further exploration in the future.  

 

 

 

4.7. Conclusion 
 
 

Hydrogen sulfide has been shown to have variable effects on different cells. The in vitro 

data in this chapter have shown that NaHS retards the growth of HEK293 cells 

transfected with either human TRPA1 or an EV. This inhibitory effect on HEK-293 

TRPA1 growth is also present following a brief treatment with NaHS with the 

mechanism thought to involve a global reduction in cell replication. The global 

reduction in cell growth following acute treatment with NaHS is also observed in 

primary human bronchial fibroblasts. These novel findings need to be explored further 

in order to provide a better understanding of the role that H2S plays in modulating the 

progression from inflammation to fibrosis and thus could potentially help in the 

development of new therapies for respiratory disorders such as COPD, asthma and 

pulmonary fibrosis. 
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5. General Discussion & Future Work 
 

 

Hydrogen sulfide has an odour that everyone is familiar with but most try to avoid it, 

yet others have embraced its therapeutic potential for centuries by seeking sulphur 

springs with their medicinal properties or garlic with its putative health benefits. What 

has changed in the last twenty years is that it is now recognised as the third 

gasotransmitter and is thus undergoing an immense period of research with over 41 300 

publications on PubMed. Nevertheless there is still much to learn about its role in 

normal health as well as in disease. The fact that enzymes which synthesise H2S are 

found to be expressed so diversely in mammalian organs indicate this gasotransmitter 

has a role in most if not all systems in the body. Furthermore, perturbations in the levels 

of H2S have been implicated in various disorders including those affecting the 

respiratory tract such as COPD, asthma, pulmonary fibrosis and acute lung injury 

(Olson et al., 2010; Olson, 2011; Chen and Wang, 2012). Furthermore recent data 

suggests that it mediates part of its effects via the TRPA1 channel. The latter is entirely 

plausible given that TRPA1 has been known to undergo activation by other sulphur 

containing ligands such allyl isothiocyanate which is found in mustard, horseradish and 

wasabi. Furthermore TRPA1 itself is also becoming increasingly appreciated as a sensor 

and mediator of airway inflammation and in the management of chronic airway diseases 

such as asthma, COPD and pulmonary fibrosis (Bautista et al., 2006; Caceres et al., 

2009; Banner et al., 2011; Raemdonck et al., 2012).  

 

 

There has been evidence published for the activation of TRPA1 by H2S, nevertheless 

this has not been with human TRPA1 receptors. As a consequence the major hypothesis 

of this study was that H2S mediates part of its effects on the respiratory system through 

the activation of human TRPA1 channels and this includes regulating the growth of 

pulmonary fibroblasts during an episode of inflammation.  

 

1. The major finding in this study supports this hypothesis; an acute 30 minute 

treatment with 1 mM NaHS inhibited the growth of human pulmonary fibroblast 

(IC50 = 1.2 mM). 
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a. This inhibitory effect on growth was evident even 5 days after an acute 

exposure to NaHS. The finding appeared to be through a global 

reduction in cell proliferation rather than the cells entering a senescent 

phase of the cell cycle.  

 

 

2. A similar effect was also observed with HEK293 cells transfected with 

hTRPA1, however these cells were not as susceptible to the effects of an acute 

treatment with NaHS. This inhibition in growth was greater when HEK293-

hTRPA1 cells were exposed to a prolonged NaHS treatment (IC50 = 2.6 mM). 

 

 

3. A novel finding was that NAC not only appeared to prevent the NaHS mediated 

inhibition of cell growth in HPBF, but it had a dual role and in fact it reduced 

growth in HPBF when it was added independent of NaHS. 

 

 

4. The final unexpected finding was that fluo-3 the non-esterified analogue of fluo-

3AM has been found to directly react with NaHS. This could provide a new type 

of intracellular H2S probe and subsequently allow the opportunity for even 

further research into this gasotransmitter. 

 

 

The discovery of the effects of an acute NaHS exposure on primary adult human 

bronchial fibroblasts is unique in that most models examining the effects of NaHS on 

cell growth apply the drug for the duration of the experiment rather than remove it after 

a brief 30 minute application (Miyamoto et al., 2011; Elies et al., 2015;).  This is an 

incredibly interesting finding as it implies that a brief exposure to H2S is able to alter 

the growth trajectory of the cells. This discovery requires further research in order to 

elucidate the molecular mechanism underlying the attenuated growth. Previously 

Baskar et al. (2007) had reported such reductions in growth occur through the activation 

of pro-apoptotic pathways, however their conclusions were based on foetal lung 

fibroblasts which are known to have a more distinct calcium homeostasis when 

compared with adult fibroblasts (Papazafiri and Kletsas, 2003). Nevertheless examining 

such apoptotic pathways in adult human bronchial fibroblasts would still provide a 
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useful foundation to assess the mechanisms underpinning the attenuated growth. The 

proportion of fibroblasts undergoing apoptosis following NaHS treatment could be 

assessed using dual labelled (PI and Annexin V) flow cytometry experiments. An 

alternative method would be to use Western blotting to examine the proportion of 

apoptotic bodies (Wlodkowic et al., 2009). I would also plan to use 

immunohistochemistry to assess the extent of TRPA1 receptor expression on the 

membranes of pulmonary fibroblasts. The activity of the receptors could then be 

pharmacologically evaluated using the cell suspension based calcium fluorometric 

assays. Once the presence of active TRPA1 channels are confirmed, one could then try 

to antagonise the effects of H2S using a ligand such as HC 030031 prior to the 

application of NaHS. This compound has been shown to antagonise the AITC evoked 

calcium currents in TRPA1 channels (Caceres et al., 2009). 

 

 

The in vitro fluorometric calcium assays were used to pharmacologically examine the 

effects of NaHS/H2S on the hTRPA1 receptor using an overexpressing mammalian 

vector (HEK293 cells). Unfortunately due to NaHS specifically reacting with the 

fluorescent probe, the molecular effects of H2S on TRP channels could not be assessed 

any further. However what it has opened up is a new avenue of research into a well-

known calcium imaging dye that has the potential to be used as a compound to 

investigate H2S signalling. It has a favourable toxicity profile, is highly sensitive, allows 

rapid measurements of calcium flux, has a large fluorescence increase upon activation, 

is excited in visible light-range thus reducing cellular photo damage, and has been used 

for cell imaging since the late 1980s (Kao et al., 1989; Thomas et al., 2000). This is 

particularly pertinent as there are several research groups trying to develop H2S probes 

that are safe, sensitive and specific (Lippert, 2014). It would be interesting to see 

whether other H2S donating drugs such as Na2S or GYY 4137 are also able to produce 

the same effect with fluo-3. If so it would indicate that the dye was reacting with H2S 

rather than NaHS. If the reaction was specific to H2S, then analysis of the chemical 

reaction occurring could help in the development of improved probes capable of 

detecting H2S. It would be particularly useful if a ratiometric H2S dye could be 

developed as it would allow an estimation of the concentration of H2S present in cells 

thus solving a major hurdle in H2S research. 
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The in vitro anti-proliferative effects of NAC on fibroblasts however does not appear to 

clearly translate to the clinical context as the most recent randomised-control clinical 

trial in IPF found that NAC did not offer a significant benefit in patients with mild-to-

moderate impairment in lung function (Martinez et al., 2014). The difference between 

the clinical and laboratory findings may relate to the differences in the concentration of 

NAC at the cellular level given the trial used a 600 mg dose which would likely result in 

the presence of a much lower concentration at the cellular level than those used by me.  

 

 

The concentrations of NAC used in my experiments were derived from the observation 

that most studies using various experimental paradigms to investigate the antioxidant 

properties of NAC used between 1 – 10 mM (Kim et al., 2014; Nishio et al., 2013). On 

the other hand, it could be that although NAC does show in vitro effects on fibroblasts, 

these are not directly translatable to the more elaborate whole organ level due to several 

factors including the effects of becoming marginalised by the contribution of other 

cellular systems in vivo, as well as the process of fibrosis and the clinical manifestations 

of therapy representing a much more complex system that is oversimplified in the in 

vitro models. It may also be that the therapeutic benefits of NAC though present, did not 

manifest as a change in lung function which was the primary outcome of the trial. The 

mixed results observed with NAC pre-treatment also require further investigations to 

assess whether this compound has a biphasic effect in bronchial fibroblasts.  

 

 

The discussions above highlight that there are many questions that still need to be 

addressed to help understand the interaction between H2S, TRPA1 and bronchial 

fibroblasts. This current work has provided some data to show that H2S (in the form of 

NaHS) modulates the growth of pulmonary fibroblasts as well as HEK293-hTRPA1 

cells. As pulmonary fibroblasts are thought to express TRPA1 particularly during the 

onset of an inflammatory process (Mukhopadhyay et al., 2011; Nassini et al., 2012), it 

could be hypothesised that the endogenous H2S acts to modulate the proliferation of 

fibroblasts and thus prevents the inflammatory reaction cascading out of control and/or 

entering into a pathological chronic stage. The chronic phase would then presents 

clinically as respiratory conditions such as asthma and COPD (Alkhouri et al., 2014). 

Thus one may be able to develop novel H2S compound that are able to modulate the 

inflammatory process through activating the TRPA1 channel. However the situation is 
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much more complex than this as the activation of the TRPA1 channel itself has been 

found to mediate lung hypersensitivity and promote neurogenic and non-neurogenic 

inflammation (Bautista et al., 2006; Nassini et al., 2012; Kichko et al., 2015). These 

findings highlight the need for further research into this system in order to better 

understand such chronic inflammatory processes, and help develop effective treatments 

against them in the future. 
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