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Abstract  

Background: Occupational exposure to xenobiotic aerosols may occur within different settings, 

with a common example being the unintentional inhalation of pesticide aerosols sprayed to 

protect various crops. Current regulatory guidelines do not exploit emerging in vitro toxicity 

models and make the unvalidated assumption that 100% of the inhaled pesticide is absorbed 

into systemic circulation, in stark contrast to oral or dermal routes of exposure, which use 

established evidence-based in vitro and in silico methods, in addition to in vivo models.  The 

assumption of 100% respiratory bioavailability overlooks several established clearance 

mechanisms, such as mucociliary clearance and lung metabolism. Data-driven approaches for 

predicting toxicity and estimating respiratory bioavailability based on experimental evidence 

are therefore urgently needed and have important implications for future risk assessments. 

This body of work is focused on (i) the suitability of in vitro respiratory models, (ii) the use of in 

vitro and in silico data for toxicokinetic predictions and (iii) NMR metabolomics as a sensitive 

measure of changes to lung cell phenotype following pesticide exposure at subtoxic 

concentrations.  

 

Methods: To address these knowledge gaps regarding regional respiratory toxicity throughout 

the airway and bioavailability of xenobiotics in an occupational exposure setting, several 

experimental methods were employed alongside in silico modelling approaches. Epithelial cell 

models (RPMI-2650, Calu-3, 16HBE14o-, BEAS-2B, TT1 and A549), reflecting different regions 

of the airway were utilised to investigate the toxicity, permeability and metabolism of a range 

of pesticides. The results from these respiratory models were compared against the 

gastrointestinal epithelial cell line Caco-2, which has been more widely employed in the field. 

Techniques used included various cytotoxicity assays, Phase I and II metabolism studies to 

highlight enzyme activity in the different models, NMR metabolomics to assess the changes to 

lung cell phenotype at subtoxic xenobiotic concentrations, and permeability studies using 

various Transwell models (Calu-3, Caco-2, PAMPA and lung lipid extract), alongside in vitro 

protein binding assays. Additionally, in vitro data was paired with in silico predictions for lung 

deposition and pharmacokinetics to predict the bioavailability of inhaled xenobiotics in an 

occupational exposure scenario. 

 

Results: Significant differences were found in the suitability of the different biological models 

for assessing toxicity, metabolism and permeability within the lungs. The effect of the 

physicochemical properties of different xenobiotics on the predicted bioavailability following 
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inhalation was also shown to be substantial. Finally, in addition to cytotoxicity, several changes 

to cell phenotype were observed following realistic (and non-cytotoxic) pesticide exposure 

concentrations of 1-10 µM. Cytotoxicity, mitochondrial inhibition, CYP1A1 induction and 

increased intracellular glutathione were observed at within this concentration range for 

various pesticides, whilst chlorothalonil 20 µM was found to be capable of causing epithelial 

damage to Calu-3 cells cultured at air-liquid interface. 

 

Conclusion: This study confirmed that the assumption of 100% bioavailability for inhaled 

pesticides is often an overestimate and regional airway models may better predict the actual 

dose fraction reaching the systemic circulation.  These in vitro data combined with in silico 

approaches highlight the potential to improve predictions of respiratory toxicity and 

bioavailability and improve future occupational risk assessments for respiratory exposure to 

xenobiotics. 
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Introduction 

 

1.1 General introduction 

The inhalation of xenobiotics represents a major route of administration in the field of drug 

delivery and exposure in the fields of environmental or occupational toxicology. Xenobiotics 

are commonly inhaled as aerosols, with a pertinent example being anthropogenic aerosols 

created and unintentionally inhaled whilst pesticides or plant protection products (PPPs) are 

sprayed to protect various crops.  

Whilst common within the pharmaceutical industry, there is limited use of human-based 

biological models to assess local respiratory toxicity or xenobiotic bioavailability following 

inhalation during occupational exposure. This is exemplified by the current lack of in vitro 

experimental models accepted by the regulatory bodies, of which the two main ones are the 

European Food Safety Authority (EFSA) and the US Environmental Protection Agency (EPA). 

Despite this, within the EU in 2014 it was estimated that ~400,000 tonnes of PPPs were sold 

(Rani and Shanker, 2018), with the spray application of these PPPs likely leading to widespread 

respiratory exposure among agricultural workers. In addition to the large quantity of 

fungicides, insecticides and herbicides sprayed there is also an increasing variety of PPPs used, 

with 1457 different active ingredients registered with EFSA of which 455 are currently 

approved for use (EFSA, 2021). 

Additionally, from a general respiratory exposure perspective, there are estimated to be over 

10,000 chemicals in commercial production (Timbrell, 1999, Lee, 2012), many of which may 

potentially be aerosolised, in addition to the wide variety of environmental air pollutants (Wei 

et al., 2009). Whilst, air pollutants represent an example of chronic exposure and generally 

reflect lower exposure concentrations than occupational exposure scenarios, air pollution has 

been identified as one of the main threats to public health in Europe (Annesi-Maesano, 2017) 

and is undoubtedly a global concern contributing to a wide range of adverse effects on health 

(Zhao et al., 2021b, Mudway et al., 2020).  

 

With regards to regulatory toxicology, which may span considerations for both drug 

development, occupational exposure or public health and the environment, there is 

burgeoning interest in the use of physiologically-based toxicokinetic (PBTK) models, 
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particularly to enable animal-free risk assessment and obtain information with increased 

relevance to human exposures (Tonnelier et al., 2012, Armitage et al., 2021, Bessems et al., 

2014). Whilst there have been many recent advances to PBTK models, significantly more work 

is needed to approach the point of widespread regulatory approval (Cohen Hubal et al., 2019), 

additionally extensive validation is required. 

 

Due to the  large requirement for in vitro respiratory toxicity testing along with 

pharmacokinetic/toxicokinetic prediction of inhaled xenobiotic disposition, there is increasing 

interest in methods for in vitro respiratory ADMET experimental methods that may be 

combined with physiologically-based pharmacokinetic models for the improved evaluation of 

inhaled exposures. 

 

This thesis outlines the relevant background material in Chapter 1, establishing the significant 

considerations such as respiratory system anatomy and physiology, xenobiotic/pesticide 

exposure, fate of inhaled aerosols (lung deposition & toxicokinetics), local toxicity mechanisms 

and common experimental methods to predict and understand local respiratory toxicity and 

bioavailability. The subsequent chapters, Chapters 2-4, outline the investigation and 

development of experimental approaches to determining xenobiotic respiratory toxicokinetics.  

 

1.2 Respiratory system anatomy & physiology  

The respiratory system may be divided into several sections, comprising of the nasal/oral 

cavity, pharynx, larynx, trachea, bronchi, bronchioles and alveoli, spanning the extrathoracic 

and thoracic region of the body. The upper respiratory tract is often described as the 

“conducting zone” in which the nose, pharynx, larynx and trachea may filter, warm and 

moisten inhaled air before it reaches the lungs. The lower respiratory tract or the “respiratory 

zone” which consists of the respiratory bronchioles, alveolar ducts and alveoli is the region in 

which gaseous exchange occurs, with the alveoli predominantly being the site for this process. 

Gaseous exchange occurs between the external environment at the epithelial surface of the 

alveoli and the internal pulmonary capillaries (Maina, 2002), and it is this region of the 

respiratory tract in which xenobiotics are most readily absorbed, due to the large surface area 

(70-100 m2), thin epithelial barrier (<1 µM) and high perfusion (Stone et al., 1992, Wiebe and 

Laursen, 1995, Mariassy, 1992). 

The respiratory tract may be further classified by generations of airways, from the trachea to 

the alveoli, best illustrated though the Weibel model (Weibel et al., 1963) (Figure 1.1). 
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Figure 1.1. Diagram of branching airways, based on the Weibel model.  The first 16 
generations are within the conducting zone and do not greatly contribute to gaseous 
exchange, the final generation of the respiratory zone are the alveolar sacs which are the 
predominant site of gaseous exchange. Figure reproduced from Han and Hirahara (2016). 

 

This series of airways starting with the trachea as a single tube, before undergoing serial 

bifurcations to reach the alveolar sacs, with the 23rd generation estimated to comprise of 8.38 

million branches. Various equations have been applied to described the “optimal branching 

ratio” and the implications on flow, with the most common being the Hess-Murray Law, with 

equations such as these later being used to predict airway geometry and airway flow (Sciubba, 

2016).  

The respiratory tract is lined by epithelial cells which vary in morphology and function 

depending on the region (Figure 1.2). The upper airways are lined with a ciliated 

pseudostratified columnar epithelium, comprising of multiple cell types, before transitioning to 

a simple cuboidal epithelium and finally a simple squamous epithelium within the alveolar 

ducts/sacs (Junqueira and Mescher, 2013). Whilst the lung consists of over 40 different cell 

types (Franks et al., 2008), the major cell types within the respiratory epithelium are ciliated 

cells, goblet cells, club cells and airway basal cells. Ciliated cells and club cells are the 

predominant cell type within the bronchioles, where the epithelium varies from columnar to 

cuboidal (Miller et al., 2010). Within the alveolar region, alveolar type I cells comprise of 95% 

of the alveolar surface area and contribute to gaseous exchange, whereas alveolar type II cells 
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are cuboidal cells which serve to secrete surfactant to reduce alveolar surface tension and are 

also capable of differentiation into type I cells.  

 

 

Figure 1.2. Different epithelial cell types and the secretion of surfactant/lung lining fluid.  
Figure adapted from Enlo-Scott et al. (2021b) 

 

Moisture is maintained within the respiratory tract, by the continuous secretion of “airway 

surface liquid” (ASL) or lung lining fluid, which serves multiple protective functions. Physically, 

this thin film of fluid prevents the cells from drying out and in the alveolar region reduces 

surface tension that would otherwise result in atelectasis (collapse of the alveoli). Chemically, 

lung lining fluid provides protection from the environment, in the form of antioxidants such as 

glutathione, ascorbate and urate (Cantin et al., 1987, Hassoun et al., 2018). The fluid has been 

shown to also comprise of lipids such as cholesterol, dipalmitoylphosphatidylcholine, 

dipalmitoylphosphatidylglycerol, proteins such as albumin, Immunoglobulin G and electrolytes 

and mucins (Bicer et al., 2012, Kim, 2012). In the majority of the respiratory tract, this fluid 

consists of two layers, a watery layer or “periciliary liquid layer” which is in direct contact with 

the cells and above it is the more viscous gel layer of mucus.  This fluid that contributes to the 
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extracellular environment is created through the secretions of goblet cells and mucosal glands, 

and further dispersed by the cilia of the ciliated cells (Enlo-Scott et al., 2021b). In the alveolar 

region, a less viscous lining fluid comprising of antioxidants, lung surfactant proteins and 

phospholipids is secreted by type II alveolar cells. As well as being less viscous, the alveolar 

surface lining fluid has a depth of approximately 0.07 µm which is significantly thinner than the 

ASL in either the nasal cavity, large airways or bronchioles, which have a depth of 100, 11 and 

6 µm respectively (Bair, 1994).  

 

1.3 Xenobiotic exposure (including pesticide exposure) 

Xenobiotics are chemicals not naturally produced or expected to occur within a particular 

organism and are therefore foreign substances. Whilst, xenobiotics are commonly thought of 

as artificial or anthropogenic chemicals such as synthesised pharmaceuticals, pesticides, 

environmental pollutants or food additives, many are naturally occurring compounds such as 

polyphenols or other phytochemicals we are exposed to through our diet or the diverse 

mixture of natural air pollutants (Sonwani and Saxena, 2016, Visioli, 2015). 

Xenobiotic exposure is most likely to occur in the sites at which the organism comes into direct 

contact with the external environment, with this most commonly representing the 

gastrointestinal system, integumentary system and the respiratory system. With regards to the 

respiratory system, it is estimated that the volume of air breathed daily is 14 m3 for males and 

10 m3 for females (Nazaroff and Singer, 2004), and each breath will contain some air 

contaminants whether inert or biologically active. It is due to this that the respiratory tract has 

several protective mechanisms, which are discussed in detail below. 

With regards to xenobiotic inhalation, it may occur via the inhalation of vapours or gases in 

addition to aerosols (particulate matter or liquid droplets suspended in air) and depending on 

the scenario the exposure may be acute, sub-chronic or chronic. 

 

A specific example of this is with pesticide exposure, which may occur through occupational 

exposure in which a worker is either mixing and loading or spraying a pesticide and the aerosol 

created may be unintentionally inhaled. Additionally, bystander or resident exposure may 

occur, for those located within or near the area of the pesticide spray application during or 

recently after spraying, or those who may live, work or attend school in a nearby area (EFSA, 

2014b). Whilst operators/workers are likely to have personal protective equipment, 

bystanders and residents are unlikely to take any action to avoid/control exposure, 

furthermore, whilst occupational exposure is well regulated in Europe, in other countries 
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where these products are sprayed adequate personal protective equipment is not always 

available or used. For example one study found that globally on average only 43.2% of 

pesticide handlers wore a face mask/nose cover, compared to 84.2% in North America, with 

this being linked to several socioeconomic reasons (Sapbamrer and Thammachai, 2020). 

Similarly, a study amongst Mexican agricultural workers, representing 99 workers, 59 

commercial pesticide brands and 33 active ingredients found that the correct usage of PPE was 

2% (Blanco-Muñoz and Lacasaña, 2011). High pesticide inhalation exposures have also been 

shown in South Africa and Egypt (Msibi et al., 2021). Additionally, with the use of fog spraying 

(10-30 µm) or aerosol spraying (30-50 µm), the effect of spray drift must also be considered, 

with bystanders, residents or occupational workers who have removed PPE shortly after 

spraying potentially being (re)exposed whilst small droplets are still suspended in the air 

(Yarpuz-Bozdogan, 2018). Furthermore, even in Europe where pesticides are well regulated, a 

recent study of 50 operators found that 60% performed pesticide applications with predicted 

exposures greater than the Acceptable Operator Exposure Level (AOEL) (Wong et al., 2018). 

Therefore, it is clear that whether due to lack of compliance with regulation, lack of availability 

of PPE or several other considerations, significant pesticide exposure by inhalation is a hazard 

likely to occur for occupational workers.  

Thus, appropriate risk assessments are needed, with respiratory toxicity and bioavailability 

being a key concern. This relates both to the development and registration of safer pesticides 

and to stricter regulatory control of those with known respiratory toxicity. Within Europe, this 

is the responsibility of the European Food Safety Authority (EFSA) which assess the pesticide, 

and require the compilation of an assessment report, whilst in the US this is performed by the 

Environmental Protection Agency (EPA).  

 

1.4 Fate of the inhaled aerosol 

Following xenobiotic exposure and inhalation, there are two key considerations, toxicokinetics 

and toxicodynamics. Toxicokinetics describes the effect that the body has on the xenobiotic, in 

terms of absorption, metabolism, distribution and excretion, whilst toxicodynamics describes 

the toxicological effect of the xenobiotic on the body, both with regards to mechanism of 

action and potency. The fate of the inhaled xenobiotic aerosol is ultimately determined by the 

regional deposition in the respiratory tract, and kinetic processes that occur, including 

dissolution, diffusion, permeation, protein binding, metabolism, distribution and excretion. 
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1.5 Aerosol deposition 

With regards to the fate of the inhaled aerosol, the first consideration is aerosol particle 

deposition within the respiratory tract. Deposition is effectively determined by the aerosol 

properties, in addition to the respiratory anatomy/structure and airflow velocity. 

Whilst aerosols may vary in terms of physical composition and may either represent airborne 

liquid droplets or solid particles, the most commonly used descriptors in relation to aerosol 

deposition are the median mass aerodynamic diameter (MMAD) and geometric standard 

deviation (GSD). Aerodynamic diameter, describes the “equivalent diameter” of an airborne 

particle which settles in the air at the same velocity as a standard particle with a known 

geometric diameter that is spherical in shape and has the density of water (1 g/cm3) this is 

illustrated in Figure 1.3. 

 

 

Figure 1.3. Aerodynamic diameter is determined by shape/density influencing terminal 
velocity for settling in the air rather than geometric diameter. 

 

Mass median aerodynamic diameter, describes the aerodynamic diameter which represents 

the median value of the total particle population from the recovered aerosol mass, i.e. 50% of 

particles in the aerodynamic size distribution (based on mass) are above or below that 

diameter (Muralidharan et al., 2015). Geometric standard deviation is used to describe the 

particle size distribution and is useful in highlighting how polydisperse the aerosol is . A GSD of 

1.22 is most commonly used as the upper limit for monodispersity and may be achieved within 

the medicines development field (Lourenço and Cotromanes, 1982, Biddiscombe et al., 2003), 
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whereas GSD values are generally higher for environmental or occupational aerosols, reflecting 

their wider particle size distribution (Pauluhn, 2005, Koehler et al., 2009, Cheng et al., 2005). 

Indeed, for occupational risk assessments the GSD value is commonly set at between 1.5-3.0 

by the EPA and Society of Toxicology  (Pauluhn, 2008).  

 

Overall MMAD and GSD are useful descriptors of the physical aerosol, as they may be used to 

predict regional deposition within the respiratory tract. In relation to this there are several 

mechanisms for aerosol deposition, including; impaction, sedimentation, diffusion, and 

interception (Taulbee and Yu, 1975, Darquenne, 2020).  

 

During nasal breathing, air is first filtered by the nasal concha/turbinates and an inhaled 

aerosol may deposit here or in any other region of the upper respiratory tract or within any of 

the generations in the tracheobronchial tree and alveoli. The predominant aerosol deposition 

mechanism in the nasal cavity, upper airways and bifurcations in the conducting region, is via 

inertial impaction. 

Inertial impaction, is the main deposition mechanism for particles with an aerodynamic 

diameter ≥ 5 μm, as these particles fail to follow the air stream, they may “impact” or collide 

against the airway walls particularly where there are steep curves/abrupt changes in direction 

in the airways and due to the particle’s size and momentum it is unable to follow the direction 

of the airflow (Darquenne, 2020). Due to the structure of the airways, significant deposition via 

impaction occurs in the nasal turbinates, along the nasopharyngeal bend and also at sites 

where the bronchi segment (Sosnowski et al., 2006, Phalen et al., 1991, Shi et al., 2007). Whilst 

many inhaled medicines are formulated to produce respirable particles with aerodynamic 

diameters in the size range 0.5-5 μm that may reach the lower airways (Ali, 2010), 

environmentally and occupationally generated aerosols are likely to include particles that are 

larger in diameter and more polydisperse (Bémer et al., 2007, Cheng et al., 2005, Dorrian and 

Bailey 1995), with this corresponding to a greater proportion depositing in the upper airways. 

A second mechanism of deposition is gravitational sedimentation, which occurs for inhaled 

droplets/particles that are 1-8 μm. Gravitational sedimentation describes the settling of 

particles due to gravity. This deposition mechanism is most common in the lower airways and 

alveoli, where the particle residence time is high, and due to the airways being narrower the 

distance travelled by the particles before touching the airway walls is less. Additionally, as it is 

gravity-driven, this means that this mechanism significantly contributes to deposition on 

horizontal airway surfaces, but is negligible for vertical surfaces (Rostami, 2009). 
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Finally, in cases where the particle size is small i.e. < 1 μm, and therefore largely avoids the 

previously described deposition mechanisms such as inertial impaction and gravitational 

sedimentation, the predominant deposition mechanism is Brownian diffusion (Balásházy et al., 

2008, Darquenne, 2020). This deposition mechanism is particularly common in the lower or 

distal airways, and is driven by small inhaled particles colliding with gas molecules while 

suspended in slow moving air. The particles move randomly as they collide with gas molecules 

(Brownian motion) and deposit when they encounter ASL. 

In addition, to the common deposition mechanisms above, interception may also occur. 

Interception may occur when a particle touches the edge of the airway wall as it travels along 

the airstream, and is different to impaction whereby the particle directly collides against the 

wall, it is common for elongated particles/inhaled fibres (Darquenne, 2020).  

Whilst not strictly a deposition mechanism, another consideration is the effect of turbulent 

flow/mixing, particularly in the upper airways. This occurs predominantly due to the anatomy 

of the upper airway where a relatively high airflow velocity and the constriction of flow across 

nasal turbinates, or around the area of the larynx and glottis, creates turbulence. This has been 

suggested to be of equal importance to inertial impaction, and contributes significantly to 

deposition in the upper airways and early generations of the tracheobronchial tree (Matida et 

al., 2006, Parker et al., 2008).  

 

1.5.1 Dissolution 

Following deposition, an inhaled xenobiotic may be effectively trapped in mucus secreted by 

goblet cells, or airway surface liquid. Solid particles may dissolve in the surrounding fluid, with 

this process being termed dissolution, before molecules in solution diffuse in ASL eventually 

coming into contact with the respiratory epithelium. The in vitro dissolution profile of a 

xenobiotic within the respiratory tract may be of interest for inhaled drug delivery because it 

may aid the prediction of in vivo drug performance, a rapid dissolution rate increases 

bioavailability and reduces the proportion of mucociliary clearance that might occur before 

this happens (Forbes et al., 2015). Based on the importance of dissolution to the performance 

of inhaled medicines, a range of in vitro dissolution techniques have been explored, including 

with the use of biorelevant media (Son and McConville, 2009, Radivojev et al., 2019, Hassoun 

et al., 2019). Diffusivity of inhaled xenobiotics in ASL may be calculated using computational 

modelling (Zhao et al., 2003, Hayduk and Laudie, 1974), and there is evidence to suggest that 

rather than just the solvent but also the lung surfactant proteins and lipids are capable of 

influencing the rate of xenobiotic diffusion in ASL (Widdicombe, 1997).  
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1.5.2 Absorption 

Following deposition in the different regions of the respiratory tract and dissolution/diffusion 

across the mucus or airway surface liquid, xenobiotics come into direct contact with the 

respiratory epithelium where they may permeate across the epithelial barrier into underlying 

tissue, or nearby capillaries at which point it will be within the systemic circulation.  

In order to permeate across the epithelial barrier, there are several different mechanisms of 

xenobiotic transport (Figure 1.4) involving passive diffusive processes or active transport 

across the respiratory tract (Selo et al., 2019). 

 

 

Figure 1.4. Different pathways for drug absorption across the respiratory epithelial 
monolayer. Passive diffusion can occur via (A) the paracellular or (B) the transcellular route, 
(C) active transport and (D) transcytosis. Reproduced from Enlo-Scott et al. (2021b). 

 

1.5.2.1 Paracellular transport 

In paracellular transport, diffusion occurs through intercellular gaps between cells where the 

tight junctions are located. Paracellular transport is common for low molecular weight, 

hydrophilic and charged molecules (e.g. Na+, Ca2+, Mg2+, Cl-, K+, H2O, PO4
3-) which diffuse 

paracellularly across the respiratory epithelium as part of the normal absorption and secretion 

processes according to concentration gradients (Tang and Goodenough, 2003).  

The tight junctions and tight junction-associated proteins include the occludins, claudins, 

cadherins, catenins, junction adhesion molecules (JAMs) and actin-binding proteins, overall 

representing both cytoplasmic and transmembrane proteins (Liu et al., 2000, Slifer and 

Blikslager, 2020, Mitchell et al., 2015). In the healthy and functional respiratory epithelium, 

xenobiotic transport via the paracellular route is low due both to the restrictive geometry of 
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tight junctions and also as the intercellular gaps between cells are only ~0.1% of the overall 

surface area of the epithelial layer (Boegh et al., 2013). Despite this, there is evidence of small 

hydrophilic molecules and even small peptides passing through the paracellular pores of the 

epithelium (Patton and Byron, 2007). 

 

1.5.2.2 Transcellular transport (via diffusion) 

Diffusion of xenobiotics may occur across the cell membrane.  This is a passive transcellular 

process by which the compound permeates through/partitions into the apical membrane, 

passes through the cytoplasm and then exits the basolateral membrane. This is common for 

lipophilic molecules which are uncharged/non-ionised at physiological pH which is generally 

considered to be pH 7.4 but can be as low as pH 6.6 for the respiratory lining fluid (Zajac et al., 

2021, Fischer and Widdicombe, 2006). Simple diffusion across the plasma membrane 

represents one of the predominant modes of transport for xenobiotics. 

 

1.5.2.3 Transcellular transport (via transcytosis) 

Vesicle-mediated endocytosis and transcytosis, is another mode of transcellular xenobiotic 

transport, particularly for macromolecules or large hydrophilic molecules (Patton and Byron, 

2007, Detampel et al., 2019). Invagination of the plasma membrane, creates a xenobiotics-

containing membrane vesicle or “caveoli”, which may transport the contents to the basolateral 

side of the cell, before the vesicle fuses with the basolateral plasma membrane and releases 

the contents extracellularly/basolaterally. There is evidence of this occurring in the upper 

airways for large macromolecules such as IgG via receptor-mediated transcytosis (Patton and 

Byron, 2007). In the case of proteins, this mechanism of uptake may protect proteins from 

intracellular or lysosomal degradation or proteolysis (Forbes and Ehrhardt, 2005), with 

transcytosis by caveolae and clathrin-coated pits believed to be the main route of alveolar 

epithelial protein transport (Olsson et al., 2011). Interestingly, it has recently been proposed 

that exposure to cigarette smoke dysregulates this process, with clathrin-mediated 

endocytosis impaired and calveolin-mediated endocytosis upregulated in primary small airway 

cells (Duffney et al., 2020), which is suggested to lead to increased respiratory infections in 

smokers. 

 

1.5.2.4 Transcellular transport (via active transport) 

Xenobiotics may also be transported transcellularly by drug transporters and active transport 

may include either uptake or efflux (Selo et al., 2019). Uptake may be performed through the 
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exchange of an extracellular xenobiotic for a readily available endogenous compound, with 

one being transported intracellularly essentially as the other is transported extracellularly 

(secondary active transport). Alternatively, efflux drug transporters may remove the xenobiotic 

through the use of ATP (primary active transport). As there are a limited number of binding 

sites for each transporter, active transport may become saturated with high xenobiotic 

concentrations (i.e. there is a maximum rate of transport). Additionally transporter activity 

may be reduced by selective inhibitors or activity may be reduced if there is insufficient ATP 

(e.g. due to mitochondrial inhibition). 

Common uptake transporters include the solute-linked carriers (SLC), organic anion 

transporters (OATS), organic anion transporting polypeptides (OATPs), organic cation 

transporters (OCT) and peptide transporters (PEPT). Uptake transporters are more commonly 

researched with regard to hepatic or renal tissues, and regulatory bodies such as the European 

Medical Authority (EMA) and the USA Food and Drug Administration (FDA) currently 

recommend the investigation of carrier-mediated drug-drug interactions for OATP1B1, 

OATP1B3, OAT1, OAT3, OCT2 and OCT1 (Sudsakorn et al., 2020, Wang and Urban, 2014). 

However, there is increasing focus on the impact of drug transporters on drug disposition and 

respiratory pharmacokinetics (Ehrhardt et al., 2017, Gustavsson et al., 2016). 

In particular, the uptake transporters OCT1, OCT3, OCTN1, OCTN2 and PEPT2 have been found 

in primary lung tissue and cell lines (Bosquillon, 2010, Endter et al., 2009), whilst an even wider 

range of uptake transporters have been identified in human nasal epithelium (Agu et al., 2011, 

Anand et al., 2014, Al-Ghabeish et al., 2015). Within the respiratory tract, uptake transporters 

have substrates that include environmental xenobiotics such as aflatoxin B1 and inhaled drugs 

such as budesonide and salbutamol (Fardel et al., 2012, Gustavsson et al., 2016). There is also 

evidence that uptake of inhaled cationic bronchodilators such as formoterol and salbutamol 

may be partially mediated by OCTN1 and OCTN2 (Horvath et al., 2007).  

Despite the likelihood of significant paraquat inhalation being low due to both the aerosol 

properties and its highly regulated use, paraquat accumulation in the lung is a common 

example of the role of uptake transporters in xenobiotic toxicokinetics. Orally ingested 

paraquat may accumulate in the lung, leading to concentrations 6-10 times higher than in the 

plasma, due to uptake predominantly by club cells and type II alveolar cells via the polyamine 

transport system for naturally occurring amines; spermine, spermidine and putrescine (Foth, 

1995, Dinis-Oliveira et al., 2008). Conversely, the respiratory epithelium also contains efflux 

drug transporters such as P-glycoprotein (P-gp), multidrug resistance associated proteins 

(MRP1 and MRP2) and breast cancer resistance protein (BCRP), which have a relatively high 
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substrate promiscuity and may significantly contribute to the intracellular removal of inhaled 

xenobiotics (Sakamoto et al., 2015, Bosquillon, 2010). These transporters effectively work to 

reduce the intracellular xenobiotic concentration and limit xenobiotic absorption by removing 

them from the exposed cells (Figure 1.5). 

 

Figure 1.5. Potential non-absorptive clearance mechanisms, including efflux by P-
glycoprotein, BCRP or MRP2 drug transporters, in situ metabolism by metabolically active 
epithelial cells (glutathione-S-transferase is included as an example enzyme), and 
mucociliary clearance. 

 

Efflux transporters may also work alongside other non-absorptive clearance mechanisms, for 

example xenobiotic metabolism, i.e. glutathione-s-transferases may conjugate glutathione to 

the xenobiotic and MRP1 or MRP2 may identify the glutathione conjugate as a substrate for 

efflux (Mairinger et al., 2020, Selo et al., 2021). Whilst MRP1 is located on the basolateral 

membrane of respiratory epithelial cells and MRP2 is localised to the apical membrane, both 

may transport hydrophobic or anionic molecules in addition to glutathione and glucuronide 

conjugates (Bréchot et al., 1998, Olsson et al., 2011). Another example of interaction between 

xenobiotic metabolism and active transport is with CYP3A4/5 and P-glycoprotein, which are 

often found in the same cell types, induced by the same compounds and may act on the same 

substrates (Kim, 2002). 
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Although more research is needed, particularly to characterise functional activity of various 

drug transporters in respiratory epithelial tissue (Ehrhardt et al., 2017), a multitude of drug 

transporters have been shown to be expressed within the respiratory tract based on analysis 

of primary tissue and cell lines (Endter et al., 2009, Al-Ghabeish et al., 2015, Bosquillon, 2010), 

as illustrated in Table 1.1. 

 

Table 1.1. Common drug transporters expressed in the human respiratory tract. ✓ represent 
positive results based on reported data from mRNA microarrays or quantitative targeted 
absolute proteomics (Endter et al., 2009, Al-Ghabeish et al., 2015, Ehrhardt et al., 2017, 
Bosquillon, 2010). 

Transporter 
Family 

Transporter Nasal Tracheal Bronchial Alveolar 

ABCB1 MDR1/P-gp ✓  ✓ ✓ 

ABCC 

MRP1 ✓ ✓ ✓ ✓ 

MRP2   ✓  

MRP3 ✓  ✓  

MRP4 ✓ ✓ ✓ ✓ 

MRP5 ✓ ✓ ✓ ✓ 

MRP6 ✓ ✓ ✓ ✓ 

MRP7 ✓    

ABCG2 BCRP   ✓ ✓ 

SLC15A2 
PEPT1 ✓    

PEPT2 ✓  ✓  

SLC22 

OCT1 ✓ ✓ ✓  

OCT2  ✓ ✓ ✓ 

OCT3 ✓  ✓  

OCTN1 ✓ ✓ ✓ ✓ 

OCTN2 ✓    

OATP1A2 ✓  ✓  

OAT3A1 ✓  ✓  

OATB1B3  ✓ ✓  

OATP2B1  ✓ ✓ ✓ 

OATP3 ✓  ✓  

OAT3 ✓  ✓  

SLC29 
ENT1 ✓    

ENT2 ✓    
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1.5.3 Metabolism 

Intracellular drug-metabolising enzymes are capable of chemically altering inhaled xenobiotics, 

often to increase their hydrophilicity and make it more easily excreted (Ding and Kaminsky, 

2003). This may represent either Phase I metabolism, consisting of redox reactions, hydrolysis 

and hydroxylation, often followed by Phase II metabolism in which the xenobiotic is 

conjugated with a charged or hydrophilic molecule such as glucuronic acid, glutathione, 

sulphate or acetyl group. The main drug metabolising enzymes, have a high substrate 

promiscuity, which is central to their ability to metabolise a wide range of compounds, 

including therapeutic drugs, dietary phytochemicals, environmental pollutants and pesticides 

(Hayes et al., 2014, Nath and Atkins, 2008, Atkins, 2020). This is exemplified through the wide 

range of substrates that undergo CYP-mediated phase I xenobiotic metabolism (Figure 1.6). 

 

  

 

 

 

 

 

 

Figure 1.6. Summary of substrate promiscuity, for common CYP450 enzymes. CYP-mediated 
pesticide metabolism has been less extensively studied and subsequently less substrates 
have been identified. Graphs generated from literature data  (Abass et al., 2012, Law et al., 
2014). 

 

Although often metabolism serves to detoxify the xenobiotic, there are also examples of 

bioactivation whereby the metabolite formed is more toxic than the original parent 

compound. A common example of this is the polycyclic aromatic hydrocarbon (PAH), 

benzo[a]pyrene, which is a commonly found air pollutant and known procarcinogen. Once 

inhaled, benzo[a]pyrene may sequentially metabolised by CYP1A1/1A2/1B1 enzymes and 

epoxide hydrolase within alveolar cells, to form the active metabolite and carcinogen BPDE 

which may form DNA adducts (Jarvis et al., 2018, Barnes et al., 2018). Similar examples, of 

potential bioactivation of environmental toxins includes CYP2A13/2F1-mediated metabolism 

of naphthalene toxicity in nasal and lung mucosa (Zubrod et al., 2019, Li et al., 2017) or the 

pulmonary “pro-toxin” 4-ipomeanol which is bio-transformed by CYP4B1 metabolism in rat 

club cells to a reactive electrophilic metabolite (Parkinson et al., 2016). Another study 
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demonstrated that pesticide-exposed fruit growers in Taiwan with GSTP1 and CYP3A5 

polymorphisms that led to increased enzyme activity, were found to be at greater risk of DNA 

damage, suggesting bioactivation rather than detoxification (Liu et al., 2006). The particular 

pesticide(s) responsible could not be identified in the study, in part due to a mixture of ~30 

different compounds including organophosphates, carbamates, pyrethroid insecticides, 

various fungicides being used by the workers. However, bioactivation of organophosphates 

has been shown to occur in vitro by CYP3A5 metabolism (Mutch et al., 1999). As GST 

metabolism has been highlighted as a detoxification pathway for organophosphates (Fujioka 

and Casida, 2007), the mechanism behind increased GSTP1 activity being associated with 

higher risk of DNA damage is not clear but was replicated in a separate study with 

organophosphate exposed workers in India (Singh et al., 2011). It has been suggested, that this 

particular polymorphism increases activity for the commonly used in vitro substrate of GST 

activity such as 1-chloro-3,4-dinitrobenzene by 3-fold, but actually reduces GSTP1 specific 

activity by 7-fold for PAHs, and perhaps in this case also organophosphates (Hu et al., 1997, 

Watson et al., 1998). If this is the case, whilst overall activity appears to be increased, in reality 

those with the polymorphism are less likely to rapidly detoxify environmental/occupational 

pollutants.  

Indeed, there are numerous examples of biotransformation reactions for inhaled chemicals 

that ultimately change their toxicity profile (Uppstad et al., 2010, Boyd, 1980, Castell et al., 

2005, Minchin and Boyd, 1983). Although xenobiotic metabolism in the respiratory tract is 

lower than in the liver, it is significant enough to impact the fate of inhaled drug and 

environmental pollutants and may have implications for in situ toxicity or pharmacological 

action. Traditionally, significant CYP450 metabolism has been deemed to be isolated to a few 

cell types within the lung, i.e. club cells, type II alveolar epithelial cells and alveolar 

macrophages (Steimer et al., 2005). Interestingly, no cell line model exists currently for human 

club cells, and whilst the type II alveolar epithelial cell line A549 has been used in several 

xenobiotic metabolism studies, the THP-1 cell line that is sometimes used as an alveolar 

macrophage model has not been thoroughly explored for CYP450 activity (Huang et al., 2014, 

Jakob et al., 1995, Oesch et al., 2019). Despite this, there is ex vivo and in vitro data to suggest 

that CYP450, esterase, NQO1 and GST metabolism are more widespread within the respiratory 

tract than just for these three cell types (Courcot et al., 2012, Zhang et al., 2006, Oesch et al., 

2019). Xenobiotic metabolism in the respiratory tract is discussed in a recent review (Enlo-

Scott et al., 2021a), explored in vitro within Chapter 2 and considered from the standpoint of 

implications for local toxicity, permeability and efflux identified in silico within Chapter 3.  
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1.5.4 Local toxicity  

Xenobiotics may exert toxic effects on the cells they come into direct contact with once 

inhaled, however recent research predicting acute in vivo toxicity through lung surfactant 

studies alone highlights that chemical interactions between the xenobiotic and airway surface 

liquid are also of importance (Larsen et al., 2020, Sørli et al., 2018). 

Acute toxicity in the respiratory tract, may manifest via various mechanisms; general 

cytotoxicity, plasma membrane disruption, dysregulation of energy production (e.g. 

mitochondrial inhibition), nucleotide or protein synthesis inhibition, oxidative stress or 

antioxidant depletion, and several other biochemical/cellular mechanisms (Vinken and 

Blaauboer, 2017, Clippinger et al., 2018b). The resulting effects are equally as varied, including 

but not limited to respiratory dyskinesia, dyspnoea, oedema, acute respiratory distress 

syndrome (ARDs), localised necrosis or metaplasia (Clippinger et al., 2018a, Kilgour et al., 

2002a). Chronic exposure may be similarly harmful, and long-term effects may range from 

cancer to COPD or fibrosis. 

As inhalation represents a major exposure route (along with dermal exposure and ingestion), 

acute toxicity data is often obtained for various environmental and occupational xenobiotics, 

whilst safety data is obtained as part of the preclinical studies within drug development 

(Parasuraman, 2011). The list of regulatory agencies that use acute inhalation data is extensive 

and varied (Table 1.2), highlighting the importance of this data in the regulation of medicines, 

agrochemicals, environmental and occupational chemicals. The commonly performed acute 

inhalation studies use a rodent inhalation model for which LC50 values are reported, in addition 

to histopathology or necropsy data. This data, is useful in identifying the severity of the 

toxicity, and highlighting respiratory irritants, localised necrosis, tissue metaplasia, hyperplasia 

and other effects of the xenobiotic such as irregular respiration/tremors. Generally, the data is 

used for quantitative risk assessment (which requires a concentration-response relationship to 

be identified) or for classification and labelling purposes for which test guidelines (TGs) are 

listed by the Organization for Economic Cooperation and Development (OECD). For acute 

inhalation studies, this includes OECD TG 403, OECD TG 436 and OECD TG 433, which vary in 

the number of animals used, the former two using lethality as an endpoint, in contrast the 

latter one is more refined and uses a fixed concentration along with clinical signs of toxicity as 

an endpoint (OECD, 2017, Arts et al., 2008, Clippinger et al., 2018b). 

However, for reducing, replacing and refining the use of animal models, and also to better 

understand the mechanistic toxicity of the xenobiotic, alternative approaches are useful and 
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will continue to increase in importance both for regulatory and non-regulatory data 

requirements (Clippinger et al., 2018b). 

 

Table 1.2. A summary of regulatory bodies that require or use acute inhalation data. 
Adapted from Clippinger et al. (2018b). 

Region Regulatory body Acronym 

Australia Australian Pesticides and Veterinary Medicines Authority APVMA 

Brazil 
Brazilian Agência Nacional de Vigilância Sanitária (The National 

Health Surveillance Agency) 
ANVISA 

Canada 
Canadian Healthy Environments and Consumer Safety Branch HECSB 

Canadian Pest Management Regulatory Agency PMRA 

China 

Chinese Association of International Chemical Manufacturers ACICM 

Chinese Institute for the Control of Agrochemicals, Ministry of 

Agriculture 
ICAMA 

Chinese Ministry of Environmental Protection MEP 

Chinese State Administration of Work Safety SAWS 

Europe 
European Chemicals Agency ECHA 

European Food Safety Authority EFSA 

India Indian Central Insecticide Board & Registration Committee, CIBRC 

Japan Japanese Ministry of Agriculture, Forestry and Fisheries MAFF 

Nigeria National Agency for Food and Drug Administration and Control NAFDA 

South 

Korea 

South Korean Ministry of Agriculture, Food and Rural Affairs MAFRA 

South Korean Ministry of Environment MOE 

United 

States of 

America 

Environmental Protection Agency EPA 

Food and Drug Administration FDA 

Occupational Safety and Health Administration OSHA 

United 

Kingdom 

United Kingdom Medicines & Healthcare Products Regulatory 

Agency 
MHRA 

 

Non-animal approaches, which make use of in vitro and in silico methods may be of particular 

use for the determination of adverse outcome pathways (AOPs), whereby molecular initiating 

events are identified in vitro and subsequent measurable key events are linked to clear 

adverse outcomes downstream (Rim, 2020). In general, this approach may start at a molecular 

level, but the focus expands to a cellular or tissue level, followed by contextualisation at an 
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organ or organism level. This framework is useful for organising existing knowledge, applying it 

to future chemicals, and linking in vitro data to adverse toxicological outcomes that are of clear 

relevance to chemical safety and regulation (Villeneuve et al., 2014). It also highlights the need 

for a suite of appropriate experimental models, representing both in vivo, in vitro and in silico 

techniques, that are capable of generating human relevant data.  

 

1.6 In vivo, ex vivo, in vitro and in silico models of the respiratory tract 

Differences in the purpose of experiments and requirements of  various regulatory bodies, 

mean that there are significant differences in the experimental models used to assess 

respiratory pharmacokinetics/toxicokinetics and local toxicity.  However, there remains 

considerable overlap in the models used between the fields of pharmaceutical sciences, 

environmental sciences and occupational exposure. Common experimental methods seek to 

represent processes in the human airways with regards to pulmonary kinetics or local toxicity, 

and this includes the use of in vivo, ex vivo, in vitro set ups as well as in silico models. 

 

1.6.1 In vivo models 

Animal models may be used to study both xenobiotic biological activity (i.e. toxicology, 

pharmacology) and also xenobiotic kinetics following inhalation. Rodent models (rats or mice) 

are most commonly used, due to reduced research costs (i.e. animal housing facilities), ease of 

handling and reduced mass of test compound required, in comparison to larger animal species, 

such as rabbits, dogs, sheep and primates (e.g. cynomolgus monkeys) which are used less 

frequently both due to practicality and for ethical reasons. Additionally, for acute inhalation 

toxicity testing (e.g. for GHS classification, EFSA or EPA), rodents may present an advantage 

due to being obligate nasal breathers, whilst for pre-clinical drug development this may be a 

disadvantage for studying what would be an orally inhaled medicine. In the latter case, 

tracheal cannulation may be used, to bypass nasal filtering. Overall, there are many aerosol 

delivery methods used, including whole body passive inhalation, nose-only passive inhalation 

(for which the aerosol may be nebulised), or direct delivery via endotracheal 

intubation/cannulation. Whole body passive inhalation may more accurately model an 

unintentional exposure scenario, but creates challenges in determining the inhaled dose, and 

so direct delivery may be preferred. Direct delivery methods used may vary significantly in 

complexity, ranging from a simple syringe to more advanced systems such as the 

PreciseInhale® which allows for precision dosing by tailoring the aerosol, setting the exact dose 

and properties of the aerosol used (concentration, aerodynamic particle size distribution), to 
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increase reproducibility and the correlation between in vivo rodent and human testing (Selg et 

al., 2012, Fioni et al., 2017). 

Toxicity testing usually involves the monitoring of the animal post-inhalation and the 

histological analysis of tissues to identify any associated pathology in accordance with the 

OECD guidelines which were highlighted above. 

Post-inhalation xenobiotic kinetic data may be obtained by sampling blood, urine and bile (via 

bile duct cannulation) at multiple intervals over a set time period, along with harvesting 

terminal tissue samples once the animal has been sacrificed. Through the use of LC-MS 

bioanalysis, the toxicokinetic profile in blood may be established, along with the identification 

of potential metabolites in the biological samples. Alternatively, radiolabelled compounds may 

be used to simplify the analysis if these are available and suitable. Despite inter-species 

differences, data obtained in this way provides a useful insight into the potential toxicity or 

xenobiotic kinetic profile in humans, and is often part of regulatory requirements. 

As in vivo experiments allow the whole body system to be studied, toxicokinetic data from one 

species may translate to being predictive in human in cases where interspecies differences are 

not significant. However, due to the rodent respiratory tract being significantly different in 

structure to that of humans, aerosol deposition itself is markedly different (Kolanjiyil et al., 

2019, Hofmann et al., 1989). Additionally, rodent xenobiotic metabolism is generally greater 

than human xenobiotic metabolism in the lungs and liver (Baillie and Rettie, 2010, Oesch et al., 

2019).  Despite these challenges, for certain pharmacokinetic parameters, the use of 

interspecies allometric scaling and combining in vivo rodent data with in vitro human data may 

be sufficient to be predictive (Lavé et al., 1999). 

Overall, the shortcomings with the available in vivo models include ethical considerations, 

interspecies differences and the inherent challenges of using a physiologically complex system 

to answer specific mechanistic research questions (i.e. specifically comparing drug dissolution 

rates in the airway, whilst excluding the effect of pulmonary absorption).  

 

1.6.2 Ex vivo models 

Ex vivo models may be particularly beneficial for elucidating the effect of specific physiological 

processes within the respiratory tract, by using a controlled environment with reduced 

confounding factors. The isolation of specific tissues such as the nasal mucosa, or whole organs 

such as the isolated perfused lung model, allows the physiology and native architecture of the 

biological system to be maintained whilst partially eliminating variability and simplifying 

experimental conditions. Although less useful for local toxicity studies due to the time 
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limitations associated with tissue viability once the animal is sacrificed, ex vivo models are 

especially valuable for xenobiotic absorption/permeability studies as well as the assessment of 

xenobiotic metabolism (Rubin et al., 2020, Olsson et al., 2011).  

The isolated perfused lung (IPL) model is a well-established ex vivo model to assess xenobiotic 

absorption in the lung (Tronde et al., 2008, Mehendale et al., 1981). IPL models commonly use 

rat or guinea pig lungs, although it has also been adapted for rabbits and explored using 

human lungs (Linder et al., 1996, Uhlig and Wollin, 1994, Tate et al., 1982, Sakagami et al., 

2006). The model preserves the structural integrity and function of the permeability barriers, 

including physical tight junctions but also the biological activity of drug transporters, without 

damaging the vascular barriers as might be the case in other ex vivo models that use lung slices 

or excised tissues (Mehendale et al., 1981). IPL begins with the surgical removal of the lungs 

from the host species. Surgical skill is required to quickly (within 10-15 minutes) isolate the 

lung without significantly delaying the setup of artificial ventilation and perfusion after the 

surgery has been initiated. The perfusion medium is designed  to mimic physiological 

conditions i.e. pH 7.4 and 37°C, supplemented with glucose and equilibrated with oxygen and 

carbon dioxide (Tronde et al., 2008). Once the compound of interest is administered to the 

lungs, samples of the perfusate are taken at regular intervals to allow the time dependent 

analysis of xenobiotic concentration in the medium which perfuses the pulmonary circulation 

(and indicates systemic absorption of the xenobiotic from the lungs). The methodology 

involved in IPL provides several benefits over in vivo methods, in terms of controlled 

ventilation/perfusion rates, direct delivery of the xenobiotic, the removal of first pass 

metabolism considerations and the method has found use both within the pharmaceutical 

industry and for predicting bioavailability in environmental risk assessments (Chen et al., 1995, 

Mehendale et al., 1981). A major benefit of this approach is that by isolating the lung, the 

influence of other factors related to systemic pharmacokinetics are removed, and the data 

obtained relates solely to absorption, distribution and metabolism via the respiratory system 

(Tronde et al., 2008). However, the complexity of the experiment also creates limitations. A 

significant limitation is the need for specialist perfusion equipment and the relatively short 

time for which organ viability may be maintained, which is typically 3-5 hours. There has also 

been reported to be a high variability between individual lung samples and species selection is 

important due to interspecies differences in lung structure/branching patterns. Additionally, 

whilst mouse inhalation models may be commonly used in vivo, they present a challenge using 

IPL due to their small size (Tronde et al., 2008).  
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In the case of xenobiotics that rapidly cause acute toxicity, the IPL method has been used to 

explore mechanisms of toxicity (Ryrfeldt et al., 1990, Mark Lafranconi and Huxtable, 1984, 

Roth, 1995, Tate et al., 1982), however depending on the mechanism of toxicity more 

informative and refined in vitro models exist, that also allow for the reduction or replacement 

of the ex vivo model with regards to toxicity testing (Yaqub et al., 2021, Primavessy et al., 

2021). Overall the IPL model, is most suited to absorption and metabolism studies, with a focus 

on xenobiotic kinetics and respiratory bioavailability rather than local respiratory toxicity 

(Tronde et al., 2008, Mehendale et al., 1981, Olsson et al., 2011), data obtained from the IPL 

model also complements in vivo whole animal studies and may inform in silico modelling 

approaches. 

Another commonly used ex vivo model, is precision-cut lung slices, which are slightly higher 

throughput than the IPL model, preserve the native 3D architecture of the lung and may be 

used for metabolism and toxicity studies. The slices are commonly obtained from either rat or 

human tissue. Early studies have suggested that tissue viability may be maintained for 8-24 h 

(Nave et al., 2007, Umachandran et al., 2004), whilst other researchers have more recently 

suggested viability may be maintained for 15-21 days by adjusting the culturing conditions 

(Bailey et al., 2019, Neuhaus et al., 2017). Along with longer maintenance times than IPL, the 

generation of multiple slices from a lung sample offers improvements with regards to toxicity 

testing and the identification of xenobiotic metabolites formed within the lungs is facilitated 

by the increased xenobiotic incubation times compared to the IPL. Precision-cut rat lung slices 

have been used extensively to study xenobiotic metabolism within the lung (Nave et al., 2006, 

Yilmaz et al., 2019, Oesch et al., 2019), polyamine transport relevant to paraquat toxicity 

(Morin et al., 2013), and more generally to study inflammation and respiratory diseases such 

as COPD or idiopathic pulmonary fibrosis (Liu et al., 2019). Precision-cut lung slices are 

particularly useful as an ex vivo alternative to in vivo testing, and may be used for 

biomechanical, physiological and toxicological testing (Morin et al., 2013). However, limitations 

include; tissue availability, heterogeneity between samples from different locations within a 

single lobe, donor-to-donor variability, medium-to-low throughput and the need for more 

specialised techniques to maintain tissue viability and prevent airway remodelling or the loss 

of native 3D architecture or optimal cell function, both biochemical and structural (Liu et al., 

2019, Neuhaus et al., 2017). An additional consideration is that by slicing lung tissue, cells that 

would not be present apically may be directly exposed to the xenobiotic and this may 

contribute to misleading results. 
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1.6.3 In vitro models 

Generally, in vitro models provide several advantages over in vivo and ex vivo, in terms of ease 

of use, versatility of experimental design, reduced cost and higher throughput. Additionally, in 

accordance with the NC3Rs, in vitro models are a vital part of the strategy to replace, refine 

and reduce the use of animal models (Burden et al., 2015, Prescott and Lidster, 2017). This is 

critical not just for ethical reasons associated with in vivo experiments, but also to improve the 

scientific data generated by using more human relevant models and avoiding pitfalls 

associated with interspecies differences. The use of non-animal approaches to respiratory 

absorption, metabolism and toxicity data continues to increase and improve, particularly in the 

development of in vitro models that better represent or replicate the human in vivo system, 

this includes the use of data rich or high throughput modelling strategies, along with the 

advances in 3D in vitro models (Balogh Sivars et al., 2018, Hoffmann et al., 2018). 

 

1.6.3.1 In vitro models using primary cells 

The use of primary epithelial cells for absorption, metabolism and toxicity studies is well 

established, in addition to their use to study mucociliary clearance. Primary epithelial cell 

models for have been described for each region of the respiratory tract, representing various 

cell types from the nasal cavity, trachea, bronchioles and alveoli (Fuchs et al., 2003, BéruBé et 

al., 2010, Murgia et al., 2017, Dahl and Hadley, 1991, Bleier et al., 2013). Additionally, non-

epithelial cell models have also been used, such as primary alveolar macrophages to study 

xenobiotic toxicity or the role of these cells in the clearance of inhaled macromolecules (Yıldız-

Peköz and Ehrhardt, 2020, Lombry et al., 2004, Kilgour et al., 2002b). Changes to macrophage 

phenotype such as pulmonary alveolar proteinosis (PAP) or phospholipidosis may be indicative 

of drug toxicity, and in some cases relate to chronic inflammation, tissue damage, neoplasia 

and fibrosis. Therefore the testing of alveolar macrophage responses in vitro may be useful for 

non-clinical toxicology risk assessments (Forbes et al., 2014). 

The source and type of primary respiratory epithelial cell used in current research, is highly 

variable and includes both commercially available sources such as heterogenous human 

bronchial epithelial primary cells or the non-commercially available isolation and use of 

specific cell populations i.e. club cells or goblet cells (Rostami et al., 2021, Rayner et al., 2019). 

Overall, primary cells present several benefits over in vivo and ex vivo models, with the main 

one being that human cells and therefore human relevant data, may be more easily obtained. 

Additionally, the culturing of these cells means that cell viability may be preserved, 

significantly longer than for many of the ex vivo models, allowing for a greater range of 
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experiments to be performed, which is of particular benefit to toxicity or metabolism studies 

for which long or repeated exposures are of interest or xenobiotic metabolic clearance rate is 

low. The great diversity of assays that can be performed, particularly in a microplate format is 

a key advantage, along with the maintenance of normal cell phenotype, including beating cilia, 

mucus production, functional enzyme expression and permeability characteristics such as 

normal tight junction and drug transporter activity (Yıldız-Peköz and Ehrhardt, 2020, Forbes 

and Ehrhardt, 2005, Olsson et al., 2011). In addition to the inherent properties of the primary 

cells, several researchers have highlighted that these models may be improved to better 

represent the in vivo situation by either altering the culturing conditions or the extracellular 

matrices e.g. collagen coating, 3D hydrogels or the use of basement membrane extract. 

(Mantaj et al., 2018, Burgstaller et al., 2018, Saforo et al., 2019). Furthermore, the introduction 

of “lung-on-a-chip” models have highlighted that the use of biomechanical forces or 

microfluidics to simulate respiratory forces and perfusion, respectively, may be important to 

maintaining or modelling optimal primary epithelial cell phenotype in vitro (Doryab et al., 

2016, Stucki et al., 2015, Nawroth et al., 2021). 

Despite the great advantages and research opportunities offered by the use of primary cells, 

these models are not without their limitations. Primary cells undergo cell senescence and are 

generally unable to be cultured long term over many passages. One of the key advantages of 

primary cells are that they differentiate to form a polarised epithelial barrier with properties 

similar to those found in the in vivo epithelium, with regards to mucus secretion, beating cilia, 

functional enzymes/drug transporters/tight junction expression. However, over time in culture 

or after a few passages these characteristics may be lost, which may not be detected in cases 

where overall cell viability appears to have been maintained. Additionally, in the case of 

monocultures, some primary cells do not have the ability to actively divide and differentiate, as 

is the case with alveolar type I cells which in vivo are generated through the differentiation of 

alveolar type II cells (Rothen-Rutishauser et al., 2012, Evans and Lee, 2020). Obtaining the 

primary cells either commercially or within the lab is costly, and experimental results from 

these models may be complicated or ambiguous due to donor genetic variability limiting the 

reproducibility of certain experiments.  

 

Some of the issues traditionally associated with respiratory epithelial primary cells have been 

overcome by newer models, including 3D complex models or induced pluripotent stem cells 

(iPSCs). 
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Although not currently available for every region of the respiratory tract, the companies 

Epithelix and MatTek Life Sciences, do currently provide 3D lung cell models (MucilAir and 

EpiAirway, respectively), which make use of primary cells and can be cultured long term for ≥ 3 

months allowing for chronic exposure testing e.g. 30-90 day repeated dosing (Sakagami, 2020). 

Conversely, the model is not particularly high throughput in comparison to primary cells or 

bronchial cell lines. EpiAirway in particular was found to have a significantly greater 

paracellular permeability and poorer tight junction functionality, which may reduce its use for 

xenobiotic permeability studies (Furubayashi et al., 2020). Although the uptake of these 

models by researchers may be limited due to cost and genetic variation between donors 

remains a concern for the reproducibility of results, these models continue to become better 

characterised in terms of their suitability to represent the physiology in vivo and correspond to 

an improvement within the field.  

Stem cell-derived lung epithelial cells, remain a potential method for the generation of various 

lung cell types, if the right differentiation protocol can be established. Data has shown that for 

alveolar cells generated via this method the epithelial barrier formed is not completely 

consistent with that in vivo and paracellular permeability is moderately higher than what has 

been reported with normal primary alveolar cells (Ghaedi et al., 2014, Van Haute et al., 2009). 

However, improvements in this area continue to be made and the use of iPSC lung models has 

been described recently for toxicity assessments and as a physiologically relevant model for 

studying SARS-CoV-2 infection (Armstrong, 2018, Djidrovksi et al., 2021). With further research 

confirming the phenotype of iPSC models to represent primary cell function with regards to 

permeability, drug transporters and xenobiotic metabolism, this may be a promising 

alternative for in vivo testing. 

 

1.6.3.2 In vitro models using cell lines 

Established cell lines offer alternative or complementary in vitro models to those that use 

primary cells.  Cell lines do not readily undergo cell senescence and therefore may be sub-

cultured or passaged continuously. Most cell lines are either cancer-derived or 

immortalised/”transformed” by other means e.g. transfection of viral genes that partially 

deregulate the cell cycle. The benefits, include continuous use, experimental flexibility, 

reduced cost and improved experimental (inter-lab and intra-lab) reproducibility due to the 

elimination of donor-to-donor genetic variability (Forbes and Ehrhardt, 2005, Sakagami, 2006). 

Furthermore, as cell lines may be continuously sub-cultured and overall cell number greatly 

expanded over several population doublings, these models are more amenable to high-
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throughput than primary cells for which donor tissue (and cost) may be a limiting factor. 

Despite this, the use of cell lines are not without disadvantages, the main one being that 

through the immortalisation process, the cells may lose some of the phenotypic characteristics 

of normal/primary cells, which may result in reduced tight junction functionality, increased 

proliferation rate, altered drug transporter activity, altered xenobiotic metabolising enzyme 

activity or reduced sensitivity to chemical toxicity (Geraghty et al., 2014, Kaur and Dufour, 

2012). To ensure that cell lines are appropriate models of the respiratory epithelium for 

particular purposes, they require careful validation and characterisation. Additionally, within 

and between labs there is the increased need for good cell culture practices to be maintained, 

for example to avoid cell line cross contamination or to prevent over-passaging cells which 

may result in “genetic drift” (Hughes et al., 2007). Genetic drift, or the gradual changes to the 

cell genotype (and subsequently cell phenotype), due to accumulative mutations, has been 

shown to significantly change cell function and toxicant sensitivity (Gutbier et al., 2018) and 

therefore low passage numbers should be maintained where possible between experiments to 

ensure reproduceable results and the maintenance of the characterised cell phenotype. 

Additionally, mycoplasma contamination represents a major issue with the culturing of cell 

lines, estimated to affect 15-35% of cell lines (Uphoff and Drexler, 2002), and whilst it may go 

undetected it has been shown to significantly alter cell phenotype (Shin and Van Diggelen, 

1978). Despite this if good practices are maintained and the models used are authenticated 

and well-characterised, then these in vitro models offer great opportunities and may be used 

to replace or provide complementary data to in vivo models. An example of this is that 

permeability data from the intestinal cell line Caco-2 is currently accepted by regulatory bodies 

such as the US FDA, in some circumstances as a replacement to in vivo/ex vivo oral 

permeability data (Jarc et al., 2019, Larregieu and Benet, 2013). The success of the Caco-2 in 

vitro cell line model, which has now been used for drug development applications for over 35 

years, can be attributed to good characterisation in terms of tight junctions, drug transporter 

activity and xenobiotic metabolising enzyme functionality (Sambuy et al., 2005, 

Kuncharoenwirat et al., 2021).  

Currently, there is no single respiratory epithelial cell line, that is comparable to the intestinal 

cell line Caco-2, with regards to widespread use, characterisation and acceptance from 

regulatory bodies in lieu of in vivo data (Gordon et al., 2015). 

Table 1.3 summarises some of the cell lines that have been explored as models for various 

regions of the respiratory tract, many of which have been used to study toxicity, permeability 

or metabolism.  
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Table 1.3. Summary of commonly used human cell lines to represent different regions of the 

respiratory tract.  ✓ = extensive use, ? = limited or contradictory data, ✘ = extensive data 
showing the model to be unsuitable, N/A = no available data or not applicable. 

Cell type Cell line 

Experimental use/suitability 

Reference 
Toxicity Permeability Metabolism 

Nasal RPMI-2650 ✓ ? ? 
(Mercier et al., 

2018, Kreft et al., 
2015b) 

Pharyngeal FaDu ✓ N/A N/A (Rangan, 1972) 

Laryngeal Hep-2 ✓ N/A N/A 
(Den Beste et al., 

1966) 

Tracheal 9HTE16o- ✓ ✓ N/A 
(Steimer et al., 

2005) 

(Tracheo-) 
bronchial 

BEAS-2B ✓ ✘ ✓ 

(Forbes and 
Ehrhardt, 2005, 
Sakagami, 2020) 

16HBE14o- ✓ ✓ ? 

(Selo et al., 2021, 
Steimer et al., 

2005, Forbes and 
Ehrhardt, 2005) 

NuLi-1 ✓ ✓ N/A 
(Sporty et al., 2008, 
Mroz and Harvey, 

2019) 

Calu-3 ✓ ✓ ✓ 

(Forbes and 
Ehrhardt, 2005, 
Sakagami, 2020) 

NCI-H441 ✓ ✓ ? 

(Selo et al., 2021, 
Salomon et al., 

2014, Steimer et 
al., 2005) 

Alveolar 

A549 
(Type II) 

✓ ✘ ✓ 

(Selo et al., 2021, 
Steimer et al., 

2005, Forbes and 
Ehrhardt, 2005) 

TT1 
(Type I) 

✓ ✘ ? 

(van den Bogaard 
et al., 2009, Jarvis 

et al., 2018) 

hAELVi 
(Type I) 

✓ ✓ ? 
(Kletting et al., 

2018, Selo et al., 
2021) 

NCI-H441 ✓ ✓ ? 

(Selo et al., 2021, 
Salomon et al., 

2014, Steimer et 
al., 2005) 

Alveolar 
Macrophage 

THP-1 ✓ N/A N/A 

(Kletting et al., 
2018, Forbes et al., 

2014) 
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Whilst Calu-3, A549, 16HBE14o- and BEAS-2B cells are commonly used models (Sakagami, 

2006, Forbes and Ehrhardt, 2005) with a well-established history, there are also newer or less 

well characterised cell lines. For example, the non-cancer derived TT1 an alveolar type-I like 

cell line may be a better model of the alveolar region than the cancer-derived alveolar type-II 

like cell line A549 (van den Bogaard et al., 2009, Jarvis et al., 2018). Neither of these models 

has been shown to form suitable permeability barriers, but A549 has been extensively tested 

for this, whilst only one published study has explored whether the epithelial barrier of TT1 may 

be improved to better represent normal alveolar permeability by optimising seeding density or 

culturing conditions (van den Bogaard et al., 2009). It may be worthwhile to pursue this as 

poor results in early permeability studies with the distal lung in vitro model NCI-H441, have 

been significantly improved upon through the optimisation of seeding densities, growth at air-

liquid interface and the addition of various supplements (Selo et al., 2021). There is also early 

data to suggest that the TT1 model may also be a more sensitive model of genotoxicity than 

A549, in addition to expressing xenobiotic metabolising enzymes such as CYP1A1, CYP1B1 and 

NQO1 (Jarvis et al., 2018). In contrast, the newer alveolar model hAELVi, is also non-cancer 

derived and forms physiologically relevant permeability barriers (Kletting et al., 2018, Selo et 

al., 2021), although it has been less well studied in terms of toxicity and metabolism.  Uptake 

of the hAELVi model may be limited by its relatively high cost in comparison to other in vitro 

models.  

Although each cell line is most commonly used as a monoculture, the combination of these cell 

lines as co-culture models has also been explored and may be of value improving the 

physiological relevance of the system being studied. Examples include the pairing of alveolar 

macrophage cell line THP-1 with the alveolar cell lines TT1 or A549 (McKenzie et al., 2015, 

Yanamala et al., 2016, Danielsen et al., 2009), or the use of dendritic, endothelial or fibroblast 

cells basolaterally (Lehmann et al., 2011, Blom et al., 2016, Hermanns et al., 2004). These 

models, have primarily focused on either inflammatory models, or improving permeability 

barrier function. It is notable that whilst many of the respiratory epithelial cell lines currently 

used are homogenous monocultures, intestinal Caco-2 cell cultures represent a heterogeneous 

cell population which has led to significant divergence and lab-to-lab variation over time but 

also may better represent the heterogenous cell population of the intestinal environment (Lea, 

2015, Vachon and Beaulieu, 1992, Walter and Kissel, 1995). A heterogenous bronchial 

epithelial cell line, or one that has the capacity of basal and club cells to not only multiply but 

also differentiate into other cell types, may better replicate the diverse cell type and 

functionality of the respiratory epithelium, particularly in relation to modelling xenobiotic 
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absorption, metabolism and toxicity in a way that is physiologically relevant or comparable to 

the in vivo situation. 

 

1.6.3.3 Synthetic or non-biological in vitro models 

Sometimes deemed in chemico models, there are a few examples of non-biological in vitro 

models for permeability and toxicity. The Parallel Artificial Membrane Permeability Assay 

(PAMPA), relies on an artificial lipid infused membrane that replicates the permeability barrier 

that would typically be created by lipid bilayer/biological membrane of epithelial cells  for 

intestinal, dermal, respiratory permeability or by endothelial cells for the blood-brain barrier 

(Mensch et al., 2010, Sun et al., 2017). As it is based on chemical constituents, there is no 

active transport and it only models transport by diffusion, so it is often complementary to 

typical in vivo or in vitro models. However, the relatively low cost, reduced experimental set-

up time, amenability to high-throughput screening, simplicity and correlation with cell-based 

models have contributed to increased use of PAMPA and popularity within industry (Avdeef, 

2005, Zhu et al., 2002). Various lipid formulations have been used, including to the validation 

through lipid extraction from ex vivo epithelial tissues (Seo et al., 2006, Bicker et al., 2016, 

Avdeef, 2005). To date, however, PAMPA has not been extensively explored as an alternative 

in vitro model for lung permeability. A PAMPA formulation developed within the Forbes group 

was used in this thesis to assess xenobiotic transport and compared to commonly used 

respiratory epithelial models. Additionally, a similar assay was developed using rat lung lipid 

extract, which to the best of the author’s knowledge is the only example of this as a 

respiratory permeability model but is comparable to reported approaches to using brain lipid 

extract as a model of the blood brain barrier (Kansy et al., 2004, Mensch et al., 2010). 

 

Whilst it does not currently exist for the respiratory epithelium, in chemico skin sensitisation 

assays based on covalent binding to proteins/small peptides or the “direct peptide reactivity 

assay”, now form parts of an accepted alternative to animal testing, based on new OECD 

guidelines (Natsch et al., 2021, Kolle et al., 2021, Kolle et al., 2020). In the future, similar assays 

might be used with regards to lung toxicity, e.g. depletion/binding assays to 

antioxidants/proteins found within airway surface liquid. The use of such models in the right 

context may be prudent; Sørli et al. (2018) has highlighted that in vitro inhibition of lung 

surfactant properties is in some cases predictive of acute inhalation toxicity observed with in 

vivo mouse models. With the development of synthetic lung fluid  (Hassoun et al., 2018, Kumar 

et al., 2017) and the use of chemical based models that replicate the physicochemical 



- 51 - 
 

environment of the respiratory lumen/epithelium, there is scope for other chemical based 

assays that may complement or replace existing in vivo or in vitro assays.  

 

1.6.4 In silico models 

Currently in vivo, ex vivo and in vitro models are the predominant methods through which data 

is obtained to understand xenobiotic toxicity, permeability and metabolism within the 

respiratory tract. However, increasingly computer based or in silico models are used to 

contextualise, combine or better understand these data sets. Additionally, with increased 

study of aerosol properties and the respiratory system, several in silico models have emerged 

that may predict aerosol deposition or xenobiotic toxicokinetics based on in vitro data or the 

chemical structure of the xenobiotic. 

 

1.6.4.1 Aerosol deposition models 

The use of in silico models to predict of aerosol deposition is well established (Stahlhofen et 

al., 1989).  Deposition modelling largely relies on the known aerosol properties MMAD and 

GSD which were described earlier (and may be determined experimentally), however new 

approaches continue to be developed and validated (Huang et al., 2021). Initial in vitro data is 

commonly collected using either the Anderson Cascade impactor (ACI) originally developed for 

environmental aerosols or the newer Next-Generation Impactor (NGI) which was developed 

specifically for inhaled pharmaceuticals (Mohammed et al., 2012, Nichols et al., 1998). 

Although there are key differences between the two models, both essentially separate 

particles into separate compartments based on aerodynamic particle size (Guo et al., 2008). 

This data may be used along with known or standard default settings for the lung (e.g. lung 

volume, airway branching, airway diameter, inhaled flow rate) to then predict regional 

deposition. 

 

Computational approaches for deposition prediction may be divided into two categories, those 

which rely on algebraic whole-lung models and those which use computational fluid dynamics 

(CFD) instead (Koullapis et al., 2021). The older algebraic approaches in rely on equations that 

relate to the previously described deposition mechanisms based on particle size, whilst 

computational fluid-particle dynamics (CFPD) incorporates 3D considerations for airflow, 

particle transport and turbulence (Huang et al., 2021, Koullapis et al., 2018). The airway 

geometry itself is most often based on standardised models, such as the Weibel lung model or 

the ICRP or NCRP models (Bailey, 1994, Kuempel, 1997, Weibel et al., 1963).  CFPD models for 
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deposition prediction are becoming more widely used, as they better account for the complex 

effects of breathing patterns and geometric variability, however their  complexity and high 

computational expense often limits the number of airway generations/regions that can be 

modelled (Koullapis et al., 2021). Whilst CFPD models have great potential and are actively 

being researched, the majority of commercially available deposition models rely on the 

algebraic 1D or reduced models, such as the “Multi-Path Particle Dosimetry Model” (MMPD) 

from Applied Research Associates Inc, “Mimetikos Preludium” from Emmace Consulting and 

adaptations of “GastroPlus” from Simulation Plus Inc (Hofmann, 2011, Koullapis et al., 2021). 

Regional deposition modelling is useful as it provides insight into the specific site within the 

respiratory tract that the xenobiotic may deposit, without the need for in vivo imaging or 

quantitative whole-body autoradiography (QWBA), and may highlight the site of local toxicity 

for an inhaled aerosol. Additionally, as non-absorptive clearance mechanisms such as 

mucociliary clearance or metabolism vary regionally in the respiratory tract, as does epithelial 

permeability and perfusion, regional deposition data is useful for understanding the 

toxicokinetic fate of the inhaled xenobiotic (Himstedt et al., 2021). For these reasons, regional 

deposition data is often used as a starting point for physiologically-based pharmacokinetic 

(PBPK) models, especially for the prediction of respiratory bioavailability. 

 

1.6.4.2 Physiologically-based pharmacokinetic (PBPK) models  

Whilst it may be possible to explore pharmacokinetics through the use of in vivo models, for 

the acquisition of human-relevant data early in the drug discovery process or for the purpose 

of environmental/occupational risk assessments, the use of ex vivo or in vitro models is 

required.  PBPK in silico models can combine in vitro data mechanistically to make predictions 

of pharmacokinetics. The physicochemical properties of the xenobiotic determine in part how 

it will interact with the physiological system, and absorption, distribution, metabolism and 

elimination (ADME) processes within the body will determine the kinetic fate of the xenobiotic. 

Aspects of this process, may be estimated in vitro, or through in vivo animal data, to provide 

inputs for a PBPK model (Kuepfer et al., 2016). The model combines this data with internal 

algorithms that aim to mathematically describe physiologically-relevant processes in order to 

predict various pharmacokinetic outputs, e.g. % bioavailability, maximum xenobiotic 

concentration in plasma (Cmax), clearance rate. Well validated PBPK models are capable of 

producing in silico predictions that may reduce the need for in vivo studies, or help inform in 

vivo or in vitro studies in terms of dose used or time-points for sampling (Zhuang and Lu, 2016, 

Tan et al., 2020). Although PBPK models are often associated with pre-clinical drug 
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development, PBPK models are actively being explored for their chemical risk assessment 

applications and as part of an alternative approach to in vivo acute inhalation toxicity testing 

(Clippinger et al., 2018b, Tan et al., 2020).  

A variety of inhalation pharmacokinetic models have been described for assessing 

absorption/bioavailability, including the AstraZeneca “LungSim” model (Tehler et al., 2018) and 

the Pfizer “PulmoSim” model (Borghardt et al., 2015). Commercially available models include 

“GastroPlus” from Simulation Plus Inc and Emmace Consulting’s “Mimetikos Preludium” 

(Eriksson et al., 2020, Olsson and Bäckman, 2018). PBPK models typically rely on empirical and 

mechanistic pharmacometric approaches, usually a mixture of the two. Empirical modelling, 

uses available pharmacokinetic data or standard compartmental parameters, such as an 

experimentally determined plasma-concentration profile, plasma protein binding coefficients 

or gastrointestinal absorption, from which other pharmacokinetic parameters may be 

estimated, such as distribution of the drug, or clearance rates. In contrast, mechanistic 

modelling simulates certain physiologically relevant bodily processes e.g. rate of mucociliary 

clearance, perfusion rates, permeation across a epithelium in relation to tissue depth. 

Subsequently, most PK models are semi-mechanistic, and compartmentalise different organs 

or tissues, which are characterised by variable factors such as perfusion rates, tissue volumes 

and depths (Himstedt et al., 2021). An example of this is that the Mimetikos Preludium model, 

which is semi-mechanistic, mechanistically simulates mucociliary clearance or epithelial 

absorption based on experimentally determined values (either default values or set by the 

user), but systemic distribution and elimination are simulated from standard compartmental 

parameters (Olsson and Bäckman, 2018). 

 

In addition to stand alone PBPK models, several software packages exist to predict in silico 

various pharmacokinetic parameters that would otherwise be determined in vitro. Whilst in 

vitro measurements are still optimal, as not every pharmacokinetic property may be accurately 

predicted in silico based on limited “training set” data, in silico models may provide rapid 

estimates that may aid experimental design of in vitro experiments or allow for in silico 

pharmacokinetics to be predicted initially in the absence of in vitro data. An example of this is 

that the pCEL-X software (In-ADME Research), allows for the prediction of blood brain barrier 

(BBB), Caco-2 and PAMPA permeability, based on the 2D molecular structure of the 

compound, which may help inform the selection of optimal assay conditions for in vitro 

experiments such as timepoints for sampling (Avdeef and Tam, 2010, Yusof et al., 2014). The 

model can also be used to assess what mode of transport is likely e.g. passive, paracellular, 
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carrier-mediated, active uptake or efflux (Avdeef et al., 2008). Plasma protein binding 

predictions may give an early indicator of whether plasma should be diluted for the in vitro 

experiment if binding is predicted to be especially high. Equally, the properties of molecules 

that have not yet been synthesised can be explored. Additionally, computational approaches 

to predict not only xenobiotic transport but also distribution at a cellular and subcellular level 

have been developed, based on mechanistic cellular pharmacokinetic models (Min et al., 

2014). These models which focus on microscopic xenobiotic kinetics, may have macroscopic 

implications, examples include methods for predicting or analysing intracellular binding, 

lysosomal trapping and P-glycoprotein efflux (Jang et al., 2003, Trapp et al., 2008, Bourdet et 

al., 2006). 

 

Other in silico models may be useful for the prediction of xenobiotic metabolism. A vast variety 

of computational methods have been described for the prediction of xenobiotic metabolism, 

mainly as a complementary or preliminary method, before confirmation in vitro or in vivo 

(Kirchmair et al., 2015). Most have focused on major CYP isoforms and UGT-mediated 

metabolism, with relevance to orally administered drugs and hepatic metabolism, however the 

prediction of pesticide/agrochemical metabolism has also been explored (Clark, 2018). Most of 

these approaches rely on computational chemistry approaches along with the training sets 

from known experimental data, to create a “knowledge-based system” for commercially 

available metabolite predicting software like “MetabolExpert”, “Meteor Nexus”, “MetaDrug” 

and “TIMES”, all of which predict both Phase I & II metabolism (Kirchmair et al., 2015).  

Additionally, with the use of toxicity prediction software based either on knowledge-based 

systems such as “DEREK Nexus” and “HazardExpert” or quantitative structure-activity 

relationships (QSARs) such as for “TIMES”, “SYMMETRY” or “CASE Ultra”, there is the ability to 

also predict toxicity in silico for both the parent or the metabolite compound (Madden, 2010, 

Patlewicz and Fitzpatrick, 2016, Dearden, 2003, Kirchmair et al., 2015). 

With the advent of HTS in vitro toxicity assays, training sets for in silico toxicity prediction will 

continue to expand and improve, in addition to increased research into machine learning 

approaches (Singh et al., 2020, Idakwo et al., 2018, Zhang et al., 2018). 

 

Overall, the use of in silico approaches in the form of PBPK models or through other software, 

present useful opportunities in terms of predicting respiratory toxicokinetics. Quantitative 

data from these approaches may also aid the refinement of in vitro studies and help 

contextualise the generated data. These applications are partially explored in Chapter 3 and 4. 
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1.7 Aims and scope of thesis 

The aim of this thesis was to develop experimental methods suitable for exploring pesticide-

induced local toxicity in the respiratory tract and the fate of the inhaled pesticides in terms of 

respiratory bioavailability and toxicokinetics.  Based on the literature reviewed above, 

considerations for this including the aerosol properties of pesticide sprays and site of 

deposition in the respiratory tract, the influence of non-absorptive clearance mechanisms, the 

physicochemical properties of the pesticide and the sensitivity of the biological model to 

pesticide induced toxicity. The research questions below, reflect these considerations. 

 

1.8 Research questions and objectives 

Chapter 2: Which in vitro lung models are most suitable for the study of local toxicity, 

transepithelial permeability and in situ metabolism of unintentionally inhaled xenobiotics? 

• Evaluation of differences in sensitivity of respiratory epithelial cell lines to the toxic 

effects of various pesticides. 

• Optimise and evaluate the suitability of different in vitro Transwell-based cell layers to 

present respiratory epithelial-like permeability barriers. 

• Identify and develop suitable in vitro models for the assaying of xenobiotic metabolism 

within the respiratory tract. 

 

Chapter 3: Can in vitro data provide an evidence-based approach for the prediction of 

respiratory and systemic bioavailability of pesticides inhaled during occupational exposure? 

• Combine in vitro data and in silico computational methods to estimate lung 

concentrations and the risk of systemic exposure following pesticide inhalation in an 

occupational setting based on pesticide physicochemical properties, aerosol 

deposition, in vitro permeability and mechanistic pharmacokinetic modelling. 

• Apply this approach to predicting respiratory bioavailability for occupational exposures 

and evaluate the strengths and weaknesses. 

 

Chapter 4: Can NMR metabolomics measure changes to lung cell phenotype following 

pesticide exposure at subtoxic concentrations? 

• Measure metabolic changes in alveolar and bronchial cells in response to different 

fungicides. 

• Compare the sensitivity and responses of normal “immortalised” and cancer derived 

alveolar/bronchial epithelial cells to fungicides. 
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• Elucidate potential modes of action for pesticide respiratory toxicity based on changes 

to the metabolome, 

• Evaluate the benefits and limitations of NMR metabolomics to studying respiratory 

toxicity 

 

Collectively, these research questions highlight possible methods or strategic approaches for 

determining local toxicity and respiratory and systemic bioavailability of unintentionally 

inhaled xenobiotics, by adapting techniques commonly used in pharmaceutical sciences. 

Occupational exposure to pesticides is used as an example scenario and NMR metabolomics is 

used as a contemporary approach to studying changes to cell phenotype. It is anticipated that 

the findings will provide novel in vitro toxicology methods which relate to a realistic evaluation 

of inhaled exposure. Future new approach methodologies (NAMs) developed with improved 

guidance and clear requirements from regulatory bodies, are key to gaining regulatory 

acceptance of in vitro models for respiratory toxicity and bioavailability. For NAMs to be 

included in future OECD guidelines for testing of chemicals, along with the existing integrated 

approaches to testing and assessment (IATA), improved transparency and a clearer roadmap 

to acceptance are needed from regulatory bodies. 

 

 

 

 

 

 

 

 

 

 



- 57 - 
 

   

Evaluation of in vitro respiratory permeability and toxicity 

models. 

 

2.1 Introduction 

Several respiratory models have been studied for their suitability to predict the local toxicity, 

permeability, and metabolism of inhaled xenobiotics. These models include in vitro, in vivo and 

ex vivo models that attempt to replicate and understand the human in vivo situation. Whilst 

studies in animal models are currently a requirement for the testing the inhalation safety of 

pesticide before they are registered by regulatory bodies such as EFSA or the EPA, interspecies 

differences may limit their ability to accurately predict pesticide safety in humans. This 

consideration, along with ethical concerns and cost, reinforce the goal to reduce, replace and 

refine animal models where possible. Human in vitro models may overcome several of the 

issues highlighted above, in addition to being more amenable to high-throughput screening.  

Although acute respiratory toxicity is most often determined through the use of rodent 

inhalation studies, and there is no in vitro stand-alone replacement that is accepted by 

regulatory bodies, there remains a need for informative, mechanistic human based in vitro 

models (Movia et al., 2020). It remains a key goal within the field of respiratory toxicology to 

reduce, refine and replace the use current animal models, by moving towards improved in 

vitro and in silico models which eliminate considerations of interspecies differences and better 

represent the human risk.   

The use of in vitro respiratory models for toxicity studies is extensive and varied, ranging from 

simple 2D monocultures of lung cell lines such as A549, to coculture of mixed cell types, 

complex 3D organotypic models such as the commercially available MucilAir or EpiAirway and 

also advanced “lung-on-a-chip” models. Whilst none of the models fully replicate the 

complexity of the respiratory tract, they are useful in elucidating mechanism of action and 

potential severity of toxicity with inhaled xenobiotics. Whilst the more complex models may 

more accurately incorporate important features of the respiratory epithelium, the simpler 

models are often more amenable to high throughput assays both due to ease of use, reduced 

cost and in the case of cell lines avoid issues with donor availability or genetic variation. The 

variety of existing respiratory toxicity models, highlights the need for medium to high 



- 58 - 
 

throughput toxicity models, that provide reproduceable results which may inform potential 

adverse outcome pathways following inhaled exposure to various xenobiotics.  

This requirement is a key aspect of an integrated toxicity risk assessment approach, that 

investigates not just toxicity but also toxicokinetics, which focuses also on the fate of the 

xenobiotic within the body, with respiratory epithelial permeability contributing to absorption 

and distribution of both the parent compound and possible metabolites formed by lung cells 

(Coecke et al., 2013). 

 

The use and suitability of different lung epithelial permeability models was recently described 

by Enlo-Scott et al. (2021b). Whilst many of these models are commonly used, and continue to 

be improved, there remains the necessity to validate and optimise the experimental conditions 

and the type of model used. This is exemplified through the “gold-standard” in vitro intestinal 

permeability model using the Caco-2 cell line, for which there is often high lab-to-lab 

variability, limiting the reproducibility and reliability of predicted xenobiotic permeability and 

intestinal absorption (Lee et al., 2017). The sources of this variability relate not just to the final 

experimental conditions of the permeability assay, such as the transport medium used and 

stirring/shaking speed (the latter of particular importance to lipophilic compounds), key 

sources of variability also related to factors affecting the cell culturing conditions prior to the 

experiment, with these influencing the properties of the monolayer/permeability barrier 

formed. Determinants relating to Transwells include the material and pore size of the 

Transwell membrane, in addition to whether it was pre-coated with an extracellular matrix 

such as collagen or fibrinogen. Determinants  related to cells include; seeding density which 

may impact the ease of which a uniform monolayer is formed and cell line passage number 

due in part to the influence/change in cell phenotype over time. The time taken for the 

monolayer to form, and the final monolayer thickness are also important, in addition to the 

TEER achieved prior to the permeability experiment. Finally, the monolayer properties may be 

altered based on the cell culture medium (including supplements) used and the volume of 

medium in both the apical and basolateral chambers which may affect the hydrostatic 

pressure applied to the membrane. Additionally, in the case of respiratory epithelial cell lines, 

the polarisation and differentiation of the membrane may also benefit from culturing at Air-

Liquid Interface (ALI), with this potentially influencing the functional expression of important 

proteins related to xenobiotic absorption, such as the tight junction proteins ZO-1, E-cadherin, 

Claudin-1, Claudin-3, Claudin-5 (Grainger et al., 2006, Togami et al., 2017, Ehrhardt et al., 
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2002) and drug transporters including P-glycoprotein, MRPs, BCRP, OCTs and OATs (Bosquillon, 

2010, Endter et al., 2009).  

In contrast to the use of intestinal cell line Caco-2 to predict the absorption of orally 

administered xenobiotics, the use of respiratory epithelial cell lines to predict the absorption 

of inhaled xenobiotics is much less standardised and not currently accepted by regulatory 

bodies, highlighting the need for more extensive characterisation and validation. 

Finally, in addition to local toxicity and permeability of inhaled xenobiotics, it is of importance 

to consider non-absorptive clearance mechanisms. To fully understand the fate of inhaled 

xenobiotics, the extent to which they may be cleared either by mucociliary clearance (primarily 

within the conducting airways), or metabolism by respiratory epithelial cells. Only a few in 

vitro models that incorporate mucociliary clearance, such as the commercially available 

MucilAir™ for which there are functional cilia where the movement of solid particles may be 

visualised microscopically. However, whilst the MucilAir™ model is composed of reconstituted 

human primary cells which include functional ciliated cells, mucus producing goblet cells and 

basal cells, the use of this model is limited by both expense and limited throughput in addition 

to the potential genetic variability between donors. In contrast, of the respiratory cell lines 

available only Calu-3 is well-established to produce mucus (Cingolani et al., 2019, Grainger et 

al., 2006, Haghi et al., 2010), but there is limited evidence for the presence of functional cilia 

(regardless of the culture conditions).  

Another key non-absorptive clearance mechanism is in situ metabolism by respiratory 

epithelial cells. The extent of xenobiotic metabolism in the lungs and the potential implications 

has recently been reviewed by Enlo-Scott et al. (2021a) highlighting; (i) the expression of 

xenobiotic metabolising enzymes in the lung, factors affecting metabolic activity, (ii) current 

models for measuring and predicting xenobiotic metabolism in the lung, and (iii) the 

implications for inhalation toxicology. Whilst there is an abundance of mRNA transcript data 

for both human primary cells and cell lines, there is less evidence of functional enzyme activity 

within the different respiratory epithelial cell lines and due to the existence of several 

functionally inactive enzyme polymorphisms, mRNA or protein analysis data alone cannot 

accurately predict enzyme activity within in vitro models. A large proportion of functional 

activity assays have focused on primary cell models or ex vivo models such as precision-cut 

lung slices, those that include human cell lines typically use A549 or BEAS-2B, whilst there is an 

absence of data for a multitude of other cell lines which may prove to be more representative 

of the varied enzyme expression within the lung. 
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Although human lung enzymes are readily available from commercial sources, these are 

obtained from lung homogenate which means that the xenobiotic metabolising enzymes 

(XMEs) within the highly metabolically competent epithelial cells are “diluted” by mixing with 

mesenchymal, blood and vascular cells. Additionally, as this relies on primary human tissue, 

donor-to-donor genetic variability may also be a concern. Currently, where the xenobiotic 

metabolising enzyme-rich hepatic cell line HepaRG is now commonly used in similar functional 

assays, and Caco-2 may be used to model intestinal metabolism, there is currently not a 

human lung cell line with a club or ciliated cell phenotype that expresses all of the key 

xenobiotic metabolising enzymes in the lung. Additionally, RPMI-2650 is one of the few 

commercially available human nasal cell lines, but functional xenobiotic metabolising enzyme 

activity has not been extensively characterised, despite the presence of xenobiotic metabolism 

enzymes in normal human nasal epithelium (Oliveira et al., 2016).  

 

2.2 Aims and Objectives 

The overall aim of this series of experiments was to develop and evaluate in vitro lung models 

for their suitability to study the local toxicity, transepithelial permeability and in situ 

metabolism of unintentionally inhaled xenobiotics. 

Specific objectives included: 

1. Evaluate differences between respiratory epithelial cell lines with regard to their 

sensitivity to the toxic effects of various pesticides. 

2. Optimise the culture of respiratory cell lines in Transwells to form permeability 

barriers. 

3. Gauge the suitability of in vitro models for assaying xenobiotic metabolism within the 

respiratory tract. 
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2.3 Methods 

2.3.1 Evaluating common in vitro toxicity models 

2.3.1.1 MTT Assay 

The MTT assay is a colorimetric cell viability assay used to assess the metabolic activity and 

reflect the number of viable cells present. It relies on the reducing capability of intracellular 

enzymes (predominantly mitochondrial dehydrogenases, such as succinate dehydrogenase) 

to convert the soluble yellow dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) to insoluble purple formazan crystals by cleaving the heterocyclic 

tetrazolium ring in the MTT molecule Figure 2.1.  

 

Figure 2.1. Chemical reduction of MTT to formazan by mitochondrial dehydrogenases in 
viable cells. 

 

2.3.1.2 MTT assay calibration 

In order to use the MTT assay, the optimum cell seeding density needs to be determined as it 

will vary depending on assay conditions and cell type. To determine the optimum seeding 

density, that would allow for the linear quantification of MTT UV absorbance, each cell line 

was seeded in 96-well plates (Greiner CELLSTAR®) and a calibration curve was made using a 

serial dilution method. The cell seeding densities varied from 195-100,000 cells per well 

(growth surface area of 0.34 cm2/well), the outer wells were filled with medium only to 

eliminate edge evaporation effects that may reduce evenly distributed cell binding to the well. 

The cells were incubated for 48 hours under standard conditions, i.e. using the appropriate cell 

medium for the particular cell line. Following this, cell culture medium was aspirated and 

replaced with 100 µL per well of MTT solution (MTT 5 mg/mL in PBS, diluted 1:5 in fresh cell 

culture medium). After 4 hours the MTT containing medium was gently aspirated and any 

formazan crystals formed were solubilised with 100 μL of SDS solution (10% SDS in a 1:1 
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mixture of dimethylformamide: deionised water). After 16-24 hours, the absorbance of each 

well was measured by spectrophotometry at 570 nm, subtracting the background absorbance 

at 650 nm. The final absorbance values were calculated as absorbance of cell containing wells 

was calculated as absorbance subtracted from blanks. The assay was performed with six 

replicate wells for each seeding density, with the experiment being repeated in triplicate.  

The optimal seeding density for subsequent toxicity tests was selected based on the highest 

seeding density within a linear range established for UV absorbance values vs number of cells. 

 

2.3.1.3 MTT assay 

For the MTT assay, the seeding densities were used for each cell line, as shown in Table 2.1. 

 

Table 2.1. Cell seeding densities and cell medium composition for the MTT assay. 

Cell line Cell medium Cell seeding 

density 

(cells/well) 

A549 DMEM + 10% FBS, 1% NEAA, 1% P/S, 1% SP 4000 

BEAS-2B LHC-8 + 1% P/S 20,000 

Calu-3 DMEM + 10% FBS, 1% NEAA, 1% P/S, 1% SP 40,000 

RPMI-2650 DMEM + 10% FBS, 1% NEAA, 1% P/S, 1% SP 40,000 

TT1 DCCM-1 + 10% FBS, 1% NEAA, 1% P/S 4000 

16HBE14o- DMEM + 10% FBS, 1% NEAA, 1% P/S, 1% SP 4000 

Caco-2 DMEM + 10% FBS, 1% NEAA, 1% P/S, 1% SP 40,000 

 

Depending on the cell line, DMEM, LHC-8 and DCCM-1 medium was used, this was based upon 

what is commonly used in the literature. Supplements such as foetal bovine serum (FBS), non-

essential amino acids (NEAA), penicillin-streptomycin (P/S) and sodium pyruvate (SP), were 

used where necessary. 

Regardless of cell seeding density, all cells were seeded in 100 μL of the same medium used for 

their culture in cell culture flasks (Table 2.1) and were grown for 24 hours before exposure to 

the test compounds.  

Average cell viability and cell number was quantified prior to cell seeding, using the Trypan 

Blue dye exclusion method with an automated cell counter (Countess™ II FL Automated Cell 

Counter, Invitrogen). The compounds tested included; abamectin, acibenzolar-S-methyl, 

chlorothalonil, diquat, isopyrazam, pinoxaden, propiconazole and prosulfocarb. 
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With the exception of BEAS-2B (which was cultured in serum free LHC-8 medium), pesticide 

stock solutions were prepared in phenol red-free minimum essential medium with reduced 

serum concentration, (2% FBS) to give starting concentrations of 300 μM, this was serially 

diluted to give the final concentrations of 300, 150, 75, 40, 20, 10, 5 and 2.5 μM in 100μL 

medium (≤ 0.75% DMSO). Medium containing 0.75% DMSO or 1% Triton X-100 were 

respectively used as negative and positive controls. Cells were exposed to the test compounds 

for 24 hours, before the pesticide containing medium was aspirated and replaced with 100μL 

phenol red free minimum essential medium and 25 μL MTT solution (5 mg/mL in PBS).  

After 4 hours, the MTT containing medium was aspirated and any formazan crystals formed 

were solubilised with 100 μL of SDS solution (10% SDS in a 1:1 mixture of dimethylformamide: 

deionised water). After 16-24 hours, the absorbance of each well was measured by 

spectrophotometry at 570 nm, subtracting the background absorbance at 650 nm. Relative cell 

viability was calculated using the equation: 

 

Equation 2.1. % Cell viability  

% Cell viability =  
T − B

C − B
 × 100 

 

Where T is the UV absorbance value of the test well, B is the UV absorbance of the blank well 

(containing no cells) and C is the absorbance of the negative control (0.75% DMSO) 

representing 100% cell viability.  

The assay was performed with six replicate wells for each test concentration, with the 

experiment being repeated in triplicate. 

 

2.3.1.4 Mechanistic toxicity assay 

A protocol was adapted from Joshi et al. (2019), the original assay having been designed for 

high-throughput assessment of mechanistic toxicity using confocal microscopy.  

16HBE14o- were seeded (4000 cells/well) in a black walled μClear Greiner 96-well plates 

(#655090) and cultured in 200 μL fresh medium for 48 hours, to reach 100% confluency. 

Following the same protocol described earlier for the MTT assay, cells were exposed for 24 

hours to either abamectin, acibenzolar-S-methyl, azoxystrobin, chlorothalonil, diquat, 

isopyrazam, pinoxaden, propiconazole or prosulfocarb at a final concentration of 10 μM in 100 

μL medium (0.025% DMSO). Following this exposure, the pesticide containing medium was 

aspirated and the cells were rinsed once with warm HBSS before incubating in 50 μL HBSS 

containing 3 fluorescent dyes; calcein-AM to assess cell viability/membrane integrity, 
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tetramethyl rhodamine methyl ester (TMRM) to assess changes to mitochondrial membrane 

potential/mitochondrial impairment and monochlorobimane (MClB) to identify changes 

intracellular glutathione level. Unlike the original assay, Hoechst 33342 was not included due 

to overlap with the fluorescence from MClB, additionally DNA damage could not be assessed 

by this method as images were not obtained. Hoechst 33342 could instead be used to assess 

cell proliferation, if MClB was not included. 

The incubation was performed in the dark for 40 minutes at 37°C, with HBSS containing a 

mixture of calcein-AM 0.25 µM, TMRM 0.5 µM and MClB) 100 µM for approximately 40 

minutes. Following the incubation period, the incubation medium was aspirated and rinsed 

twice with 100 μL of PBS, and replaced with 50 μL PBS before immediately measuring the 

fluorescence of MClB (ex/em = 360/465 nm), calcein-AM (ex/em = 485/535 nm) and TMRM 

(ex/em = 535/595 nm). Relative changes were calculated using the same equation described 

previously for the MTT assay, where values were subtracted from blank well and normalised 

against the DMSO control. The assay was performed with four replicate wells for each test 

concentration, with the experiment being repeated in triplicate. Based on the preliminary 

results this experiment was then repeated to obtain 0-300 μM dose response curves for 4 

pesticides with different mechanisms of cytotoxicity; abamectin (apoptosis and potential 

mitochondrial inhibition), azoxystrobin (quinone outside/mitochondrial inhibition), 

chlorothalonil (apoptosis and glutathione depletion) and isopyrazam (mitochondrial/succinate 

dehydrogenase inhibition). 

 

2.3.2 Evaluating common in vitro permeability models 

2.3.2.1 Transwell model using epithelial cells 

The Transwell model, is a commonly used in vitro permeability model formed by seeding 

epithelial cells on a semi-permeable membrane and culturing the cells under conditions that 

allow for the formation of a functional and polarised epithelial permeability barrier, that may 

then be used to study xenobiotic transport across the barrier. A basic representation of the 

model is shown in Figure 2.2. Additional variations with a focus on lung epithelial cells  are 

described further and illustrated by diagrams in a recent review by Enlo-Scott et al. (2021b).  
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2.3.2.2 Initial culturing conditions 

For all Transwell experiments unless stated otherwise, sterile 6.5 mm Transwell® inserts 

(Corning, C3470) with 0.4 µm pore polyester membranes were used.  Prior to cell seeding, 

Transwells were incubated with 100 µL medium and 500 µL medium on the apical and 

basolateral side respectively, for at least 30 minutes to pre-wet the membrane. In experiments 

where cells were cultured on collagen coated Transwells, the membrane was not pre-wet with 

medium beforehand, instead 100 µL per well of rat tail collagen solution was added to the 

apical side of the membrane and incubated for 2 hours at 37°C before gently rinsing twice with 

PBS. 

 

The same cell seeding densities was used for all the cell lines (A549, BEAS-2B, Calu-3, Caco-2, 

RPMI-2650, TT1 and 16HBE14o-), 100,000 cells/well in 200 µL per well in the apical chamber 

and with 500 µL of medium in the basolateral chamber. With the exception of the intestinal 

epithelial cell line Caco-2, all cells were taken to air-liquid interface after 48 hours, by carefully 

aspirating the medium from the apical layer. A549, Calu-3 and TT1 cells were cultured for 11-

14 days, whilst RPMI-2650, Caco-2, 16HBE14o- and BEAS-2B cells were cultured for 20-22 days. 

 

2.3.2.3 Trans-Epithelial Electrical Resistance (TEER) 

For all the cell lines, the TEER was measured, and the medium was changed every 2 days. TEER 

readings were performed using an EVOM™ epithelial voltohmmeter with silver chloride 

“chopstick” electrodes, the electrodes were sterilised in 100% ethanol and then rinsed in PBS 

prior to inserting into the Transwell inserts. To measure TEER in the inserts, 200 µL of medium 

and 500 µL medium was pipetted on the apical and basolateral side respectively, the cell layers 

had been allowed to equilibrate for approximately 20 minutes before inserting the electrodes. 

After TEER measurements were completed, medium from the apical chamber of the Transwell 

was immediately aspirated, to return the cells to air-liquid interface conditions (with the 

exception of Caco-2). TEER values were calculated using Equation 2.2. All experiments were 

performed with 3 replicate wells and repeated in triplicate. 

 

Equation 2.2. Transepithelial electrical resistance (TEER) 

TEER(Ω × cm²) = (Test Transwell Ω − blank Transwell Ω) × 0.33cm2 
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Figure 2.2. An illustration showing the structure of a Transwell insert along with a 
representation of electrodes used to take TEER measurements after growing cells to 
confluency on the apical side of the membrane. 

 

2.3.2.4 Evaluating different culturing conditions for TT1, BEAS-2B and 16HBE14o-  

In order to try to increase the TEER values for the BEAS-2B and 16HBE14o- to be more 

representative of those described for primary bronchial cells, different culturing conditions 

were tested. A similar approach was taken to try to increase TEER values for TT1 to be more 

representative of those described for primary alveolar cells. 

Rather than taking the cells to air-liquid interface after 2 days of culturing on Transwells, the 

cells were kept under submerged liquid culture conditions, replacing the medium every 2 days 

over the course of 14-16 days for BEAS-2B and TT1 or 20-22 days for 16HBE14o-. 

For TT1 three other potential conditions were also tested. Simulated lung fluid (SLF) as has 

previously been described by Kumar et al. (2017) and shown to be biocompatible with the 

alveolar cell line A549 for short exposures. SLF was used on the apical surface of TT1 cells, with 

a total volume of 30 µL on the apical surface and was replaced every two days. 

Additionally, rather than pre-coating the Transwell with collagen, basement membrane extract 

was also tested, as a more representative model of the complex extracellular matrix. This 

coating has been reported in the literature to be useful in altering the permeability properties 

of similar in vitro models (Mantaj et al., 2018). 

Finally, a coculture model was explored using TT1 cells on the apical Transwell surface and the 

3T3 mouse fibroblast cell line on the basolateral side of the Transwell. To create this coculture, 

Transwell membranes were pre-wet with medium as previously described. Cell culture 

medium was gently aspirated and with sterile tweezers the Transwell insert was removed from 

the 24 well plate, inverted and placed into the well of a 6 well plate so that the basolateral 

chamber faced upwards. A 50 µL droplet containing 100,000 3T3 cells in medium, was placed 
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on the surface of the basolateral chamber, the plate was covered making sure that the lid did 

not touch the Transwell containing the cell droplet and the plate was placed in the incubator 

for 2 hours to allow the cells to attach. After cell attachment, the Transwell was placed the 

correct way up in a 24 well plate, with medium being carefully pipetted into the basolateral 

chamber, 100,000 TT1 cells/well were pipetted onto the apical side of the Transwell. Following 

this the coculture was grown as described previously for the TT1 monoculture, with the cells 

taken to air-liquid interface after 2 days. 

For all test conditions TEER values were measured every two days, as previously described. 

 

2.3.2.5 Zonula Occludens-1 (Tight Junction Protein 1) confocal imaging 

After the TEER values for each cell line had been measured, the cell layers were stained to 

visualise expression of the tight junction protein/zonula occludens-1 (ZO-1), and DAPI (4′,6-

diamidino-2-phenylindole) was used to stain the cell nuclei.  

The entire cell staining protocol was performed on ice. The cell layers were incubated for 2 

minutes, with a solution containing; 0.2% Triton X-100 in 100 mM KCl, 3 mM MgCl2, 1 mM 

CaCl2, 200 mM sucrose and 100 mM HEPES. Cell layers were then rinsed twice with PBS, and 

permeabilised with 0.05% Triton X-100 in PBS for 5 minutes, rinsed twice with PBS and once 

with 5% powdered milk in PBS, then incubated with AlexaFluor 488 chicken anti-rabbit IgG 10 

μg/mL for 60 minutes at room temperature, before rinsing 4 times with PBS, staining with 

Prolog Gold antifade reagent with DAPI. Slides were mounted, and refrigerated until imaging 

within 1 week using an A1 inverted confocal microscope with spectral detector. Fluorescent 

emissions from DAPI (ex/em= 205/430-480 nm) and AlexaFluor 488 (ex/em = 488/510-570 nm) 

were collected using separate channels at a magnification of x40 and then the images obtained 

were overlapped to give a multicoloured composite image. Results shown depict a 

representative image from a sample size of at least an n = 2 for each cell line. 

 

2.3.2.6 Permeability assays with fluorescent permeability markers 

Permeability studies were performed on cell layers after a defined period in culture (14-22 

days depending on the cell line), at which point the TEER values had increased to a plateau. 

The permeability studies made use of three different fluorescent dyes as standard 

permeability markers. The three permeability probe compounds selected were; sodium 

fluorescein as a hydrophilic low molecular weight (MW) marker, rhodamine-123 as a low MW 

lipophilic marker and FITC-dextran-4000 as a hydrophilic high MW marker of permeability. 
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NaF 8 mg/mL stocks were made in HBSS and Rh-123 10 μM stocks in DMSO were frozen at -

20°C, FD-4 was made as a 1 mg/mL stock in HBSS on the day of the experiment. Cell medium 

was aspirated from the apical and basolateral chambers, and replaced with 200 μL and 500 μL 

of warm HBSS in the respective compartments, before incubating at 37°C for 30 minutes. HBSS 

was then aspirated from both chambers, 600 μL was placed in the basolateral chamber. 250 μL 

of either 0.2 mg/mL NaF, 50 μM Rh-123 or 1 mg/mL FD-4 in HBSS were pipetted into the apical 

chamber. Immediately 50 μL of sample from the apical chamber was transferred to a black 

walled 96-well plate, and 100 μL of sample from the basolateral chamber, the Transwell plate 

was then incubated at 37°C in the dark until the next timepoint where samples were taken at 

5, 15, 30, 60, 120 and 240 minutes, each time replacing with 100 μL of fresh HBSS to maintain 

sink conditions.  Immediately after the last time point, the remaining solution in the Transwell 

was aspirated and replaced with warm HBSS before the TEER value was measured again to 

ensure that the monolayer integrity had not been significantly reduced during the experiment. 

HBSS was aspirated and in the basolateral chamber replaced with cell culture medium, the 

TEER was measured 24 h after the permeability experiment. 

The fluorescence of the samples collected in black walled 96 well plates was measured at 

ex/em = 485/535 nm, using a Tecan Spark 10M plate reader. Apparent permeability 

coefficients (Papp) were calculated using the following equation: 

 

Equation 2.3. Apparent permeability coefficient 

Papp (cm/s) =  (
𝑑𝑞

𝑑𝑡
) × (

1

AC0
)  

 

Where dq/dt = transport rate, A = 0.33cm2 (the surface area of the Transwell insert), C0 = the 

initial concentration of the permeability marker in the donor chamber. 

 

2.3.2.7 Lipid based permeability models using Transwells 

Non-cell based models were also tested for their suitability as in vitro lung permeabilty models, 

TEER measurements and permeability assays (NaF and Rh-123) were also repeated for these 

models. In both cases 10 μL of the lipid solution was pipetted onto a blank Transwell and 

allowed to equilibrate and saturate the membrane for 1 h at room temperature before either 

measuring the TEER value or starting the transport experiment. For permeability experiments, 

10 μL of dodecane only was used as a negative control. 
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2.3.2.8 Parallel Artificial Membrane Permeability Assay (PAMPA) 

There are many varying PAMPA formulations using different lipids and organic solvents, the 

formulation used for these experiments was based on one previously established within the 

Forbes research group (Akhuemokhan et al., 2019). PAMPA lipid solution was prepared by 

dissolving 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol in 

dodecane, to give 2% w/w POPC and 1% w/w cholesterol in dodecane.  

 

2.3.2.9 Lung tissue sources and lung lipid extraction protocol 

All experiments conducted with animal tissue were obtained from sacrificed animals for 

different experimental purposes under the project licences of the UK Home Office in 

accordance with the United Kingdom Animal Scientific Procedures Act, 1986). 

Unneeded lungs were obtained freshly from different researchers at King’s College London 

performing in vivo studies, immediately snap frozen in liquid nitrogen and stored at -80°C.  

For all lung lipid experiments adult male Sprague-Dawley rats (250-350 g) were used. Rats 

were chosen as the model species, primarily due the ubiquity of this species for in vivo and ex 

vivo lung permeability studies where human tissue is not available.  

Lungs were excised at the trachea and removed from the thoracic cavity intact, the exterior 

was rinsed in ice cold PBS, weighed and stored in 25 mL plastic tubes, before being snap frozen 

in liquid nitrogen, after which the lungs were stored at -80°C or processed further.  

For the extraction of lipids from tissue samples two of the most commonly used methods are 

the “Folch” and “Bligh and Dyer” method, for the extraction of lung lipids an adapted version 

of the Folch method was used (Axelsson and Gentili, 2014, Folch et al., 1957). 

Lung tissue was lyophilised overnight, and then the weight was again recorded. The dried 

tissue was dissected further and then ground with a mortar and pestle to a fine powder and 

weighed. The powder was resuspended in a 2:1 mixture of chloroform: methanol (v : v) to 

make a solution of 20 mg/mL. The solution was vortexed vigorously until evenly dispersed and 

a 0.73% NaCl water solution was added, so that the overall solvent mixture was 2:1:0.8 

chloroform: methanol: water. The mixture was then filtered through Whatman paper, allowed 

to separate into two phases, and the lower phase was collected. The solvent mixture was 

evaporated using nitrogen gas. The dried lipid content was then resuspended in dodecane, 

with the final weight equal to the weight of the original lung weight.  Finally, the lung lipid 

extract solution was aliquoted into glass vials and at stored at -20°C. For lipid extraction a 

minimum of one pair of lungs were used in each batch. Three batches of lung lipid were 



- 70 - 
 

prepared and for permeability experiments, n=3 represents data from 3 different batches of 

lung lipid extract. 

 

2.3.2.10 Drug transporter validation (P-glycoprotein) 

P-glycoprotein is one of the main drug transporters, particularly for xenobiotics and has been 

described previously both in human lung primary tissue and cell lines such as Calu-3, 

16HBE14o- and A549 (Ehrhardt et al., 2003, Hamilton et al., 2001), but not TT1. To identify P-

glycoprotein activity in TT1, bidirectional transport assays were performed using the P-

glycoprotein substrate Rh-123, A549 cells were included for comparison and as positive 

control.  

TT1 and A549 cell layers were used for drug transporter experiments, 14-16 days after seeding 

on Transwells, after which stable maximum TEER values had been reached. Cell medium was 

aspirated and all cell layers were preincubated at 37°C in HBSS (200 µL apical, 500 µL 

basolateral), with or without 5 µM CsA. Bidirectional transport of 50 µM Rh-123 in HBSS was 

investigated with or without 5 µM CsA to inhibit P-glycoprotein. Apical to basolateral transport 

was measured by adding 200 µL of Rh-123 to the apical chamber and 600 µL of HBSS to the 

basolateral chamber, whilst basolateral to apical transport was measured by adding 200 µL of 

HBSS to the apical chamber and 500 µL of Rh-123 to the basolateral chamber. The cell layers 

were incubated at 37°C and 100 µL of the receiver chamber was sampled and replaced with 

100 µL of fresh HBSS at; 0, 5, 15, 30, 60, 120, 240 minutes.  A549 and TT1 cells were assayed in 

duplicate for each condition (apical to basolateral transport ± CsA, basolateral to apical ± CsA) 

in each experiment, with the experiments repeated to give n=3. 

To calculate the Papp values, the fluorescence of the samples collected in black walled 96-well 

plates was measured at ex/em = 485/535 nm, using a Tecan Spark 10M plate reader. Apparent 

permeability coefficients (Papp) were calculated using Equation 2.3, followed by Equation 2.4 

for the calculation of efflux ratios. 

 

Equation 2.4. Efflux ratio 

Efflux ratio =
Papp(B > A)

Papp(A > B)
  

 

Where B>A = basolateral to apical, and A>B = apical to basolateral. 

P-glycoprotein activity was considered to present if the efflux ratio was ≥ 2 based on FDA 

recommendations on P-gp efflux (Sudsakorn et al., 2020) and could be inhibited using 5 µM 

CsA.  
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2.3.3 Evaluation of commonly used in vitro xenobiotic metabolism models 

2.3.3.1 Optimisation of resorufin-based metabolism assay 

For rapid and semi-high-throughput measurement of the activity of xenobiotic metabolising 

enzymes, several fluorescent or colorimetric assays were investigated as reporters of enzyme 

activity, for either CYP, esterase or GST function.  

Many of the assays relied on resorufin based reactions (see Figure 2.3), which were selected 

due to the specificity and sensitivity for detecting the activity of particular enzymes.  

 

Figure 2.3.Resorufin based substrates that may be used to measure the activity of xenobiotic 
metabolism for CYP, esterase or NQO1 activity. 

 

To ensure the specificity of the method to detect the fluorescence of resorufin rather than 

resorufin-conjugates (substrates), several preliminary validations were performed. All 

fluorescence measurements were made using either 100 µL of sample or 200 µL of sample 

diluted 1:1 in 100% acetonitrile (ACN), in a black walled 96 well µClear Greiner plate. 

All compounds (both substrate and metabolite standards) were assayed over a range of 

fluorescence settings (ex = 360-635 nm, em = 360-635 nm) in order to calculate the maximum 

relative fluorescence for resorufin 0.2 µM with the lowest background fluorescence from the 

substrate 2 µM.  

This optimisation step was particularly crucial, as Radenac et al. (2004) previously highlighted 

the importance of determining the measurement wavelengths experimentally. The importance 

of this was confirmed as the commonly reported “optimal fluorescence” (ex/em = 535/590 
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nm) was shown to be significantly less sensitive or accurate under the experimental conditions 

used in these studies. Once the optimum fluorescence was determined to be ex/em = 580/635 

nm, this was used for all further experiments including calibration curves comparing the 

sensitivity of detection for either resorufin (0.78-1000 nM) or the resorufin conjugate (1.56-

2000 nM).  

 

2.3.3.2 Confirmation of enzyme-substrate specificity 

CYP, NQO1, esterases, carboxylesterase-1 and GST enzymes were selected for assessment 

based on their importance to xenobiotic metabolism within the lung (Enlo-Scott et al., 2021a, 

Oesch et al., 2019). UGT activity was not explored as this has been reported to have negligible 

expression within the lung. Preliminary experiments using either 16HBE14o-, Caco-2 or HepG2 

as positive controls were performed to confirm that the selected substrates were specific for 

particular enzymes. The reaction conditions are shown in Table 2.2. 

 

Table 2.2.. The substrate and inhibitor combinations and concentrations used for enzyme 
activity assays for CYP, esterase and GST enzymes in vitro. 

Enzyme Substrate Inhibitor 

CYP1A1 Resorufin ethyl ether 2 µM ɑ-Naphthoflavone 20 µM 

CYP1A2 Resorufin methyl ether 2 µM ɑ-Naphthoflavone 20 µM 

CYP2B6 Resorufin pentyl ether 5 µM Sertraline 10 µM 

CYP3A4 Resorufin benzyl ether 4 µM CYP3cide 1 µM 

CYP3A5 Resorufin benzyl ether 4 µM Ketoconazole 10 µM 

NQO1 Resorufin 500 nM Dicumarol 10 µM 

Esterase Resorufin acetate 10 µM Benzil 100 µM 

Esterase Resorufin butyrate 10 µM Benzil 100 µM 

CES1 4-nitrophenol acetate 80 µM Benzil 100 µM 

GST 1-Chloro-2,4-dinitrobenzene 100 µM, 

Glutathione 200 µM 

Ethacrynic acid 20 µM 

 

Under these conditions, preliminary experiments showed that whilst significant metabolism of 

esterase/CES1 substrates did occur, it was not inhibited by the benzil 100 µM.  Further 

experiments showed that the reaction was non-specific and esterase function was not assayed 

in further experiments. 
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The CDNB assay (see Figure 2.4) was used to measure GST activity, as this is the most 

commonly used and well-established in vitro assay for GST function. Whilst, a disadvantage of 

this assay is it is not specific for the different GST isozymes, it is appropriate for assessing total 

GST function. 

 

Figure 2.4. GST mediated reaction, using CDNB as a substrate that forms a colorimetric 
glutathione conjugate. 

 

2.3.3.3 EROD assay as a measure of CYP1A1 induction following pesticide exposure 

16HBE14o- cells were seeded (4000 cells/well) into black walled 96-well µClear Greiner plate, 

after 24 hours, medium was replaced was phenol-red free DMEM containing 2% FBS and cells 

were grown to confluency. Once confluency was reached, cells were exposed for 24 hours to 

100 µL/well phenol red free DMEM containing 2% FBS and 10 µM of the pesticides or 0.75% 

DMSO as a negative control. Following the exposure, the cells were rinsed twice with 50 µL PBS 

and to initiate the EROD assay, the cells were incubated in the dark for 40 minutes with 100 

µL/well HBSS containing resorufin ethyl ether 2 µM. The reaction was terminated by pipetting 

100 µL acetonitrile into each well, and the fluorescence was measured using a Tecan Spark 10M 

microplate reader (ex/em = 595/630 nm). CYP1A1 activity was calculated by subtracting the 

relative fluorescence from blank wells (containing no cells) and normalising against the DMSO 

control. An increase of ≥ 2 fold, was taken as confirmatory of CYP1A1 induction. 

Subsequent experiments were performed with propiconazole (1.25-10 µM) and β-

naphthoflavone (2.5-20 µM), the latter was included as a potent agonist of the aryl hydrocarbon 

receptor and a positive control of CYP1A1 induction. The EROD assay was performed following a 

48 hour exposure.  

The assay was performed with six replicate wells for each test concentration, with the 

experiment being repeated in triplicate. 

 

2.3.3.4 GST induction/inhibition in snap frozen cells 

Following the EROD assay, the EROD buffer was aspirated and cells were carefully rinsed twice 

with PBS. The GST substrate CDNB does not readily permeate across the cell membrane, and 
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therefore experiments are usually performed by either solubilising the cell using Triton X-100 or 

by using cell homogenates. Preliminary experiments were performed using both methods and 

freezing the cells was determined to be the most suitable method based on maintaining enzyme 

activity, concentrating the sample and ease of use.  

The 96-well plate was snap-frozen, in order to lyse the cells. The plate was allowed to thaw at 

room temperature before the GST substrate mixture was added to produce a total volume of 

100 µL, the final concentration was CDNB 100 µM, glutathione 200 µM in 100 mM KH2PO4 

buffer. The absorbance at 345 nm of each well was measured every 2 minutes (for 60 minutes) 

by taking kinetic measurements using the Tecan Spark microplate reader, incubated at 37°C. 

GST activity was calculated by subtracting the relative absorbance from blank wells (containing 

no cells) and normalising against the DMSO control. 

The assay was performed with six replicate wells for each test concentration, with the 

experiment being repeated in triplicate. 

 

2.3.3.5 S9 fraction preparation 

To assess the functional activity of the different xenobiotic metabolising enzymes in the 

different in vitro models, S9 fraction was prepared. Whilst commonly, the S9 fraction is taken 

from liver homogenate, it represents the supernatant fraction obtained from a tissue 

homogenate centrifuged at 9000 g and containing both the cytosolic and microsomal enzymes, 

and therefore can be prepared from many different tissue types. In order to compare the 

functional enzyme activity of the different in vitro respiratory models, S9 fraction was prepared 

for A549, TT1, BEAS-2B, 16HBE14o- Calu-3 and RPMI-2650. Caco-2 S9 fraction was also prepared 

as a positive control which has been studied more commonly and contains many of the relevant 

xenobiotic metabolising enzymes. Additionally, to confirm that the enzymatic reactions were 

relevant to those in the human lung, human lung S9 (obtained from primary tissue) was also 

tested, with this being purchased from XenoTech, the donor information is listed in Table 2.3 

and additional information may be found in the appendix.  

 

Table 2.3. Details for human lung S9 fraction donor information 

Sample Gender Age Race Cause of Death Smoked 
within past 
10 years? 

3 Male 75 Caucasian Cerebrovascular accident No 

17 Female 37 Caucasian Cerebrovascular accident No 

22 Female 49 African American Head Trauma No 

30 Male 22 Hispanic Head Trauma No 
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To prepare the S9 fractions from the cell lines, all cells were cultured in their respective medium 

(DMEM for all cell lines, with the exception of LHC-8 medium for BEAS-2B and DCCM-1 medium 

for TT1). Cells were subcultured at a ratio of 1:5 in 175 cm2 Greiner cell culture flasks and grown 

until reaching confluency, after which xenobiotic metabolism was induced by replacing cell 

culture medium with 25 mL fresh medium containing with 25 µM of (CYP1A1/A2 inducer), with 

a final DMSO concentration of 0.125%. These exposure concentrations were determined to be 

non-toxic based on earlier preliminary experiments, both inducers are commonly used in vitro, 

often with the aim of inducing CYP expression (Graham et al., 2002, Hewitt et al., 2007). After a 

24 hour exposure, cells were harvested from the flask by trypsinising and centrifuging at 1500 g 

for 5 minutes to obtain the cell pellet. The cell pellet was resuspended in PBS and centrifuged 

again to remove any residual trypsin or cell culture medium, this was repeated twice before 

resuspending the pellet in 1 mL cold S9 fraction freezing buffer (50 mM Tris-HCl, 150 mM KCl 

and 2 mM EDTA in dH20), the same freezing buffer used for the human lung S9 fraction. After 

incubating the harvested cells on ice for 30 minutes, the samples were snap frozen in liquid 

nitrogen and stored at -80°C until the next step. In order to fully lyse the cells, the sample was 

allowed to thaw on ice and was then passed through a 30-gauge needle 5 times, before 

sonicating on ice 3 times (20 seconds on, 20 seconds off). The homogenate was then centrifuged 

at 10,000 g for 20 minutes at 4°C, the supernatant was collected, and the protein content was 

determined using the bicinchonic acid assay (BCA assay) according to the supplier’s instructions. 

Finally, the protein content was normalised to 5 mg/mL and the prepared S9 fraction was stored 

at -80°C until use. 

 

2.3.3.6 Comparative xenobiotic metabolism studies (CYP, NQO1 and GST) 

All experiments were performed by diluting the 5 mg/mL S9 fraction to 1 mg/mL in 100 mM 

KH2PO4 pH 7.4 buffer. Fifty microlitres of each S9 fraction sample was pipetted into the well of a 

black walled 96-well plate which was set up for the experiment according to Figure 2.5. DMSO 

or the appropriate inhibitor were added and the plate was incubated at room temperature for 

30 minutes before adding 50 µL of the substrate mixture, to give a final concentration of 0.5 

mg/mL S9 fraction in 100 µL. For CYP or NQO1 mediated reactions, the substrate concentration 

was as specified in Table 2.2, however for S9 fraction experiments the cofactor NADPH is 

required and was added immediately before starting the reaction to give a final concentration of 

NADPH 500 µM. Total DMSO concentration did not exceed 0.8%. The reactions were performed 

at 37°C, ranging from 20-60 minutes depending on the activity of the enzyme of interest. With 
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the exception of the GST assay (which was a kinetic assay, rather than a single timepoint), all 

reactions were stopped by adding 100 µL of ACN. 

Resorufin formation/depletion was quantified using calibration curves and CYP or NQO1 activity 

was calculated as nmol resorufin/min/mg protein. 

 

𝐶𝑌𝑃 𝑜𝑟 𝑁𝑄𝑂1 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑛𝑚𝑜𝑙 𝑟𝑒𝑠𝑜𝑟𝑢𝑓𝑖𝑛/𝑚𝑖𝑛/0.5 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 

 

All experiments were performed with 4 replicate wells for each condition and experiments were 

repeated in triplicate.  

 

Figure 2.5. The 96-well plate map and position of each of the S9 fraction samples, for all 
xenobiotic metabolism reactions 

 

2.3.3.7 Statistical Analysis  

Where appropriate, data were analysed using GraphPad Prism version 8, (GraphPad Software, 

San Diego, USA). MTT data was normalised against the negative control (0.75% DMSO), as was 

enzyme induction data. One-way ANOVA analysis was performed to compare all data sets with 

categoric groups, results with “p ≤ 0.05” were considered to be significant. Statistically 

significant differences are represented on graphs as; * = p <0.05, ** = p <0.005, *** = p < 

0.0005, **** = p< 0.0001. 
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2.4 Results 

2.4.1 MTT cytotoxicity assay 

The MTT calibration curves (data in the appendix), showed a linear relationship between UV 

absorbance and cell seeding density within the range used for the MTT toxicity assays with the 

different cell lines (4000-40,000 cells/well) (R2 ≥ 0.96).  

For all the cell lines, the profile of relative cytotoxicity for the different pesticides was similar 

(Figure 2.6), based on calculated LC50 values, chlorothalonil was consistently the most 

cytotoxic (LC50 = 0.3-9.7 µM), followed by abamectin, isopyrazam, diquat, prosulfocarb, 

acibenzolar-S-methyl, propiconazole and pinoxaden, with the latter 4 pesticides having 

comparatively low toxicity (LC50 > 150 µM). 
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Figure 2.6. Comparison of pesticide LC50 values between the different respiratory epithelial 
cell lines A549, Calu-3, RPMI-2650, TT1, 16HBE14o- and BEAS-2B. 

 

Despite the general trend, there were differences between the cell lines for particular 

pesticides, for example the non-cancer derived bronchial cell line BEAS-2B was generally the 

most sensitive to cytotoxicity, with this evident for 7 of the 8 tested compounds. For 

chlorothalonil, the most evident differences between the cell lines were observed with the 

non-cancer derived cell lines BEAS-2B, 16HBE14o- and TT1 being more sensitive to the 

fungicide, than the cancer derived cell lines RPMI-2650, A549 and Calu-3 (Figure 2.7). 
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Figure 2.7. Pesticide cytotoxicity as assessed by the MTT assay , following a 24 hour exposure 
to either abamectin, acibenzolar-S-methyl, chlorothalonil, diquat, isopyrazam, pinoxaden, 
propiconazole or prosulfocarb (0-300 µM). Data represented as mean ± SD (n=3). 
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2.4.2 Mechanistic toxicity assay 

Using confluent 16HBE14o- cells and 10 µM pesticide exposures as a non-cytotoxic 

concentration, there was no significant change in cell membrane integrity as assessed by 

calcein-AM fluorescence (Figure 2.8). However, for several of the pesticides there were 

significant changes in mitochondrial membrane potential as assessed by TMRM, indicating 

potential mitochondrial toxicity following exposure. Similarly, significant changes in 

intracellular glutathione concentration (assessed using monochlorobimane), were observed for 

abamectin, azoxystrobin and chlorothalonil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Mechanistic toxicity assay in the bronchial cell line 16HBE14o- , assessing (A) 
membrane integrity with calcein-AM, (B) mitochondrial membrane potential with TMRM 
and (C) glutathione level with MClB following a 24 hour exposure to 10 µM of the different 
pesticides. Data represented as mean ± SD (n=3) 
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Figure 2.9. Bubble plot showing mechanistic toxicity assay in the bronchial cell line 
16HBE14o-, assessing membrane integrity with calcein-AM, glutathione level with MClB and 
mitochondrial membrane potential with TMRM, following a 24 hour exposure to 10 µM of 
the different pesticides. Highlighted data represents abamectin, azoxystrobin, chlorothalonil 
and isopyrazam which were selected for further assessment. Each point represents the mean 
average from a single experiment. The intersecting dotted lines represent equivalence to the 
DMSO control, deviation from this highlights changes in mitochondrial viability or 
glutathione level. Each point represents a single replicate (n=3). 

 

Whilst there were no significant changes observed with calcein-AM as a measure of membrane 

intensity (Figure 2.8A), all three toxicity markers were plotted (Figure 2.9), distinct differences 

between the different pesticides are evident, likely relating to their different mechanisms of 

action and potential molecular initiating events following exposure. Whilst membrane integrity 

was largely unchanged, significant changes did occur to mitochondrial viability and glutathione 

level following pesticide exposure. Based on this data, abamectin, azoxystrobin, chlorothalonil 

and isopyrazam were selected for further assessment and dose response curves were obtained  

(Figure 2.10). The trend observed with calcein-AM between the pesticides is similar to 

previously shown with the MTT assay, with chlorothalonil the most cytotoxic, followed by 

abamectin, despite the latter assay being more sensitive in part due to the use of cells prior to 

reaching confluency. However, the additional toxicity markers highlight that even at the lowest 

concentration of 2.5 µM, intracellular glutathione level was significantly increased following a 
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24 h exposure to chlorothalonil, whilst mitochondrial toxicity is observed at 2.5 µM of 

azoxystrobin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Dose response curve using the mechanistic toxicity assay with 16HBE14o- cells 
for (A) abamectin, (B) azoxystrobin, (C) chlorothalonil and (D) isopyrazam, following a 24 
hour exposure. Data represented as mean ±SD (n=3). 
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2.4.3 Transepithelial Electrical resistance (TEER) 

Calu-3 and Caco-2 rapidly obtained TEER values of ≥ 300 Ω.cm2 within 3-4 days of seeding and 

continued to increase until the optimum TEER was achieved at 14 and 22 days, respectively 

(Figure 2.11). TEER values for the type-II like alveolar cell line A549, did not increase over the 

14 days tested, whilst the type-I like alveolar cell line TT1 showed a gradual increase in TEER 

(to ≥ 130 Ω.cm2) until day 16.  The nasal cell line RPMI-2650 showed a very modest increase in 

TEER over the 22 days, reaching 45 Ω.cm2. 

Culturing TT1 with SLF had a negative effect on TEER values, whilst no significant difference 

was observed when Transwells were precoated with basement membrane extract as an 

extracellular matrices or when TT1 was cocultured with 3T3 cells (TT1 on the apical side and 

3T3 on the basolateral side of the membrane). 
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Figure 2.11. Transepithelial electrical resistance over 0-22 days for A549, Calu-3, Caco-2, TT1 
and RPMI-2650, cultured on Transwells precoated with rat tail collagen. Data represented as 
mean ±SD (n=3), with a total of 9 replicate wells per cell line. 
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Figure 2.12. Transepithelial electrical resistance over 12 days, for TT1 cultured on Transwells 
precoated with basement membrane extract (BME), co-cultured with 3T3 cells (basolateral 
side of membrane) or supplemented with synthetic lung fluid (SLF). Data represented as 
mean ±SD (n=3), with a total of 9 replicate wells per cell line. 
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2.4.4 Zonula Occludens-1 imaging 

The relatively high TEER values observed using Calu-3 correspond to the presence of 

functionally expression of tight junction protein Zonula Occludens-1 as shown in Table 2.4. In 

comparison, the other cell lines did not express ZO-1 under the tested culturing conditions. 

 

Table 2.4. Representative confocal images of ZO-1 fluorescently stained with AlexaFluor 488 
(green) and cell nuclei stained with DAPI (blue), using A549, TT1, Calu-3 and RPMI-2650 cells 
cultured for 14-22 days on Transwell inserts at air-liquid interface (n=2). Scale bars 25 µm.  

Cell line ZO-1 staining Optimum achieved TEER 

Ω.cm2 

(Previously reported 

TEER based on literature) 

Time 

cultured 

A549  ~14 Ω.cm2 

 

40-384 Ω.cm2 (Sakagami, 

2006, Togami et al., 

2017) 

14 days 

TT1 

 

~130 Ω.cm2 

 

41-60 Ω.cm2, (van den 

Bogaard et al., 2009) 

 

 

14 days 

Calu-3 

 

~605 Ω.cm2 

 

300-1200 Ω.cm2 

(Sakagami, 2006) 

14 days 

RPMI-

2650 

 ~45 Ω.cm2 

 

40-120 Ω.cm2, (Kreft et 

al., 2015b) 

22 days 
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2.4.5 Permeability assays with fluorescent permeability markers 

The interdependence between TEER values and sodium fluorescein and FD-4 Papp values is 

evident in Figure 2.13, for Rh-123 this trend is less pronounced as due to this compounds 

lipophilicity it is transported predominantly through transcellular rather than paracellular 

transport.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Interdependence between TEER values for each cell line and Papp values for (A) 
sodium fluorescein, (B) rhodamine-123 and (C) FITC-Dextran 4000. Each point represents the 
result from a single well, with a total of 9 wells per cell line. 
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2.4.6 Lipid based permeability models 

Both lipid-based models created a permeability barrier which significantly reduced the 

transport of the permeability markers in comparison to the dodecane control, confirming that 

a permeability barrier was created, which can be attributed to cholesterol and POPC in PAMPA 

or the complex mixture of lipids present in the rat lung lipid extract, rather than the dodecane 

solvent (Figure 2.14). With Rh-123 the rat lung lipid barrier was slightly more permeable than 

the PAMPA solution, but this difference was not found to be statistically significant. TEER data 

for both lipid-based models was low (≤ 15 Ω.cm2), highlighting the physicochemical nature of 

the barrier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. Papp values corresponding to (A) sodium fluorescein and (B) rhodamine-123 
transport across Transwells coated with either dodecane (negative control), PAMPA or rat 
lung lipid extract. Data represented as mean ± SD (n=3) 
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2.4.7 Permeability comparison with all models 

Papp values for sodium fluorescein, rhodamine-123 and FITC-Dextran 4000 were compared by 

one-way ANOVA for all permeability barriers, using Calu-3 as the positive control (Figure 2.15). 

Generally, the permeability markers were excluded most by Calu-3 and PAMPA, which 

particularly for hydrophilic permeability markers NaF and FD-4 had similar Papp values, in 

contrast to the barriers formed by A549 and RPMI-2650 were the most permeable. Whilst TT1 

was significantly less permeable to all permeability markers in comparison to A549, the 

permeability of FITC dextran 4000 was significantly more in TT1 than for either Calu-3 or 

PAMPA suggesting that the permeability barrier presented by this model is low compared to 

other models of the respiratory epithelium. This is consistent with the lack of functional 

expression of ZO-1 in the TT1 model (Table 2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. Comparative Papp values for (A) sodium fluorescein, (B) rhodamine-123 and (C) 
FITC-Dextran 4000, using the permeability barriers created by A549, Calu-3, RPMI-2650, TT1, 
PAMPA and rat lung lipid extract models. Data represented as mean ± SD (n=3) 
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2.4.8 P-glycoprotein activity 

Bidirectional rhodamine-123 transport assays showed modest efflux with both TT1 and A549, 

respective efflux ratios were 1.502 and 1.25, these values were halved in the presence of the 

P-glycoprotein inhibitor cyclosporin A (Figure 2.16). As the efflux ratios were less than 2 for 

both cell lines, based on FDA guidelines this data does not confirm P-glycoprotein activity 

(Sudsakorn et al., 2020), but does suggest the presence of active transport. The differences in 

Papp values between the two cell lines, confirm the reduced permeability with TT1 in 

comparison to A549. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. Rhodamine-123 bidirectional transport across (A) A549 or (B) TT1 cell layers, 
cultured at air-liquid interface on Transwells. 10 µM cyclosporin A was used to inhibit P-
glycoprotein transport of rhodamine-123. Data represented as mean ±SD (n=3) 
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2.4.9 Optimisation of resorufin-based metabolism assay 

A range of excitation wavelengths for resorufin and ethoxyresorufin were evaluated for the 

fluorescence emission at either 595 or 635 nm. The concentration of resorufin was 1000 times 

less than that of the metabolite, highlighting the sensitivity of the method and the suitability of 

the method to exclude background fluorescence of ethoxyresorufin whilst detecting 

nanomolar concentrations of resorufin. As shown in Figure 2.17, the optimum fluorescence 

setting under the tested experimental conditions was found to be ex/em = 580/635 nm, with 

this being significantly more selective than the commonly reported ex/em = 535/595 nm (One-

way ANOVA, p< 0.005). Using the experimentally determined optimum fluorescence settings, 

resorufin concentration was shown to have a linear relationship with relative fluorescence, 

within the picomolar range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17. Comparative emission values at (A) 595 nm and (B) 635 nm are shown, in 
addition to (C) relative fluorescence of resorufin subtracted from background fluorescence 
from ethoxyresorufin. The experimentally determined optimum fluorescence (ex/em = 
580/635 nm), is sensitive to resorufin concentration within the picomolar range. Data 
represented as mean ± SD (n=3). 
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Calibration curves were obtained for resorufin under the various experimental conditions used 

for the different assays, under all tested conditions relative fluorescence units correlated to 

resorufin concentration (R2 ≥ 0.998) (Figure 2.18).  
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Figure 2.18. Resorufin calibration curves quantified by fluorescence for the different enzyme 
assays used to assess functional enzyme expression.  Data represented as mean ±SD (n=3). 

 

2.4.10 EROD assay as a measure of CYP1A1 induction in live 16HBE14o- cells 

EROD activity was used as an direct measure of CYP1A1 functional activity and an indirect 

measure of CYP1A1 induction. In confluent 16HBE14o- cells, CYP1A1 was induced over 4-fold 

following exposure to propiconazole 10 µM, isopyrazam and prosulfocarb caused a modest 

increase < 1.4 fold. In contrast, EROD activity was significantly reduced by both abamectin and 

chlorothalonil (Figure 2.19). 
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Figure 2.19. EROD activity as a measure of CYP1A1 induction in the bronchial epithelial cell 
line 16HBE14o-, following a 24 h exposure to 10 μM of a range of pesticides. Data 
represented as mean ± SD (n=3), * p = <0.05, **** p = < 0.0001. 
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Following the 24 hour exposure with the range of pesticides, propiconazole was selected for 

further assessment. 16HBE14o- cells were exposed for 48 hours to either propiconazole (1.25-

10 µM) or β-Naphthoflavone (2.5-20 µM), the latter a known potent inducer of CYP1A1 by 

acting as an agonist of AhR (Figure 2.20). CYP1A1 induction by propiconazole was marginally 

lower following a 48 hour exposure in comparison to the previous 24 hour exposure and was 

modest in comparison to the potency of β-naphthoflavone which caused approximately a 100-

fold induction at the highest tested concentration. Both compounds showed a dose response, 

with CYP1A1 induction corresponding with increasing exposure concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20. EROD activity as a measure of CYP1A1 induction in the bronchial epithelial cell 
line 16HBE14o-, following a 48 h exposure to (A) propiconazole (1.25-10 μM) or (B)  β-
naphthoflavone (2.5-20 μM). Data represented as mean ± SD (n=3), * = p <0.05, ** = p 
<0.005, *** = p< 0.0005, **** = p< 0.0001.  
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2.4.11 GST induction/inhibition in snap frozen 16HBE14o- cells 

The GST activity assay highlighted inhibition of GST activity by over 5-fold following a 24 h 

exposure to chlorothalonil, whilst abamectin and azoxystrobin caused a slight decrease in GST 

activity this was not statistically significant (Figure 2.21). A modest but not statistically 

significant increase in GST activity was found following exposure to acibenzolar-S-methyl, 

however this is likely to be due to increased cell proliferation as previously determined from 

earlier experiments (Figure 2.7-8), rather than a specific induction of GST. 
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Figure 2.21. CDNB-GSH conjugation as a measure of GST activity in the bronchial epithelial 
cell line 16HBE14o-, following a 24 h exposure to 10 μM of a range of pesticides. Results are 
shown as (A) kinetic activity and (B) activity relative to DMSO control at 30 minutes. Data 
represented as mean ± SD (n=3), **** = p < 0.0001 
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2.4.12 Comparative xenobiotic metabolism studies 

The GST-CDNB and resorufin based assays were used to provide information on comparative 

functional enzyme expression within the different epithelial models (Figure 2.22). By 

calculating the rate of metabolite production with and without selective enzyme inhibitors, the 

specific enzyme contribution to the reaction was obtained. The data for the individual enzyme 

assays can be found in the appendix. 

The Caco-2 intestinal cell line was used as a positive control due to its functional expression of 

most of the xenobiotic metabolising enzymes of interest in this study (Borlak and Zwadlo, 

2003, Tran et al., 2020). Calu-3 had the highest enzyme expression of the respiratory epithelial 

cell lines, with CYP1A1, CYP1A2, CYP2B6, CYP3A5, NQO1 and GST specific reactions all being 

catalysed by this cell line.  
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Figure 2.22. Heatmap showing differences between cell lines for % inhibition of NQO1, GST 
and the CYP isozymes; CYP1A1, CYP1A2, CYP2B6, CYP3A4, CYP3A5.  All inhibitor 
concentrations were ≥ IC50 values reported in the literature. 
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In contrast to Calu-3, enzyme activity in A549 and BEAS-2B was generally lower and less 

specific based on the inhibitors used, with the exception of CYP3A5 which whilst significantly 

less active than in Calu-3 was selectively inhibited by 84% in A549 cells using ketoconazole. 

Specific activity illustrated in Figure 2.23 highlights that whilst under these experimental 

conditions Calu-3 had the greatest enzyme expression and activity of the bronchial cell lines 

(and of the respiratory epithelial cell lines generally).  Of the alveolar cell lines tested, TT1 

possessed higher activity for CYP1A1, CYP1A2, NQO1 and GST in comparison to A549. 

 

 

Figure 2.23. Radar graphs illustrating the xenobiotic metabolism profile of each of the cell 
lines. Data expressed as Log units of specific activity nmol/mg/mL (total activity minus 
activity with inhibitor). 
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2.5 Discussion 

The different cell lines cultured in this study were tested for their suitability as representative 

models of the respiratory epithelium (nasal, bronchial and alveolar), with regards to their use 

to assess toxicity, permeability and metabolism. A range of pesticides with different 

physicochemical properties and mechanisms of action were tested for toxicity, whilst 

permeability and metabolism experiments generally relied on the use of standard 

probes/reporter molecules rather than particular pesticides of interest. Combined these 

methods were used to analyse the suitability of the different models for their use in future 

toxicokinetic and metabolomic experiments and to inform concentration and exposures to be 

used in those experiments. 

 

2.5.1 MTT and mechanistic toxicity assays 

The MTT assays demonstrated that regardless of the cell line used, there was a ranking trend 

for pesticide cytotoxicity, with chlorothalonil always being the most cytotoxic followed by 

abamectin (Figure 2.6). Chlorothalonil is a commercial fungicide, that works via glutathione 

and thiol depletion, this known mechanism of action is likely the cause of its cytotoxicity in 

vitro, with decreased cell viability being reported following the depletion of GSH and the 

inhibition of respiratory enzymes (Gallagher et al., 1992, Tillman et al., 1973) . In addition, to 

being a known respiratory irritant in humans, has been shown to induce both apoptosis and 

necroptosis in vitro (Li et al., 2020). The mechanism of action for chlorothalonil is consistent 

with the data shown in Figure 2.8 as at non-cytotoxic concentrations intracellular GSH was 

increased by over 2-fold, and further reduction in GSH at higher concentrations corresponded 

with a decline in cell viability (Figure 2.10C). An initial increase in intracellular GSH was 

observed in 16HBE14o-, even at the lowest tested concentration of 2.5 µM, and similar 

increases in GSH concentration have been shown in catfish in vivo, with this being suggested as 

a protective mechanism observed following sublethal exposure to chlorothalonil (Gallagher et 

al., 1992). Furthermore, whilst chlorothalonil was the most cytotoxic of the pesticides tested, 

the significant differences between the tested cell lines, highlight that BEAS-2B may be the 

most sensitive cell line in part due to its reduced ability to upregulate GSH production in 

comparison to the more resistant cancer derived cell lines tested Figure 2.7. With regards to 

this, it is notable that of the 6 cell lines tested the 3 “normal immortalised” or non-cancer 

derived cell lines were significantly more sensitive to chlorothalonil toxicity than the cancer 

derived cell lines, with this potentially being related either to intrinsic differences in GSH 

concentration/upregulation or potentially due to the differences in GST-mediated metabolism. 
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There is evidence of an association between xenobiotic resistance and elevated intracellular 

glutathione within lung cancers (Balendiran et al., 2004), however this has not been 

extensively explored by comparing the differences between “normal” immortalised vs cancer-

derived bronchial/alveolar cells. 

The insecticide abamectin, was the second most cytotoxic pesticide based on the MTT 

cytotoxicity assay, and with the exception of BEAS-2B there was no significant difference in 

toxicity with the range of cell lines used (Figure 2.7). However as shown in Figure 2.8-10, 

abamectin was capable of inducing mitochondrial toxicity in 16HBE14o-, similar to that which 

has previously been reported in several in vitro models (Zanoli et al., 2012, Maioli et al., 2013, 

Liang et al., 2019). Interestingly, of the two fungicides whose mechanisms of action are 

mitochondrial inhibition, only azoxystrobin caused a marked decrease in mitochondrial 

viability, whilst isopyrazam caused only a modest decline, azoxystrobin acting as a Qo inhibitor 

which blocks the electron transport chain in contrast to isopyrazam which inhibits succinate 

dehydrogenase. Combined, the two different assays successfully highlighted pesticides with 

low cytotoxicity, such as propiconazole and propiconazole. Cell proliferation was observed in 

both assays following acibenzolar-s-methyl exposure, this effect may relate to either hormesis 

or the potential of this compound to cause respiratory irritation (APVMA, 2007, EFSA, 2014a).  

 

Overall, the data presented reinforces the value of selecting the most appropriate cell line for 

toxicity assays, with non-cancer derived cell lines potentially being both more sensitive to 

toxicity and representative of normal primary cells. The use of 16HBE14o- may be of particular 

benefit due to its sensitivity, but also has potential for cell proliferation and phenotypic 

changes in response to sublethal pesticide concentrations. Similarly, the alveolar cell line TT1 

may be more suitable for toxicity studies than A549 cells, both due to its increased sensitivity 

to toxicity and better representing alveolar type I cells which make up ~95% of the alveolar 

surface area and are therefore of more importance in an exposure scenario in comparison to 

type II alveolar cells. The dose-response curves also highlight which pesticides may be a 

toxicity concern based on low concentrations which might occur during occupational exposure, 

for example chlorothalonil and abamectin are of the most concern, whilst although the LC50 

value for acibenzolar-s-methyl is > 150 µM, cell proliferation and phenotypic changes are 

observed at ≤ 10 µM in 16HBE14o-. This in vitro toxicity data may be paired with predicted 

aerosol deposition data used to predict realistic respiratory epithelial cell exposure 

concentrations which may then be used to assess the likelihood of adverse effects following 
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inhalation of the tested pesticides, with this application being explored further in Chapter 3 

and 4. 

 

2.5.2 Permeability 

Most in vitro permeability studies for inhaled xenobiotics have focused on drug delivery rather 

than for the risk assessment of environmental or occupational exposure (Meindl et al., 2015, 

Lin et al., 2007, Chandiramohan et al., 2021, Fröhlich and Salar-Behzadi, 2014, Foster et al., 

2000). However, the models used for permeability assessments are the same, and may also be 

explored by employing commonly-used molecules as permeability probes. There is extensive 

literature highlighting the suitability of Calu-3 cell layers as a permeability model for the 

bronchial epithelium and more recently even as a surrogate for the nasal epithelium (Grainger 

et al., 2006, Inoue et al., 2020a, Kreft et al., 2015b, Sibinovska et al., 2020). Despite this, the 

potential for intra-lab variation with the Calu-3 permeability model  has been identified with 

time- and passage-dependent variability being a consideration (Haghi et al., 2010). Other 

bronchial epithelial cell lines have also been explored, highlighting the use of 16HBE14o- when 

cultured under submerged conditions, and the unsuitability of BEAS-2B due to its inability to 

form functional tight junctions. Similarly to BEAS-2B, numerous researchers have also shown 

the alveolar cell line A549 has also been shown to be unsuitable (Sakagami, 2006, Forbes, 

2000). There is relatively sparse data on the use of TT1 as an alveolar model, however it has 

been reported to produce TEER values below 60 Ω.cm2 (van den Bogaard et al., 2009). More 

recently, the hAELVi cell line has been shown to be a suitable alveolar model, producing TEER 

values > 1500 Ω.cm2 with functional occludin and ZO-1 (Kuehn et al., 2016). However, the use 

of the hAELVi model is new and may be limited by cost, in addition to reports of it containing a 

heterogenous cell population (Lehr, 2021),which may cause variability in results ranging from 

1000-7000 Ω.cm2 between labs or under modified culturing conditions (Metz et al., 2020, 

Joelsson et al., 2020). RPMI-2650 as a nasal permeability model has also been described 

previously to produce relatively low TEER values, but within a similar range to excised human 

and animal nasal mucosa (40-120 Ω.cm2) (Kreft et al., 2015b).  

 

In contrast to the cell-based models, lipid-based models such as PAMPA have also been 

explored using various formulations and offers potential advantages over cell-based models 

which are associated with higher cost, culturing time, risk of contamination, the need for 

specialist equipment, animal-based products such as growth factors or foetal bovine serum. 

Furthermore, the use of well characterised proportions of specific lipids may avoid the 
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biological variability associated with cell models, especially between different labs. However, 

the PAMPA model is unable to replicate active transport, or unique characteristics of biological 

membranes such as the mucosal secretions, airway surfactant, or the rich variety of proteins to 

which a xenobiotic may selectively bind. Some of these limitations may be overcome through 

the use of a lung specific PAMPA, one with a wider variety of lipids than just POPC and 

cholesterol. This might be achieved through the novel lung lipid extract approach described 

earlier, especially if the lipids of interest are characterised by lipodomics to then allow for a 

easily reproduceable and animal-free synthetic version to be formulated.  

The outcomes of this study provide a clear and direct comparison between the different 

permeability models; A549, TT1, Calu-3, RPMI-2650, Caco-2 and PAMPA. Additionally, this 

represents the first study using rat lung lipid extract as a permeability model. 

Generally, the results for the different cell-based models are similar to those previously 

reported by other researchers, and the interdependence between TEER and xenobiotic 

permeability is evident in Figure 2.13. This trend between TEER and permeability is less 

obvious in the case of Rh-123 which is lipophilic and transported via a transcellular mechanism, 

in contrast to the hydrophilic permeability markers NaF and FD-4 which permeate across the 

epithelial barrier by paracellular transport. 

Calu-3 was confirmed to be a suitable model of the bronchial epithelial barrier, with an 

average TEER of 605 Ω.cm2 in addition to the expression of functional ZO-1 and low 

paracellular transport of FD-4 (Figure 2.11-15). TEER values achieved in this study for TT1, 

were moderately higher than those previously reported in the literature, possibly due to 

culturing  TT1 on Transwells using a modified protocol e.g. collagen-coated Transwells and high 

seeding density and medium supplemented with non-essential amino acids. Additionally, for 

the transport of NaF no significant difference was found between Calu-3 and TT1 permeability 

barriers. Despite this, ZO-1 expression was not visualised by confocal microscopy, FD-4 and Rh-

123 permeability was significantly higher than Calu-3 and TEER values greater than 150 Ω.cm2, 

suggesting a poor alveolar permeability model as TEER of 1000-2500 Ω.cm2 is commonly 

reported using primary alveolar cells (Elbert et al., 1999, Fuchs et al., 2003, Srinivasan et al., 

2015). Attempts to increase the TEER values by altering the culturing conditions through using 

basement membrane extract or co-culturing with the fibroblast cell line 3T3 did not influence 

TEER, whilst the addition of SLF had a negative effect on TEER potentially due to having a 

cytostatic effect. As expected based on the literature, A549 formed the lowest TEER values and 

the poorest permeability barrier, whilst the nasal cell line RPMI-2650 was moderately less 

permeable and although the TEER values were low, it was within the range of data reported 
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for excised nasal mucosa > 40 Ω.cm2. Despite the predictable findings for A549 and RPMI-2650, 

the models were included to provide a direct comparison with the other in vitro models and 

allow for a holistic presentation of the data. 

 

The lipid-based models, successfully excluded the hydrophilic NaF, to a similar extent to Calu-3 

(Figure 2.15), but were significantly more permeable to the lipophilic compound Rh-123. 

Furthermore, the data presented in Figure 2.14, clearly highlights it is the lipid content in both 

the lung extract and the PAMPA formulation responsible for the permeability barrier, rather 

than the dodecane solvent, with this result being particularly important for the validation of 

the novel lung lipid extract model whilst also showing it to be comparable to the defined 

PAMPA formulation.  

These results using the lipid-based models, highlight their potential suitability for the 

prediction of xenobiotic permeability in the lung, particularly as a complementary model to 

Calu-3 cells whereby the effects of active transport or protein binding may be eliminated. The 

lipid-based models may also be valuable to estimate permeability where poor biocompatibility 

precludes the use of cell models(i.e. in the case of toxicity induced by the active ingredient or 

formulation excipients). With regards to active transport mechanisms, several drug 

transporters have been reported within the respiratory tract and in the cell lines A549, Calu-3, 

RPMI-2650, 16HBE14o- and BEAS-2B, with the most common example being P-glycoprotein 

(Bosquillon, 2010, Brillault et al., 2009, Hamilton et al., 2001, Dolberg and Reichl, 2016). P-

glycoprotein is an important drug efflux transporter due to its high substrate promiscuity, 

ranging from chemotherapeutic drugs such as doxorubicin to potentially inhaled pesticides 

such as abamectin (Didier and Loor, 1996, Didziapetris et al., 2003). This drug transporter may 

potentially reduce the xenobiotic bioavailability by reducing the absorption rate in favour of 

non-absorptive clearance. Furthermore, P-glycoprotein activity has been implicated in 

reducing the toxicity of orally ingested abamectin in multiple species including humans (Lankas 

et al., 1997, Macdonald and Gledhill, 2007). It is has also been shown to interact with several 

other pesticides, which may act as substrates such as the insecticide abamectin or inhibitors 

such as the fungicide propiconazole (Bain and Leblanc, 1996, Abu-Qare et al., 2003).  Whilst 

functional activity of this important drug transporter has previously been reported for the 

other cell lines included in this study, P-glycoprotein activity in the alveolar cell line TT1 has not 

been explored to date. As TT1 expresses several markers of an AT1-like phenotype and is 

morphologically distinct to A549, its characterisation with regards to potential drug 

transporter activity is of interest. Rh-123 bidirectional transport highlighted marginally higher 
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efflux by TT1 than A549, with efflux in both models being halved by the addition of the P-

glycoprotein inhibitor cyclosporin A. However, the uninhibited efflux ratio was less than 2, 

which likely related to the assay conditions for this experiment, in which Rh-123 50 µM may 

have oversaturated the active transport pathway. To identify whether the low efflux ratios 

relate to the relatively high concentration of Rh-123 used, future assays may benefit from a 

10-fold reduction in Rh-123 to 5 µM so as not to saturate active transport. Additionally, further 

bidirectional transport experiments would be useful to investigate other drug efflux 

transporters such as MRP2 and BCRP, in addition to potentially supplementing the data with 

2D accumulation/efflux assays. 

Overall, the permeability studies listed highlight the value particularly of Calu-3 and the lipid-

based models to determine the permeability of different xenobiotics that may potentially be 

inhaled. In addition to the intrinsic permeability of different biological barriers, the role of drug 

transporters and the design of experimental methods to estimate xenobiotic efflux in the lung 

are of great relevance to the toxicokinetics of inhaled xenobiotics. The lung lipid extract model, 

provides a promising opportunity to develop a lung specific PAMPA model in the future, which 

contains physiologically relevant and diverse lipids and for which a synthetic formulation 

would allow reduced biological variability and increased throughput. 

 

2.5.3 Metabolism 

Drug transporters often act in concert with intracellular enzymes (Nigam, 2015, Urquhart et 

al., 2007), which metabolise parent compounds to a more hydrophilic and easily excreted 

metabolite, either by Phase I metabolism such as the addition of hydroxy-groups or by Phase II 

metabolism by which conjugative reactions may add GSH, sulphate, glycine or glucuronic acid 

groups to the parent compound. Xenobiotic metabolism may aid clearance of inhaled 

xenobiotics and simultaneously detoxify the compound by deactivating reactive groups, a 

classic example of this is performed by GST enzymes. GST enzymes, may conjugate glutathione 

to the reactive electrophilic groups of several different substrates, thereby reducing their 

inherent toxicity and producing polar metabolites less likely to diffuse across cell membranes 

but which are recognised as substrates of unidirectional efflux transporters such as MRP1, 

which may thereby aid the clearance of the metabolised compound. Although a similar 

mechanism exists for UGT-mediated metabolism, generally UGT expression and functional 

activity is low and therefore less likely to be of relevance to detoxification pathways following 

xenobiotic inhalation. Based on the reported expression of key xenobiotic metabolising 

enzymes in the lung, which has been extensively reviewed (Enlo-Scott et al., 2021a, Oesch et 
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al., 2019), CYP, NQO1 and GST activity in the different epithelial models was investigated. 

Whilst esterase metabolism is a key important biotransformation pathways within the lung, 

with relatively high activity, preliminary experiments showed the tested colorimetric and 

fluorometric reactions to be relatively non-specific and not inhibited by known inhibitors for 

the respective enzymes (Table 2.2) and were not included in subsequent experiments. 

With regards to the resorufin based CYP-mediated experiments specific inhibitors were 

identified, and as shown in Figure 2.17-18, the assays were both specific and sensitive.  

Of the tested pesticides, propiconazole was confirmed to induce CYP1A1 at realistic exposure 

concentrations (Figure 2.19-20), and although this has not previously been explored with 

regard to human lung cells, the result is consonant with previous reports of propiconazole-

mediated CYP1A1 induction within rat, mouse and trout liver tissue (Levine et al., 1999, Sun et 

al., 2005). This is also in accordance with propiconazole being a suggested AhR ligand (Knebel 

et al., 2018a), additionally there is recent evidence that it may also interact with CAR/PXR 

(Knebel et al., 2018b, Lake, 2018), potentially inducing CYP2B and CYP3A enzymes. CYP2B6 

induction with propiconazole and rifampicin was also tested in 16HBE14o- (data not shown), 

no result was shown with either compound, however based on later experiments this is likely 

due to 16HBE14o- not expressing functional CYP2B6 with Calu-3 shown to be a more suitable 

model (Figure 2.22).  

The potential induction of CYP3A by propiconazole is of interest as this enzyme has been 

shown to metabolise the pesticide to several hydrophilic metabolites with reduced 

cytotoxicity, and is therefore relevant due to both implications on lung detoxification 

pathways, implications for respiratory bioavailability and also due to potential changes to cell 

phenotype.  

With regards to the other pesticides tested; neither CYP1A1 or GST were induced, however, 

abamectin did significantly inhibit CYP1A1 and chlorothalonil caused inhibition of both 

enzymes. Abamectin has been reported to reduce CYP activity at sublethal concentrations in a 

time dependent manner (Zhu et al., 2014), and there is limited human data to suggest it may 

be metabolised by CYP3A4 (Abass et al., 2009, Zeng et al., 1998), however, enzyme expression 

of CYP3A4 in the lung is negligible, which may have implications for abamectin local toxicity if 

inhaled.  

There is limited evidence in the literature to suggest that chlorothalonil is either a substrate or 

inhibitor of CYP1A1, and the inhibitory effect shown in Figure 2.19 may instead relate to a 

general reduction in metabolic activity as a result of chlorothalonil toxicity. In contrast, the 

inhibition of GST activity by chlorothalonil is well described in the literature, with 
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chlorothalonil being both a substrate of GST and having the potential to inhibit GST-CDNB 

activity at concentrations as low as 100 nM (dos Santos et al., 2021, Kim et al., 2004). For the 

experiments in this study the inhibitory effect likely relates to irreversible inhibition of GST and 

the need for de novo enzyme synthesis, as prior to the experiment chlorothalonil had been 

removed, and rinsed before snap-freezing the cells, highlighting that the effect is not due to 

chlorothalonil mediated glutathione depletion (this substrate was in excess for the enzyme 

reaction). The nature of this chlorothalonil-mediated GST inhibition, has several implications 

for respiratory exposure due to reducing the likelihood of detoxification especially with 

regards to sub-chronic exposure in an occupational setting, in addition to the context that 

chlorothalonil is a known respiratory irritant.  

Supplementing the initial 16HBE14o- metabolism data, the enzyme extracts/S9 fractions of all 

the different cell lines were tested, with the extraction protocol enzyme amount to be 

normalised against protein concentration, and eliminating inherent differences between cell 

number, growth rate and surface area coverage between the different cell lines. The 

differences in functional activity for several XMEs were investigated, the results highlight that 

of the enzymes tested, with the exception of CYP3A4 all were shown to be active in human 

lung primary tissue (data from commercially obtained human lung S9 is shown in the 

appendix), with this result being in accordance with what has previously been reported by 

other researchers. For the tested enzyme activities, of the respiratory epithelial cell lines, only 

Calu-3 catalysed the CYP2B6 dependent PROD assay (Figure 2.22). The presence of functional 

CYP2B6 activity in Calu-3 is of note, as this enzyme contributes to the human metabolism of a 

multitude of environmental chemicals such as PAHs and PCBs but also a range of pesticides 

such as; alachlor, butachlor, metalochlor, chlorpyrifos, carbaryl, phorate, several 

organophosphorus insecticides, imidacloprid and atrazine (Hodgson and Rose, 2007).  

Additionally, Calu-3 had the higher activity for all of the CYP-mediated reactions than all of the 

other tested respiratory epithelial cell lines, highlighting the suitability of Calu-3 a model of 

xenobiotic metabolism within the lung. This may be in part due to the responsiveness of Calu-3 

to CYP induction following exposure to β-naphthoflavone and rifampicin. Other cell lines may 

respond better to a different combination of enzyme inducers, for example whilst both the 

literature and the data obtained from this study highlight the functional activity of CYP3A5 in 

A549, it has been reported that in this cell line it may not be induced by the CAR/PXR pathway 

and instead dexamethasone is more effective as it induces CYP3A5 via the glucocorticoid 

receptor (Hukkanen et al., 2000). Whilst the comparison of the effectiveness of different 

enzyme inducers in the different respiratory epithelial cell lines, was beyond the scope of this 



- 102 - 
 

study, future experiments may make use of a “cocktail” containing the commonly used XME 

inducers. This cocktail may include rifampicin, β-naphthoflavone and phenobarbital, combined 

with the less commonly used dexamethasone (with the latter 3 also being shown to induce 

both CYP and GST enzymes) (Hayes and Pulford, 1995, G Zhang et al., 2010). 

 

Based on the experimental conditions used in this study, whilst Calu-3 had the widest 

expression profile of the respiratory epithelial models, other differences were noted (Figure 

2.23). TT1 had higher activity than A549 for NQO1, GST, CYP1A1 and CYP1A2, suggesting that 

this may be a useful model of alveolar cell metabolism in the future. CYP1A1 and NQO1 

expression in TT1 was first highlighted by Jarvis et al. (2018) using western blotting and PCR to 

show induction of these enzymes in response to PAH exposure, the data presented in Figure 

2.22-23 reinforces the evidence of expression of these enzymes in TT1 and confirms their 

functional activity.  

 

The data obtained from these metabolism studies may aid the selection of appropriate lung 

cell lines for the rapid screening of xenobiotic metabolites either using the described 

microplate-based assays, or for metabolite identification via LC-MS, along with several other 

commonly performed DMPK studies. Overall, metabolism data contributes to the metabolic 

fate and toxicity implications of inhaled xenobiotics including pesticides and air pollutants. 

Although this is not currently included in many PBPK inhalation models, considerations around 

lung metabolism when combined with toxicity and permeability data may help inform 

toxicokinetic and data-driven risk assessments for environmental and occupational exposure. 

 

Overall, the results provide novel information about the toxicological activity (cytotoxicity, 

mitochondrial inhibition and glutathione depletion) of several pesticides in human respiratory 

epithelial cell lines, as well as interesting new data on the suitability of these models for 

permeability and metabolism studies. The importance and implications of these findings are 

partially explored in Chapter 3 & 4.  

 

2.6 Conclusion 

The investigations of the above studies, highlight particular in vitro models are most suitable 

depending on whether toxicity, permeability or metabolism is the research focus, but in all 

cases the use of human cells over animal tissue is preferable where possible. Generally, Calu-3 

may be used for all the above assays, due the generation of a polarised epithelium with 
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functional tight junction proteins for permeability studies and the potential to induce several 

of the key XMEs, however for cytotoxicity it may be more appropriate to use a more sensitive 

model such as the non-cancer derived cell lines TT1, BEAS-2B and 16HBE14o-. Additionally, 

whilst PAMPA and rat lung lipid models are complementary permeability models to Calu-3, the 

latter is the most appropriate model for respiratory epithelial permeability.  

Generally, the initially outlined research aims for this chapter were achieved. The differences 

between the respiratory epithelial cell lines with regard to their sensitivity to pesticide toxicity, 

were effectively evaluated and highlighted that the use of “normal” immortalised cell lines 

over cancer-derived ones may be preferable. Suitable in vitro models for xenobiotic 

permeability and metabolism within the respiratory tract were also successfully evaluated, 

with Calu-3 being best suited. Further work is required to better characterise these models in 

comparison to human primary respiratory epithelial tissue, in addition to the assessment of a 

wider range of pesticides. Overall this chapter provides a suitable foundation for the use of 

respiratory in vitro models that may be applied to toxicokinetic prediction of inhaled 

xenobiotics.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 104 - 
 

   

Toxicokinetic prediction of pesticides inhaled during 

occupational exposure. 

 

3.1 Introduction 

Pesticides are highly regulated to ensure there is no adverse effect on human health by 

reducing the likelihood and length of exposure, this considers both those working in the 

agricultural industry who may be occupationally exposed and also the general population 

(either through bystander exposure or through dietary exposure to pesticide residues). With 

regards to occupational exposure (OPEX), guidance is given by regulatory bodies such as the 

US Environmental Protection Agency (EPA) and the European Food Safety Authority (EFSA). 

EFSA regulation seeks to enforce precautionary principles in risk assessing application of 

pesticides with regard to “realistic conditions of use, shall not have any harmful effects on 

human health” (EFSA, 2014b). For risk assessment purposes, one potential scenario is 

inhalation exposure of agricultural workers, which is estimated using default values for factors 

such as breathing rates, average air concentrations, hectares treated per day, exposure 

duration and fraction absorption. With regards to absorption values, oral absorption is 

specified as a particular value if less than 80% is observed in ADME studies, or considered to be 

100% if greater than 80%. Conversion of external exposure to compare systemic hazard 

(typically derived from oral toxicology studies), requires dermal absorption to be measured 

through experimentation using the pesticide formulation (EFSA et al., 2017b). However, a less 

scientific approach is applied to inhalation absorption where values are assumed to be 100% of 

the inhaled dose/exposure.  

The assumption of 100% respiratory bioavailability is likely to be conservative, and is 

anomalous compared to the use of evidenced-based oral and dermal bioavailability values for 

occupational exposure assessments. The assumption of 100% respiratory bioavailability is 

contrary to the learning from the well-established field of inhaled drug delivery and medicines 

development in which improvements in delivery to the lungs or increase in respiratory 

bioavailability of pharmaceuticals is sought. 

Whilst extensive research has focused on the inhaled pharmacokinetics of several drugs 

(Winkler et al., 2004, Borghardt et al., 2015, Eriksson et al., 2018), there is comparatively little 

data on the inhaled toxicokinetics of commonly used pesticides, despite the inherent similarity 
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in the clearance mechanisms and fate of xenobiotics once inhaled. Whilst the “exposure” or 

“dosing” scenario is different, the comparison of these two applications can be facilitated by 

existing regional deposition models based on aerosol properties such as median mass 

aerodynamic diameter (MMAD). Following deposition considerations are either identical for 

pesticides and inhaled medicines, for example those processes inherent to the respiratory 

system, or may be specific for example physicochemical parameters related to the xenobiotic 

of interest. 

In addition to the potential refinement of inhaled absorption values to be comparable to 

evidence-based oral and dermal values, toxicokinetic prediction of inhaled pesticides may also 

offer other advantages to current risk assessments. For example, rather than solely focusing on 

bioavailability or absorption values, realistic pesticide aerosol deposition data for the human 

respiratory tract and prediction of pesticide concentrations in epithelial lining fluid can inform 

in vitro toxicity assays to estimate the hazard of the inhaled pesticide more accurately. This is 

of value both to the high-throughput assay approaches highlighted in Chapter 2 and more 

advanced but lower throughput models such as MucilAir or EpiAirway, which are limited by 

cost, or emerging toxicity assays that rely on “omics” methods, such as metabolomics and 

transcriptomics, for which sample number and subsequently the range of tested 

concentrations is often limited.  

A toxicokinetic approach has the potential to not only improve accuracy in estimations for the 

inhaled route of exposure in current OPEX risk assessments, but also aid the refinement and 

replacement of existing in vivo toxicity models with in vitro models which have increased 

relevance to human exposure. 

 

The methods for prediction of respiratory permeability have been described in detail (Enlo-

Scott et al., 2021b), including considerations for absorptive clearance, epithelial drug 

transport, lung retention and experimental models for lung permeability. With regards to 

experimental models, a combined approach using in vitro data as inputs for physiologically-

based pharmacokinetic (PBPK) in silico models has been shown to be capable of predicting the 

pharmacokinetics of inhaled medicines (Bäckman et al., 2018, Eriksson et al., 2018). 

Subsequently, there is scope that this may be applied to the toxicokinetic prediction of 

pesticides inhaled during OPEX exposure.  
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3.2 Aims and Objectives 

The overall aim of this series of experiments was to illustrate an evidence-based approach to 

predict respiratory bioavailability of pesticides inhaled in occupational exposure scenarios. 

This was performed by using data obtained from in vitro assays as input parameters to a 

mechanistic computer model to predict the toxicokinetics and respiratory bioavailability of 

inhaled pesticides, and evaluate the potential of this approach for future risk assessments. 

Specific objectives included: 

1. Combine in vitro data and in silico computational methods to estimate the risk of 

systemic exposure following pesticide inhalation in an occupational setting based on 

pesticide physicochemical properties, aerosol deposition, in vitro permeability, and 

mechanistic pharmacokinetic modelling. 

2. Evaluate this approach to predicting respiratory bioavailability for occupational 

exposures and evaluate the strengths and weaknesses. 

 
3.3 Methods 

3.3.1 Pesticide selection 

The EU Pesticides database was used to explore the list of registered pesticides (Active 

Ingredients), which are authorised for use and have complete GHS Hazard Classifications. Of 

the pesticides investigated in Chapter 2, three fungicides were chosen for further study, 

azoxystrobin, chlorothalonil and propiconazole, which not only represent some of the most 

widely sprayed fungicides globally but also fall into separate GHS hazard classifications. Whilst 

all three fungicides are organic, low molecular weight and non-volatile compounds, their other 

physicochemical properties vary as do their mechanisms of action. 

 

3.3.2 Exposure scenario 

The occupational exposure scenarios used in this study were based on current EFSA guidelines 

for the risk assessment of exposure for operators/workers  using plant protection products 

(EFSA, 2014b), supplemented by data obtained from chlorothalonil risk assessments submitted 

to EFSA and the US EPA (Arena et al., 2018, Flack et al., 2018). Briefly, the default duration of 

exposure is 8 hours to replicate a professional working day and predict potential exposure for 

non-volatile and moderately volatile pesticides (i.e. the three fungicides used in this study). For 

typical vehicle mounted spraying using modern machinery “mixing and loading” exposure the 

duration is relatively short, although there may be multiple mixing/loading steps for 

smaller/older tanks which in effect mean a greater exposure time. In comparison, “spraying” 
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typically represents a comparably longer exposure. The median mass aerodynamic diameter 

(MMAD) values were modelled as 13.5 µm (for “mixing & loading”) and 35 µm (for “spraying”) 

to examine the impact of different spray properties. Geometric standard deviation was ± 1.5 

µm for both aerosol exposure scenarios. Although exposure scenarios vary according to 

application method, crop/site use, max application rate and area treated, exposure application 

scenario were selected to represent the highest inhalation exposure concentrations. As shown 

in Table 3.1 this was developed for airblast application of pistachios.  

 

Table 3.1. Chlorothalonil representative spray application scenarios and inhalation 
exposures, reproduced from (Flack et al., 2018) 

Exposure 

Scenario 

Crop/Use 

site 

Maximum 

application 

rate on label 

(lb AI/A) 

Area 

treated 

(Acres) 

Inhalation 

Unit 

Exposure 

(µg AI/lb handled)  

Inhalation 

Exposure  

(ng/L) 

Aerial 

application 

Soybean 1.8 1200 0.0049 2.68 

Aerial 

application 

Cranberries 5.0 350 0.0049 2.13 

Airblast 

application 

Pistachio 4.5 40 4.7 213 

Airblast 

application 

Stone fruit 3.1 40 4.7 146 

Groundboom 

application 

Golf course 11.3 40 0.34 38.6 

Groundboom 

application 

Sod farm 11.3 80 0.34 77.1 

 

3.3.3 Respiratory tract model & aerosol deposition prediction 

The commercially available software Mimetikos Preludium™ (Version 1.1.7, Emmace 

Consulting AB) was used to estimate regional deposition of the pesticide aerosol in the human 

respiratory tract. The Weibel lung model (Weibel et al., 1963, Yu and Diu, 1982), was used and 

lung volume at forced residual capacity (FRC) was set to 3000 mL and extrathoracic volume of 

50 mL (Hall et al., 2021). The National Council on Radiation Protection (NCRP) deposition 

model was used via the nasal inhalation route, with aerosol “inhalability” set to model the 
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natural inhalation of ambient aerosols, rather than the forced deliberate inhalation of 

pharmaceutical aerosols.  Tidal breathing was selected, as this was most appropriate for 

estimating an 8 hour exposure. Tidal volume (3000 mL), inspiratory flow rate (1000 mL/s) and 

expiratory flow rate (1000 mL/s) were the default settings based on a 70 kg male (the default 

value for a US agricultural worker).  

Following respiratory model specification, the aerosol deposition was predicted for aerosols 

with a MMAD of either 13.5 or 35 µm and GSD of ± 1.5 µm. Other aerosol properties were 

assigned according to the default settings; density (1.00 g/cm3) to replicate the density of a 

predominantly water-based pesticide aerosol, shape factor (1.00) to model a normal spherical 

aerosol droplet/particle. Aerosol deposition was estimated using the above settings and data 

was graphically displayed using GraphPad Prism. 

 

3.3.4 Preliminary in vitro assays 

To ensure that there were no fungicide-induced changes to cell layer permeability, preliminary 

in vitro assays were performed in order to choose an appropriate apical chamber 

concentration for permeability experiments. 

Calu-3 cells were cultured on Transwells using the method described previously in Chapter 2. 

After the maximum TEER was reached at 14 days, experiments were performed. Cell medium 

was aspirated and the cell layers were rinsed once with warm HBSS. To the apical chamber, 

250 µL of warm HBSS was added, containing either a 0.025% DMSO control or azoxystrobin, 

chlorothalonil or propiconazole 10 µM. HBSS (500 µL) was added to the basolateral chamber, 

and TEER measurements were recorded at 0, 0.5, 1, 2, 3, 4 and 6 hours after exposure to the 

fungicides, taking care to rinse the electrode to avoid transfer of fungicide residue between 

samples. Each pesticide was assayed in triplicate wells in each experiment.  Experiments were 

repeated to give n=3. 

Additionally, the dose dependent effect of the fungicides on Calu-3 permeability was explored 

using a high-throughput assay. Calu-3 cells were seeded onto HTS Transwell® 96-well 

permeable supports (Corning) at a seeding density of 40,000 cells per well with 100 µL medium 

in the apical chamber. After 2 days, the cells were transferred to air-liquid interface and 

medium was changed every 2 days until 14 days from seeding the cells. The cell layers were 

gently rinsed once with PBS, before exposing to either the negative control (DMSO 0.2%), the 

positive controls (EDTA 2 mM to produce transient changes to tight junctions or SDS 400 µL to 

irreversibly increase permeability) or varying concentrations of the three fungicides at 0-80 

µM. All exposures were 6 hours in duration and used phenol-red free cell culture medium as 
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the diluent. After the 6 hour exposure, cells were gently rinsed with PBS once, before being 

incubated with 100 µL FD-4 (1 mg/mL) in HBSS in the apical chamber and 400 µL HBSS in the 

basolateral chamber. After a 1 h incubation at 37°C and 200 RPM, 100 µL of the basolateral 

medium was collected for each sample into a black-walled 96-well plate and fluorescence 

measured as previously described. Data was normalised against the DMSO control and 

represents duplicate wells for each experiment (n=4).  

 

3.3.5 Radiochemicals and fungicide method quantification 

For all experiments, quantification of pesticides was performed using a Tri-Carb 2900TR liquid 

scintillation analyser to analyse 14C-labelled azoxystrobin, chlorothalonil and propiconazole. 

The details for the certificate of analysis of each radiochemical are listed in the appendix, 

including 14C- position, activity, radiochemical purity, chemical purity and supplier.  

All experiments used radiochemicals which were spiked into the sample at 1.35-5.5 KBq and a 

DMSO concentration of ≥ 1%. For analysis, 50-100 µL of the sample was pipetted into a 

Kartell™ scintillation vial (Thermofisher), to which 4 mL of Ultima Gold™ liquid scintillation 

cocktail (PerkinElmer) was added. All samples were capped and inverted repeatedly to mix, 

before placing in the pre-calibrated Tri-Carb 2900TR liquid scintillation analyser. For each 

sample matrix, calibration curves were prepared to ensure a linear relationship between 

fungicide concentration and radioactivity measured as disintegrations per minute (dpm). 

 

3.3.6 Papp measurement in vitro 

The protocol used to measure Papp in vitro was adapted from (Eriksson et al., 2018) and varied 

slightly from the permeability experiments performed in the previous chapter, with the 

changes allowing for the prediction of intrinsic permeability suitable for in silico modelling and 

excluding potential active transport mechanisms. Calu-3 and Caco-2 cells were seeded onto 

24-well plate Transwells at 100,000 cells per well and were cultured for 14 and 22 days, 

respectively, with TEER measurements recorded every 2 days. Calu-3 cells were cultured at ALI 

while Caco-2 cells were cultured under submerged conditions. Permeability experiments were 

conducted using barriers formed by Calu-3, Caco-2, PAMPA or rat lung lipid. On the day of the 

permeability experiment, medium was aspirated and replaced with HBSS containing the drug 

transporter inhibitors quinidine 50 µM (P-glycoprotein inhibitor), 30 µM benzbromarone 

(MRP1 inhibitor) and 20 µM sulfasalazine (BCRP inhibitor). The buffer applied to the apical 

chamber was pH 6.6 whilst the buffer in the basolateral chamber was pH 7.4, with the volumes 

being 250 µL and 500 µL, respectively. After a 30 minute incubation with the drug transport 
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inhibitors, TEER measurements were taken and the permeability experiment was started. To 

the basolateral chamber of each Transwell, 600 µL warm pH 7.4 HBSS buffer containing the 

transport inhibitor cocktail was added. To the apical chamber 250 µL of pH 6.6 HBSS buffer 

containing 5 µM of either radiolabelled azoxystrobin, chlorothalonil or propiconazole was 

added. 50 µL from the apical chamber and 100 µL from the basolateral chamber were 

immediately sampled, and then the Transwell plate was incubated at 37°C, with shaking at 480 

rpm and sampling and replacing HBSS from the basolateral chamber at 5, 15, 30, 60 and 120 

minutes. After 120 minutes, final TEER measurements were taken, the Transwell membrane 

was gently rinsed with PBS twice, before being cut out to analyse fungicide binding to the 

membrane. Each experiment contained 3 replicate wells and was repeated to give n=3 

experiments. 

Papp values were calculated as previously described in Chapter 2. 

 

3.3.7 Papp prediction in silico 

For the in silico prediction of Papp values and molecular properties, pCEL-X™ (in-ADME 

Research) was used. The pCEL-X program was developed to predict transport of drug-like 

molecules across biological membranes related to the brain or intestinal permeability, rather 

than specifically for the lung and so predicted Papp values for Caco-2 and PAMPA were used. 

Based on the molecular structure of each compound, LogP, MW, LogPapp for Caco-2 and 

PAMPA were predicted, in addition to prediction of fup (fraction unbound to plasma and Kp 

(tissue/plasma distribution ratio). 

 

3.3.8 Protein binding experiments 

To enable toxicokinetic simulations for the three fungicides, various binding coefficients were 

determined in vitro for protein plasma binding (fup) and airway surface liquid binding (fue). 

These experiments were performed using rapid equilibrium dialysis (RED), the gold standard 

for plasma protein binding (PPB) assays used in drug development. The RED device 

(Thermofisher, UK) used had a molecular weight cut-off (MWCO) of 8.0 kDa, thereby allowing 

the permeation of low molecular weight compounds whilst separating the protein sample 

from the buffer. The protocol was followed according to the supplier instructions, with the 

exception of the ASL binding assay for which no in vitro method could be found and was 

developed specifically for this purpose, by formulating a protein based synthetic lung fluid. The 

formulation was adapted based on the synthetic lung fluid described by Kumar et al. (2017) 

containing; albumin (8.8 mg/mL), IgG (2.6 mg/mL) and transferrin (1.5 mg/mL) in PBS. The 
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lipids DPPC, DPPG and cholesterol were excluded from this formulation as were the 

antioxidants ascorbate, urate and glutathione, as the MW of these compounds was below 

8000 Da and would have permeated through the dialysis membrane. For the plasma protein 

binding assay, freshly frozen pooled human plasma was used.  

All assays were performed by spiking 5 µM of the radiolabelled fungicide into the protein-

based sample, before pipetting into the tissue chamber of the RED device and sampling both 

chambers of the dialysis insert at 0 minutes and after 240 minutes shaking at 250 rpm at 37C°. 

Each assay contained duplicate samples and was repeated to give n=3 experiments. 

Sample analysis was performed as specified by the supplier, with the exception that samples 

were quantified by liquid scintillation counting rather than LC-MS. Calibration curves and 

quality controls in the appropriate sample matrices were also obtained to make ensure all 

samples were above the limit of quantification. 

 

The percentage unbound for Fue and Fup was calculated using Equation 3.1; 

 

Equation 3.1  Rapid equilibrium dialysis, % unbound 

% unbound =  (
Concentration in buffer chamber

Concentration in protein chamber
) × 100 

 

To confirm the suitability of the assay percentage recovery was also calculated using Equation 

3.2; 

 

Equation 3.2 Rapid equilibrium dialysis, % recovery 

% Recovery = (
Buffer0  +  Protein sample0 

Buffer240  +  Protein sample240 
)  × 100 

 

Where “Buffer0” or “Protein0” is the initial fungicide concentration in buffer or plasma 

concentration, whereas “Buffer240” or “Protein240” is the final concentration. In theory recovery 

should be 100%, but all data with recovery ≥ 85% was accepted.  

 

3.3.9 Toxicokinetic prediction  

Mimetikos Preludium was used for the toxicokinetic prediction of the three fungicides, using 

the predicted aerosol deposition data. Firstly, the nasal inhalation route was selected and 

mucociliary clearance was unchanged from the default value at which 95% of the bronchial 

deposition is cleared in 24 hours if no absorption takes place (equivalent to a mucus velocity of 
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0.55 cm/min in the trachea). The potential for drug binding to the epithelium was selected, 

and the default settings were unchanged for epithelial surface area, scaled perfusion factors, 

airway surface liquid depth, tissue depth and perfusion for the extrathoracic, tracheobronchial, 

bronchiolar and alveolar regions. 

For the “System” module of the model, default settings were largely left unchanged, however 

for the volume of the central compartment (Vc) was 10 L and both nasal and gastrointestinal 

absorption were selected. Gastrointestinal (GIT) bioavailability was set based on reported oral 

bioavailability data from rats, which were 80%, 20% and 91% for azoxystrobin, chlorothalonil 

and propiconazole respectively (EFSA et al., 2018, EFSA, 2010, EFSA et al., 2017a). 

Gastrointestinal absorption time was set to 12 hours, mean transit time to the site of 

absorption 1 hour and the number of GIT compartments was 8 by default (with this 

representing a median value of GIT compartments for the purpose of modelling). 

The rate of nasal absorption was calculated using the “mechanistic” setting, so the software 

determined absorption in this region based on a scaling factor for the other regions of the 

respiratory tract, rather than supplying an empirical or experimentally determined value.  

For the compound specific values, molecular weight and LogP values were obtained from 

ChemDraw and confirmed on PubChem, whilst the remaining data was obtained from in silico 

predictions or in vitro measurements. Effective alveolar permeability (cm/s) may be estimated 

based on the correlation between this and Caco-2 Papp values (Eriksson et al., 2018), therefore 

initially Caco-2 Papp values predicted using pCEL-X were used, and then later compared with 

Papp values obtained in vitro using Caco-2, Calu-3, PAMPA and lung lipid extract. ASL binding 

was determined experimentally, whilst plasma protein binding and the tissue/plasma partition 

coefficient were predicted in silico before being determined experimentally. The blood/plasma 

partition ratio was assumed to be 1:1. The compound was specified as being dissolved, rather 

than a suspension or vesicle formulation. 

For the exposure, the dose was estimated based on the data highlighted in Table 3.1 and the 

previously stated exposure scenario, for which the inhalation exposure was 0.213 µg/L and the 

total dosing schedule was calculated using the below equation; 

 

Equation 3.3 Aerosol exposure dose per minute 

Total dose = (0.213µg/L) × (8.3L breath/min) × 60 mins × 8 hours = 𝟖𝟒𝟖. 𝟓𝟗𝟐 µ𝐠  

Dose/min over 8 hour OPEX exposure =  848.592 µg/(60 mins × 8 hours)  =

 𝟏. 𝟕𝟔𝟕𝟗 µ𝐠/min 
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This dosing schedule was specified as via nasal inhalation of 1.7679 µg/min for the first 8 

hours, after which the dose was set to zero, with the overall toxicokinetic profile being 

modelled over a 96 h time course so as to illustrate clearance following the initial exposure.  

Finally, the toxicokinetic profile was plotted to show total concentration in the blood and 

epithelial tissues, rather than free plasma concentration. Based on the input data, AUC, Cmax, 

Tmax, % mucociliary clearance and % respiratory bioavailability, were predicted for each of the 

three fungicides, using either only in silico data or a combination of in silico and in vitro data. 

 

 

3.3.10 Predicted in situ metabolism and toxicokinetic implications 

The formation of potential metabolites within the human lung was predicted by combining 

data obtained in Chapter 2 for XME activity within the bronchial cell line Calu-3 with reported 

metabolism pathways for the three fungicides. Data in the literature confirming fungicide 

metabolism either in human or rat via CYP, NQO1 or GST enzymes was used as evidence for 

the potential formation of metabolites within the lungs (Kim et al., 2004, Laird et al., 2003, 

Mazur et al., 2015, Abass et al., 2012). Metabolites formed via UDP-glucuronyltransferases, 

esterases, n-acetyltransferases and sulfotransferases were not explored, despite the latter 

three contributing to lung metabolism. The physicochemical properties of the metabolites 

were compared against the parent compounds and changes to Papp values were predicted in 

silico using pCEL-X, in order to explore potential changes to permeability. The influence of 

metabolism on bioactivation and detoxification mechanisms was also explored.  
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3.4 Results 

3.4.1 Respiratory tract model and aerosol deposition prediction 

 

Figure 3.1. Regional lung deposition dependent on median mass aerodynamic diameter. 
Data generated using Mimetikos Preludium software. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Predicted regional deposition for pesticide aerosols inhaled during occupational 
exposure. 13.5 µm for mixing/loading of pesticide solution and 35 µm for spraying the 
pesticide aerosol on crops. 4 µm is included for comparison purposes only but represents a 
“respirable” aerosol with greater lung deposition. 
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Based on the median mass aerodynamic diameter of a realistic pesticide aerosol during 

spraying (35 µm) or mixing and loading (13.5 µm), deposition is predominantly predicted to 

occur in the extrathoracic and tracheobronchial region (Figure 3.2 and Figure 3.3). When the 

MMAD is 35 µm (GSD = ±1.5), only 57.14% of the aerosol was expected to deposit in the 

respiratory tract during passive breathing of the ambient aerosol, whilst for an MMAD of 13.5 

µm (GSD = ±1.5), predicted deposition was increased to 71.98%. For a “respirable” aerosol, 

such as might be used to administer to rodents for in vivo inhalation toxicology studies, but 

does not represent the aerosol properties during occupational exposure, an aerosol with 

MMAD of 4 µm (GSD = ±1.5), was predicted to have 87% deposition. 

 

 Figure 3.3. Size distribution of deposited pesticide aerosol (A) 13.5 µm and (B) 35 µm, in 
relation to region of deposition. Data shows the median mass aerodynamic diameter, whilst 
error bars represent the  upper and lower quartile. Data generated using Mimetikos 
Preludium. 

 

These predictions for deposition were compared against data obtained from a Syngenta 

deposition model, and were found to be similar, although generally predicted higher 

deposition (Figure 3.4). 
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Figure 3.4. Comparison of Syngenta vs Mimetikos Preludium respiratory tract deposition 
models. The Syngenta model includes the nasal region and trachea (Corley et al., 2021), 
whilst the Mimetikos Preludium model includes the entire respiratory tract. 

 

The Syngenta deposition model only includes the extrathoracic region and tracheobronchial 

regions of the lungs, which for pesticide aerosols with an MMAD ≥ 15 µm is the main area of 

interest as the MMAD is predicted to be approximately 35 µm during occupational exposure to 

pesticide sprays.  The Mimetikos Preludium model, includes the entire respiratory tract and so 

deposition within the bronchiolar and alveolar region is also included, so that deposition of 

aerosols with an MMAD ≤ 10 µm may also be predicted. Despite these differences, at 30 µm 

both models predict similar total deposition at the MMAD which is most relevant to 

occupational exposure. Additional predicted aerosol deposition data is within the appendix, 

highlighting % deposition within specific regions of the tracheobronchial tree. 
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3.4.2 Preliminary in vitro assays 

Prior to the experiments used for the collection of in vitro data to input into the in silico model, 

preliminary experiments were performed to ensure that a suitable fungicide concentration 

was used and explore whether the fungicides tested had an effect on epithelial permeability. 

As shown in Figure 3.5, Calu-3 TEER values did not significantly decrease in comparison to the 

DMSO control, over the course of a 6 hour exposure to any of the three fungicides. This data 

provides evidence that over the course of the experiments and during a potential occupational 

exposure, bronchial epithelial permeability is unlikely to be increased following exposure ≤ 10 

µM. 

Figure 3.5. TEER values for Calu-3 during a 6 h exposure to azoxystrobin, chlorothalonil, 
propiconazole 10 µM or DMSO control. Data shown as mean ± SD (n=3). 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. FITC-Dextran MW 4000 permeability, across Calu-3 following 6 h apical exposure 
to (A) the negative control DMSO, positive controls EDTA and SDS or (B) the tested fungicides 
azoxystrobin, chlorothalonil and propiconazole. Data shown as mean ± SD (n=3). 
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FITC-Dextran (FD-4) permeability was not significantly increased by any of the fungicides at 

concentrations ≤ 10 µM, however at higher concentrations chlorothalonil caused a significant 

increase in permeability across the Calu-3 epithelial membrane, comparable to the positive 

control SDS. EDTA did significantly increase permeability, as it was removed prior to the 

addition of FD-4 and only causes transient disruption of tight junctions. This data suggests that 

higher concentrations of chlorothalonil caused a permanent change to epithelial permeability, 

rather than temporary disruption of tight junctions. 

The fungicides azoxystrobin and propiconazole, did not increase FD-4 permeability at any of 

the tested concentrations. Based on this data, 5 µM was selected as the concentration to 

measure Papp values in the permeability models, as this was a concentration well below that at 

which an effect on epithelial permeability was observed.  

 

3.4.3 Quantification of radiolabelled fungicides 

For the detection and quantification of fungicides during the remaining in vitro assays, 

radiolabelled compounds were used. Calibration curves were generated in the HBSS transport 

medium Figure 3.7, as well as the sample matrices used for protein binding experiments Figure 

3.8. All assays showed a linear relationship between radioactivity (dpm) and pesticide 

concentration within the nanomolar range (R2 ≥ 0.994) from 5-5000 nM.    
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Figure 3.7. Calibration curve using 14C-labelled azoxystrobin, chlorothalonil and 
propiconazole in HBSS transport medium, 0-5000 nM. Data shown as mean ± SD (n=3) 
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Figure 3.8. Calibration curve using 14C-labelled (A) azoxystrobin, (B) chlorothalonil and (C) 
propiconazole in the sample matrices used for protein binding experiments, 0-5000 nM. Data 
shown as mean ± SD (n=3) 
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3.4.4 Papp prediction in vitro and in silico 
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Figure 3.9. Transepithelial electrical resistance over 14 and 21 days, for Calu-3 (Passages 10-
12) and Caco-2 (Passages 20-22). Gridlines at 250 and 2000 Ω.cm2, highlighting that the 
permeability barriers formed were within a suitable range. Data represents 36 individual 
Transwell per cell line, shown as mean ± SEM (n=3).  

As shown in Figure 3.9 consistent TEER values for the Calu-3 and Caco-2 were achieved within 

the normal range (inclusion limits), ensuring that epithelial cell monolayer integrity was 

sufficient to provide a suitable xenobiotic permeability barrier for the fungicide permeability 

experiments.  

For the purposes of in silico modelling all Papp values were converted to LogPapp, the data for 

which is shown in Figure 3.10 and collated in Table 3.2. 
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Figure 3.10. LogPapp data for the three fungicides measured using in vitro models (Calu-3, 
Caco-2, PAMPA, Lung lipid) and in silico models (Predicted Caco-2 and Predicted PAMPA-DS). 
Data represent as mean ± SD (n=3) for the in vitro data and predicted value ± 5% for the in 
silico data. 
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The predicted PAMPA-double sink model appears to predict the trend observed in the cell 

lines but not that observed with PAMPA, furthermore the predicted Papp values are 

significantly higher than any of the tested PAMPA models. The predicted Caco-2 Papp values are 

of the correct magnitude, but the trend observed with Caco-2 in vitro was not reproduced by 

simulation; this may be as a result of the permeability of chlorothalonil being reduced in the 

cell models via a mechanism not accounted for in silico, such as electrophilic chemical 

reactivity, protein binding or metabolism.  

No statistically significant difference was found between the lipid-based models for any of the 

pesticides, and neither showed the reduced permeability of chlorothalonil in comparison to 

azoxystrobin and propiconazole that was observed using the cell-based models. This result 

suggests that the difference observed for chlorothalonil has a biological/biochemical origin 

rather than solely due to the physicochemical barrier of a lipid membrane.  

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3.11. One-Way ANOVA was used to compare (A) inter-model variability and (B) intra-
model variability. Data represented as mean ± SD (n=3) 

 

Based on the above data (Figure 3.11), the cell-based models Calu-3 and Caco-2 were selected 

as the most suitable for further use, with these Papp values being used as inputs for Mimetikos 

Preludium, as part of the toxicokinetic prediction. The results showed significant inter-model 

variability, as fungicide transport experiments in the Calu-3 and Caco-2 models produced 

significantly different Papp values for chlorothalonil and propiconazole. Regardless of whether 

Calu-3 or Caco-2 was used, chlorothalonil was consistently less permeable than either 

azoxystrobin or propiconazole, whilst no significant difference in permeability was found 

between the latter two fungicides. 
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Figure 3.12. Fungicide binding to membrane as a percentage of the total mass applied for (A) 
Calu-3, (B) Caco-2, (C) PAMPA and (D) Lung lipid Transwell membranes. Data represented as 
mean ± SD (n=3), ns = not significant. 

 

The differences in Papp values between the in vitro models could not be accounted for purely 

based on Transwell membrane binding (Figure 3.12). As expected based on protein binding, 

fungicide retention was greatest with the cell based models, and was less than 2% for either of 

the lipid based models. Membrane binding was most substantial for Calu-3, and generally 

chlorothalonil bound the most to all models, followed by propiconazole with azoxystrobin 

binding the least.  
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3.4.5 Protein binding assays 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. % Protein binding to (A) Synthetic airway surface liquid or (B) human plasma, 
following rapid equilibrium dialysis with 5 µM of 14C-labelled azoxystrobin, chlorothalonil or 
propiconazole. Data shown as mean ± SD (n=3). 

 

The observed results for assays for binding to ASL and plasma showed chlorothalonil to have 

the highest % binding, followed by propiconazole and then azoxystrobin. This may be 

explained in part by the electrophilic chemical reactivity of chlorothalonil, leading to covalent 

binding at the sites highlighted in Figure 3.14 with thiol groups of proteins. This high binding 

was also observed in (Figure 3.12), with Calu-3, and may relate to either protein binding, the 

formation of chlorothalonil-glutathione conjugates or binding to mucus produced by Calu-3. 
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azoxystrobin (LogP = 2.5), may partially account for the higher binding of propiconazole, this 

relationship has been described for plasma protein binding and lipophilic drugs (Láznícek et al., 

1987, Láznícek and Láznícková, 1995). For all the tested fungicides, % binding was higher for 

plasma than for airway surface liquid, likely due to the significantly higher protein 

concentration in the human plasma. Whilst a statistically significant difference was found 

between each fungicide for both protein binding assays, the greatest differences were 

observed for airway surface liquid binding which may influence the toxicokinetics of the 

fungicides by reducing permeation into tissue because there is less unbound/”free drug” and 

prolonging airway residence time during which the pesticide is subject to mucociliary 

clearance. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Fraction unbound to plasma, (A) predicted computationally using pCEL-X versus 
observed experimentally using rapid equilibrium dialysis. (B) Chlorothalonil which 
experimentally was <0.02% unbound contains reactive groups highlighted in blue, which may 
bind to thiol groups within various proteins or glutathione. 

 

Generally, the predicted results were in the same magnitude as the observed values, with 

binding predicted to be > 90 % for the 3 tested compounds. However, for chlorothalonil there 

was the fraction unbound was 5 times less for the observed  value than the predicted value, 

this is likely due to the chemical reactivity of chlorothalonil not being accounted for by the in 

silico model, rather than due to physicochemical properties such as lipophilicity, MW and 

solubility. Chlorothalonil is chemically reactive and binds to the thiol groups within several 
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proteins, which may include the free thiol from Cys34 in human serum albumin, in addition to 

any free sulfhydryl groups found in other plasma proteins.  

 

The complete set of compound specific parameters either predicted in silico or calculated 

based on in vitro data is listed in Table 3.2. Generally, the predicted and observed values were 

similar, with the most variation being for Papp values and protein binding.  

 

Table 3.2. Predicted vs calculated inputs for Mimetikos Preludium. LogP values were either 
calculated computationally with pCEL-X or obtained from experimental PubChem data. Papp 

values were predicted using pCEL-X or obtained experimentally. Kp was predicted based on 
either in silico or in vitro LogP and Fup.  Fue could not be predicted in silico and was set at 
1.00 by default. All in vitro data is shown as the mean average of 3 independent experiments  
(n=3). PAMPA and Lung lipid data were not used as inputs but are listed for comparison with 
other Papp values. 

Data parameter 

Azoxystrobin Chlorothalonil Propiconazole 

In silico 

only 

In vitro 

(+ in silico) 

In silico 

only 

In vitro 

(+ in silico) 

In silico 

only 

In vitro 

(+ in silico) 

MW 403.39 265.91 342.22 

LogP 3.4 2.5 2.99 2.94 3.45 3.72 

LogPapp PAMPA -2.11 -3.17 -2.46 -3.06 -2.06 -3.04 

LogPapp Caco-2 -3.72 -3.28 -3.14 -4.59 -3.48 -3.25 

LogPapp Calu-3 N/A -3.38 N/A -3.93 N/A -3.43 

LogPapp Lung lipid N/A -3.13 N/A -3.07 N/A -3.06 

Fup (fraction unbound 

to plasma) 
0.043 0.0622 0.0536 0.0006 0.068 0.0466 

Kp (tissue/plasma 

partition ratio) 
1.33 0.924 1.19 1.11 1.39 1.41 

Fue (fraction unbound 

to ASL) 
1.00 0.486 1.00 0.0072 1.00 0.2919 

Oral bioavailability (Foral) 

In vivo rat data 
80% 20% 91% 
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3.4.6 Toxicokinetic prediction 

Theoretically, 100% respiratory bioavailability could be achieved using the toxicokinetic model 

by eliminating the effect of mucociliary clearance, changing deposition so that 100% of the 

aerosol deposits in the alveolar region, or imposing 100% bronchial deposition with 0% binding 

to airway surface liquid. Due to well established correlation between aerodynamic diameter of 

aerosols and regional deposition, the above scenarios are highly unlikely with non-

volatile/semi-volatile organic chemicals, as are those where there is no mucociliary clearance 

or 0% binding to airway surface liquid. Alternatively, 100% “total bioavailability” could be 

achieved where oral bioavailability is 100%, or if oral bioavailability was high and the MMAD 

was altered (so that it was unrepresentative of a pesticide aerosol spray, e.g. < 2.5 µm) so that 

a greater proportion deposited in the alveolar region.  

The data presented below  is derived from the use of the experimentally obtained input values 

in table 2 combined with pre-determined values for human lung physiology/biopharmaceutics 

in-built into the toxicokinetic software. The toxicokinetic profiles based on realistic aerosol 

properties and the physicochemical in vitro differences between the pesticides are shown as a 

full dataset (for the 18 different simulations, based on 2 aerosol droplet sizes, 3 permeability 

models and 3 fungicides tested) in the appendix. 

 

A major determinant of bioavailability following inhalation exposure was oral bioavailability 

following mucociliary clearance. Therefore, in order to highlight the effects of respiratory 

bioavailability, oral absorption was excluded from the following graphs unless otherwise 

stated.  
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Figure 3.15. Comparison of blood toxicokinetic profiles predicted using Mimetikos Preludium 
with in silico (pCEL-X) or in vitro data (Caco-2 & Calu-3). Toxicokinetic profiles for (A) 
azoxystrobin, (B) chlorothalonil and (C) propiconazole are shown, based on an 8h 
occupational exposure during spraying (MMAD = 35 µm). Oral absorption has been excluded. 

 

Generally, the predicted toxicokinetic profile in blood was similar regardless of whether only in 

silico data was used or if the model was supplemented with in vitro data such as 

experimentally obtained ASL binding, plasma protein binding and Caco-2/Calu-3 Papp values 

(Figure 3.15). The exception to this was for chlorothalonil, which had a significantly different 

profile dependent on whether experimental in vitro data or only in silico data was used; this is 

likely due to the inability of the pCEL-X model to predict the compounds chemical reactivity 

and high protein binding, in addition to the significantly different LogPapp values obtained 

between the in silico Caco-2 (-3.14) and the in vitro Caco-2 (-4.59). 

The toxicokinetic profiles varied between the pesticides (Figure 3.16), with bioavailability 

predicted to be lowest for chlorothalonil and highest for propiconazole when equivalent 

aerosol exposures were simulated.  
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Figure 3.16. Azoxystrobin, chlorothalonil and propiconazole blood toxicokinetic profiles 
following inhalation, predicted using Mimetikos Preludium, with in vitro data and Calu-3 Papp 
values. Data shown is for an 8 h occupational exposure during crop spraying using an aerosol 
of mass median aerodynamic diameter of 35 µm. Oral absorption has been excluded from 
the model to show the extent of exposure from respiratory absorption. 

 

The maximum epithelial fungicide concentration in the respiratory tract was consistently 

predicted to be within the extrathoracic region (0.1-27.3 µM), followed by the 

tracheobronchial region (0.001-1.76 µM). These concentrations were lower when based on in 

vitro data rather than only in silico data, for data obtained from the Calu-3 model epithelial 

fungicide concentrations did not exceed 10 µM (Figure 3.17), likely due to binding to ASL or 

epithelial tissue (Table 3.2 & Figure 3.17). High chlorothalonil binding is a mechanism for 

increased epithelial concentrations and reduced absorption beyond the epithelial barrier. 

Maximum cell exposure concentrations, or the fungicide concentration dissolved in the lumen 

ranged from 2.5-8 µM dependent on the fungicide and the permeability model used, however, 

due to tissue binding greater concentrations (of up to 27 µM) were predicted to accumulate in 

the epithelial tissue (Table 3.3). 
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Figure 3.17. Predicted fungicide toxicokinetics in the respiratory epithelium using in vitro 
Calu-3 Papp, ASL and plasma protein binding data. Data is based on an 8 h occupational 
exposure, to either (A) azoxystrobin, (B) chlorothalonil or (C) propiconazole, during pesticide 
spraying (MMAD = 35 µm). Oral absorption has been excluded. 

 

For all modelled scenarios, fungicide respiratory bioavailability was less than 30%, with 

bioavailability limited due to 13.5 µm and 35 µm aerosol droplets depositing mainly in the 

extrathoracic region (Table 3.3). Despite this, total bioavailability was significantly higher (20-

91%) and was largely determined by oral bioavailability (following mucociliary clearance), with 

the contribution of pesticide dose absorbed in the respiratory tract often being negligible.  

 

When the effect of oral absorption was included, the differences observed in Figure 3.15 were 

masked as respiratory permeability only had a minor contribution to overall absorption, as 

shown by both Figure 3.18 and Table 3.3. Whilst Cmax is on the picomolar scale for respiratory 

absorbed pesticides, with the inclusion of oral absorption the bioavailability of each pesticide 

is increased approximately 10-fold. This difference is primarily due to the majority of the 
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pesticide depositing in the extrathoracic region rather than alveolar region where respiratory 

absorption would be more rapid.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. Oral bioavailability has been included for the comparison of blood toxicokinetic 
profiles predicted using Mimetikos Preludium with in silico (pCEL-X) or in vitro data (Caco-2 & 
Calu-3). Toxicokinetic profiles for (A) azoxystrobin, (B) chlorothalonil and (C) Propiconazole 
are shown, based on an 8h occupational exposure during spraying (MMAD = 35 µm).  

 

For the toxicokinetic profiles in Figure 3.18, the data overlies regardless of the respiratory 

permeability data used, as oral bioavailability is the major determinant in this case, with the 

absorbed fungicide concentration on the nanomolar rather than the picomolar scale as was 

the case for Figure 3.15 and Figure 3.16, when oral bioavailability was excluded. 

Respiratory bioavailability was consistently predicted to be higher when only in silico data was 

used (Table 3.3), in comparison to the lower values resulting from inputting in vitro data for 

ASL binding, plasma protein binding and Papp values. As tissue-plasma partition was predicted 

by the Mimetikos Preludium using LogP and plasma protein binding values, the input of in vitro 

plasma protein binding values was important for the prediction of bioavailability, whilst the 
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inclusion of in vitro ASL binding data increased the predicted % mucociliary clearance by up to 

0.14%. Mucociliary clearance would be greater if the deposition profile was wider for the 

pesticides, for example if a lower MMAD was modelled (data shown in the appendix). 

 

Table 3.3. Summary of key toxicokinetic data predicted using Mimetikos Preludium, for the 
three fungicides and 3 different models. Data shown is based on for an 8 h exposure during 
spraying (MMAD = 35 µm), unless otherwise stated. AUCt = Area under the Curve during the 
time modeled, Cmax = maximum blood concentration, MCC% = % of total delivered dose 
cleared by mucociliary clearance, Fpulm % = % respiratory bioavailability (% absorbed of the 
total dose delivered to the lung), Ftot % = % total bioavailability (% absorbed of the total 
dose delivered to the body), CmaxLUMEN = maximum concentration dissolved in airway lumen, 
CmaxEPITHELIAL = maximum concentration in epithelial tissue. 

 Azoxystrobin Chlorothalonil Propiconazole 

pCEL-X 

AUCt (nM/h) 96.0 37.4 128.8 

Cmax (nM) 9.5 2.9 13.8 

Tmax (h) 9.45 10.35 9.22 

MCC % 0.62 0.58 0.61 

Fpulm % 
(Fpulm % if MMAD =13.5um) 

13.34 
(21.3) 

19.53 
(26.96) 

15.26 
(23.07) 

Ftot% (Oral + Respiratory) 
(Ftot % if MMAD =13.5um) 

80.02 
(80.17) 

20.11 
(20.87) 

91.01 
(91.08) 

CmaxLUMEN (µM) 4.60814 6.95964 5.42447 

CmaxEPITHELIAL (µM) 11.30 27.74 15.93 

Caco-2 

AUCt (nM/h) 96.2 36.5 128.9 

Cmax (nM) 9.5 2.9 13.9 

Tmax (h) 9.45 10.35 9.217 

MCC % 0.66 0.72 0.67 

Fpulm % 
(Fpulm % if MMAD =13.5um) 

8.58 
(16.95) 

0.05 
(5.31) 

6.49 
(14.98) 

Ftot% (Oral + Respiratory) 
(Ftot % if MMAD =13.5um) 

80.01 
(80.14) 

20.00 
(20.17) 

91.00 
(91.05) 

CmaxLUMEN (µM) 4.62 7.04 5.45 

CmaxEPITHELIAL (µM) 7.21 0.05 6.18 

Calu-3 

AUCt (nM/h) 96.2 36.5 128.9 

Cmax (nM) 9.5 2.9 13.9 

Tmax (h) 9.45 10.35 9.22 

MCC % 0.66 0.72 0.68 

Fpulm % 
(Fpulm % if MMAD =13.5um) 

8.02 
(16.43) 

0.1 
(5.86) 

5.47 
(14) 

Ftot% (Oral + Respiratory) 
(Ftot % if MMAD =13.5um) 

80.01 
(80.13) 

20 
(20.19) 

91 
(91.05) 

CmaxLUMEN (µM) 4.62 7.04 5.46 

CmaxEPITHELIAL (µM) 6.68 0.11 5.12 
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3.4.7 Predicted in situ metabolism and toxicokinetic implications 

Following a review of the literature and the results obtained in Chapter 2, potential 

metabolism pathways were predicted for azoxystrobin, chlorothalonil and propiconazole. 

Whilst there is no reported human metabolism data, it was assumed that due to the homology 

between human and rodent enzymes the fungicides are substrates of the human isoform if 

they are substrates for the rodent isoform, particularly due to the high substrate promiscuity 

of the CYP3A and GST. 

 

 

 

Figure 3.19. Metabolic pathway for azoxystrobin metabolites potentially formed within the 
lung, via GST-mediated glutathione conjugation and CYP3A-mediated hydroxylation. CYP3A 
and GST activity were found in Calu-3 and human lung homogenate, with these enzymes 
responsible for the displayed reactions. Figure adapted from Laird et al. (2003).  
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Figure 3.20. Metabolic pathway for potential chlorothalonil metabolites formed within the 
lung, via GST-mediated glutathione conjugation. GST activity was found in all tested 
respiratory epithelial cell lines and human lung homogenate and this enzyme is responsible 
for the GSH conjugation of chlorothalonil. Figure adapted from Kim et al. (2004) 
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Figure 3.21. Metabolic pathway for potential propiconazole metabolites formed within the 
lung, via CYP3A-mediated hydroxylation. CYP3A activity was found in Calu-3 and human lung 
homogenate and this enzyme is responsible for the hydroxylation of propiconazole. Figure 
adapted from Mazur et al. (2015). 

 

At least 15 azoxystrobin metabolites have been identified in rat, with the major metabolic 

pathways being ester hydrolysis, in addition to glucuronic acid or glutathione conjugation. Of 

these, CYP3A-mediated hydroxylation and GST-mediated glutathione conjugation were 

deemed most likely to occur within the human lungs (Figure 3.19). Ester hydrolysis is likely, as 

this is a major mode of metabolism within the lung for inhaled pharmaceuticals such as 

beclomethasone dipropionate, but was not included due to lack of in vitro data for esterases in 

Chapter 2. 

For chlorothalonil, although hydroxylation has been identified in several species, the enzyme 

for this has not been identified, and so this metabolite was not included. The main route of 

metabolism is glutathione (GSH) conjugation (Figure 3.20), with mono-, di- and tri-GSH 

conjugates being described in the literature (Kim et al., 2004). It is well established in rodents 

and several other species that the chlorothalonil is conjugated with glutathione by GSTs, 

additionally as the fungicidal mechanism of action for chlorothalonil is glutathione depletion 

this reaction may occur spontaneously without GST activity. Based on the potential for GST 
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mediated and spontaneous glutathione conjugation, the formation of the metabolites shown 

is highly likely. 

With regards to propiconazole, the main metabolite formed within rat is the alpha-hydroxy 

metabolite “PROP-M1” shown in Figure 3.21, which is similar to the other hydroxy metabolites 

shown to be formed by CYP3A-mediated metabolism, such as the beta-hydroxy and gamma-

hydroxy metabolites, “PROP-M2” and “PROP-M3”, respectively (Mazur et al., 2015). Over 20 

metabolites, have been identified in rat, and whilst there is limited data to suggest that 

sulphate and glucuronic acid conjugation may also occur, these were not included due to lack 

of activity data in Chapter 2.  

The Caco-2 Papp values for parent compounds and metabolites highlighted in the previous 

figures, were predicted using pCEL-X and are displayed in Figure 3.22. Whilst generally, the 

hydroxylation of the parent compounds caused only a modest decrease in predicted 

permeability, glutathione conjugation with either azoxystrobin (AZO-M5) or chlorothalonil 

(CHLO-M1,M2 & M3) significantly reduced the predicted permeability on the logarithmic scale.  

 

 

 

 

 

 

 

 

 

Figure 3.22. Caco-2 Papp values predicted in silico using pCEL-X, for the parent compounds 
azoxystrobin, chlorothalonil and propiconazole and their respective metabolites. 

 

The potential effect of metabolism is represented using an adaptation of the Biopharmaceutics 

Classification System (Figure 3.23), for oral immediate release solid oral dosage forms (Reddy 

and Karunakar, 2011), which is commonly used to differentiate drugs based on solubility and 

intestinal permeability, due to the implications of these factors on oral bioavailability. Whilst 

this is common for oral bioavailability (and therefore may relate to Caco-2 permeability), the 
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concept of an inhaled biopharmaceutical classification system (iBCS), has also been proposed 

and explored (Terakosolphan et al., 2017, Hastedt et al., 2016), for example inhaled drugs such 

as indomethacin and salbutamol have been used as an example of class III and class II drugs 

(Cingolani et al., 2019), respectively. Tronde et al. (2003) also highlighted a correlation 

between absorption rate of small molecules using the isolated perfused lung model and Caco-2 

Papp (r = 0.87) and LogP (r = 0.70).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23. Predicted Caco-2 Papp and LogP values using pCEL-X, illustrating the potential 
changes to pesticide respiratory bioavailability based on physicochemical properties 
following metabolism of azoxystrobin, chlorothalonil and propiconazole. 

 

All the predicted metabolites had either equal or reduced permeability when calculated using 

pCEL-X, with the greatest reduction being caused by glutathione conjugation (Figure 3.23). For 

both propiconazole and chlorothalonil, the predicted metabolites represent detoxification 

pathways, with hydroxylated propiconazole and chlorothalonil-glutathione conjugates both 

being described in the literature as less toxic than the respective parent compounds (Chen et 

al., 2008, Rosner et al., 1996, Yamano and Morita, 1995). In the case of azoxystrobin, the effect 

of metabolism on toxicity has not been explored in great detail, but limited evidence in the 

invertebrate Gammarus pulex (which produces similar metabolites), suggests that they are 

also less cytotoxic and represent part of a detoxification mechanism (Rösch et al., 2017).  
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3.5 Discussion 

The selected fungicides represent some of the most commonly sold (and sprayed) pesticides 

globally, with azoxystrobin, chlorothalonil and propiconazole representing the major fungicide 

classes; strobilurins, chloronitriles and demethylation inhibitors (DMIs), respectively.  

Chlorothalonil was the third most used fungicide globally (~120,000 tonnes per year) in part 

due to its fungicidal mode of action limiting the development of resistance (Maggi et al., 2019). 

Chloronitriles (chlorothalonil), demethylation inhibitors (propiconazole) and strobilurins 

(azoxystrobin) are fungicidal classes that represent 12, 7 and 6% of the total mass of fungicides 

used in the USA in 2019, their % use in the UK is greater, with DMI fungicides alone accounting 

for 29%  (Zubrod et al., 2019). The global fungicide market was valued at ~13.4 billion USD in 

2019, and the economic data indicates the widespread global use of sprayed fungicides to 

maintain high crop yields (Steinberg and Gurr, 2020). 

 

Whilst there is significant variety in the active ingredients sprayed globally as plant protection 

products, the aerosol properties during the exposure scenarios are less variable and are likely 

to be well represented by the median mass aerodynamic diameters 13.5 and 35 µm used in 

this study. The prediction of regional deposition within the respiratory tract gave similar 

results to the model used by Syngenta for risk assessment (Figure 3.4), with the former being 

slightly more conservative and predicting greater total deposition.  

 

Preliminary in vitro assays revealed the importance of selecting the correct dose for the Papp 

studies, chlorothalonil increased Calu-3 epithelial permeability at concentrations greater than 

10 µM, this is likely due to toxicity which was observed in Chapter 2 using sub-confluent Calu-3 

in 96-well plates and the MTT assay.  

 

There is evidence both in vitro and in vivo that pesticides such as imidacloprid, glyphosate, 

diquat and fipronil disrupting tight junctions and increasing paracellular permeability (Zhao et 

al., 2021a). A similar effect has been shown with non-cytotoxic concentrations for the 

pyrethroid insecticides; permethrin, cypermethrin and deltamethrin, fenvalerate and 

esfenvalerate, using the paracellular permeability marker Lucifer Yellow (Tateno et al., 1993). 

Based on this, preliminary in vitro assays were performed to reveal whether this was likely 

with azoxystrobin, chlorothalonil or propiconazole. The time dependent TEER measurement 

with 10 µM of each pesticide, suggest that tight junction disruption was unlikely to occur at or 

below this concentration and changes to epithelial permeability were not observed with FD-4 
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at this concentration (Figure 3.5 & Figure 3.6). Non-transient increases in permeability 

observed following 6 h chlorothalonil exposure (≥ 20 µM) was comparable to the results 

shown with the SDS positive control and likely reflect cell toxicity. However, as lumen 

concentrations of ~ 8 µM were predicted following occupational exposure, this does suggest a 

low margin of safety for both toxicity and increased epithelial permeability following either 

acute or sub-chronic exposure. Based on in vitro data shown in Chapter 2 and here in Chapter 

3, this is consistent with the GHS classification of chlorothalonil as a respiratory irritant (H335) 

and potentially fatal if inhaled (H330). In contrast, propiconazole which has no respiratory 

toxicity concern and azoxystrobin which is classified as toxic if inhaled (H332) did not cause any 

increase in FD-4 permeability, even at the highest concentrations tested.  

 

With regards to the data obtained as inputs for the in silico model, the analytical method was 

suitably sensitive for the detection of all three fungicides within the required range for both 

Papp measurements and protein binding assays. Although the plasma protein binding assay by 

rapid equilibrium dialysis (RED) is well established and commonly used within the 

pharmaceutical industry, the adaptation of the RED method to ASL binding is novel. Based on 

the data shown for its use in toxicokinetic prediction and the high variability observed between 

compounds, it may be of use for further investigations into xenobiotic binding to ASL. 

Furthermore, whilst further ASL binding assays were beyond the scope of this immediate 

study, it would be useful to test a wider range of concentrations to elucidate the concentration 

at which ASL binding is saturated for a particular compound, particularly as xenobiotics may 

saturate ASL binding as concentrations realistically exceed the 5 µM concentration tested, at 

which point greater permeation from the ASL to the underlying epithelium may occur.  

Generally, the in silico only predicted values were similar to the in vitro predicted values with 

the exception of chlorothalonil, hypothesised due to its chemical reactivity and high protein 

binding to ASL and plasma proteins. Similarly, chlorothalonil permeated across the in vitro 

lipid-based barriers (PAMPA and lung lipid extract) significantly more rapidly than either cell 

model (Figure 3.10), limiting their use for in silico modelling. However, this highlights their 

potential for complementary use with cell models for application when there is an interest in 

the elimination of biological interactions such as protein binding or adverse effects of 

formulations.  

 

For the cell-based xenobiotic transport models, predicted respiratory bioavailability followed 

the same trend as that reported for oral bioavailability in rats, with azoxystrobin being the 
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most well absorbed, followed by propiconazole, and chlorothalonil being poorly absorbed. 

Whilst the trend was similar, predicted respiratory bioavailability for all the compounds was 

only a fraction of those reported for rodent oral bioavailability (80% vs 16.95% for 

azoxystrobin, 30 vs 5.31 % for chlorothalonil, 91% vs 14.98 for propiconazole), mainly due to 

the relatively large aerosol droplets failing to deposit in the lower respiratory tract. Therefore, 

from a risk assessment perspective, unless MMAD is low (i.e. within the respirable range) it 

may be assumed that respiratory bioavailability is lower than oral bioavailability of the 

ingested pesticide.  

Whilst, the predicted toxicokinetic data highlights that respiratory bioavailability on its own is 

unlikely to ever be 100%, a more evidence-based approach could be taken by including the 

effect of oral bioavailability for the pesticide that is ingested following mucociliary clearance. 

Based on this, where both oral and respiratory bioavailability are low, overall bioavailability is 

likely to be low. This can be expressed as; 

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑏𝑖𝑜𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦

=  
𝐷𝑜𝑠𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑡𝑟𝑎𝑐𝑡 + 𝑑𝑜𝑠𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝐺𝐼𝑇 (𝑎𝑓𝑡𝑒𝑟 𝑀𝐶𝐶)

𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑑𝑜𝑠𝑒
 

 

Regardless of the bioavailability, the in vitro and in silico data do reveal other potential 

concerns that relate to respiratory toxicokinetics. For example, the prediction of micromolar 

exposure to inhaled pesticides in lumen and epithelium of the upper airways is of relevance to 

potential local toxicity. As shown in Chapter 2, chlorothalonil is both cytotoxic (LC50 = 0.6-9.7 

μM) which is within the range of concentration predicted for the ASL (7.04 μM), additionally, 

due to high tissue binding, the epithelial concentration may exceed the ASL concentration 

(Table 3.3). Similarly, azoxystrobin exposure was predicted to be 4.61-11.30 μM in the airways 

and even at 2.5 μM this fungicide was found to cause mitochondrial toxicity in vitro using the 

cell line 16HBE14o- (Figure 2.10). Propiconazole, which was not in vitro cytotoxic at the 

predicted airway exposure concentrations of 5.52-15.93 μM (Figure 2.7), induced CYP1A1 

activity at concentrations between 2.5-10 μM, with the fungicide potentially acting as a ligand 

of the aryl hydrocarbon receptor (Figure 2.20). This effect has been found in vivo,  along with 

other non-cytotoxic phenotypic changes such as cell proliferation, oxidative stress and 

epithelial-mesenchymal transition (Kwon et al., 2021, Valadas et al., 2019). 

Additionally, the high protein binding and chemical reactivity of chlorothalonil is also of 

concern, and whilst well reported in the literature were not predicted with the pCEL-X in silico 

model. These properties not only influence the toxicokinetics of the inhaled pesticide but are 
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also highly relevant to the compound’s local toxicity and likely the ability of chlorothalonil to 

act as a respiratory irritant and cause localised necrosis in epithelial tissues when inhaled. This 

is of relevance to other fungicides with a similar mode of action, such as the trichloromethyl 

sulfenyl fungicides captan and folpet, which also react with glutathione (Tillman et al., 1973, 

Siegel, 1970) and therefore may be reactive with glutathione in airway surface liquid or with 

the thiol groups of several endogenous proteins. The extent to which chlorothalonil 

toxicokinetics were altered based on ASL binding highlights the protective mechanism of ASL in 

vivo, which was likely underestimated due to the exclusion of the antioxidant glutathione 

within the ASL formulation (for practical reasons as it was below the 8 kDa MWCO of the 

dialysis membrane). 

Conversely, the depletion of GSH and the saturation of protective ASL in the respiratory tract, 

likely serves to increase the susceptibility of the epithelial cells to pesticide cytotoxicity if there 

is sub-chronic or chronic occupational exposure. Therefore, it is important that risk assessment 

is supplemented with classification as to the non-systemic hazard(s), and all precautions are 

taken to limit local adverse effects from inhalation exposure, i.e. respiratory protective 

equipment (RPE). 

Despite GSH not being included in the ASL simulant, in vivo it is likely that chlorothalonil may 

spontaneously react with GSH within the ASL, which has been reported to be as concentrated 

as 170 µM within the respiratory tract (Kumar et al., 2017), as well as spontaneous reaction 

with intracellular GSH within the epithelium expected to between 0.5-10 mM (Balendiran et 

al., 2004). 

Whilst the interaction between chlorothalonil and GST with regards to toxicity was described 

in Chapter 2, as shown in Figure 2.21, the formation of chlorothalonil-GSH conjugates 

significantly reduces the permeability of the compound, and along with the potential binding 

of chlorothalonil to ASL and epithelial cell proteins, the respiratory bioavailability of this 

fungicide is likely to be significantly reduced. Oral bioavailability of chlorothalonil is also 

significantly limited by these factors, estimated to be only 20% with 5 mg/kg dose in rats and is 

shown to undergo extensive metabolism, however intravenous administration of 

chlorothalonil exhibits wide distribution due to a high binding affinity to red blood cells (EFSA 

et al., 2018). 

 

As it is a common requirement for pesticide registration that pesticide metabolites are 

identified in rat, there is scope for further exploration of the effects of metabolism on 

pesticide bioavailability and toxicokinetics both through the oral and inhaled route of 
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exposure. This may help to further inform risk assessments by including considerations on 

bioactivation or detoxification mechanisms, and whilst metabolism is considered with regards 

to genotoxicity studies, it could be further explored with regards to general toxicity. 

Additionally, the use of a classification system, similar to the BCS system in Figure 3.22, may be 

useful not just for classifying existing pesticides which may have a high oral/inhaled 

bioavailability but also for identifying and predicting the bioavailability of future pesticides 

with similar physicochemical properties, for example a new fungicide which shares a chemical 

class with existing ones.  For agrochemicals rather than drugs, the relationship between oral 

bioavailability and computationally predicted physicochemical properties (such as MW, LogP, 

LogSw, PKa and hydrogen-bond donors/acceptors) has been investigated previously (Tice, 2001, 

Clarke and Delaney, 2003),  and a similar approach may in part be applied to respiratory 

bioavailability. 

 

With regards to the outputs of the toxicokinetic model, other than respiratory bioavailability, 

the prediction of fungicide concentrations within the lumen and epithelium of different 

regions of the respiratory tract is of great value. Particularly, as this data may be used to 

contextualise in vitro data or optimise exposure concentrations for future experiments. For 

example the prediction of extrathoracic lumen concentrations of around 4-7 µM following 

chlorothalonil exposure (aerosol MMAD = 35 µm), is of interest when related to the 

chlorothalonil LC50 value of 2.27 µM for the nasal cell line RPMI-2650 from Chapter 2. 

Additionally, the prediction of low concentrations of chlorothalonil in the lumen and higher 

epithelial concentrations within the bronchiolar region due to high tissue binding are also of 

interest due to toxicological implications.  

Similarly, at low micromolar concentrations which are shown to be achievable following 

occupational exposure, phenotypic changes are possible even with pesticides that are non-

cytotoxic. For example in Chapter 2 propiconazole was shown to induce CYP1A1 and other 

researchers have also reported the potential to induce ROS, dysregulate cholesterol synthesis 

and increase cell proliferation at similar concentrations (Nesnow et al., 2011). 

 

Despite the value of this approach, there remain limitations and further validation by either in 

vivo permeability experiments such as isolated perfused lung (IPL) or nasal absorption 

experiments would be useful. Additionally, whilst the three fungicides are not known to be 

transported by drug transporters which exist in the lungs (Ehrhardt et al., 2017), the potential 

contribution of active transport mechanisms or confirmation of pesticide metabolism in vivo or 
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in vitro has not been explored. However, through the use of drug transport inhibitors, 

radiolabelled chemicals to eliminate the underprediction of permeability due to metabolism of 

the parent compound and the measurement of “intrinsic permeability” (by using a stirring 

speed of 480 rpm to eliminate the effect of the aqueous boundary layer), this current 

approach seeks to model the “worst-case” scenario and also reduces the potential effect of 

genetic variability for metabolism/active transport mechanisms. 

 

3.6 Conclusion 

The outlined approach proved to be useful for estimating pesticide respiratory toxicokinetic 

and bioavailability, using real world exposure scenarios. For the prediction of deposition, the 

model was comparable with others such as the Syngenta model (Corley et al., 2021), 

suggesting a good degree of certainty that this is close to the real result experienced in situ. 

For the toxicokinetic aspect of the prediction, whilst the in silico only method was a useful 

starting point, the Mimetikos Preludium predictive model benefited from in vitro data, 

particularly where chemical reactivity and subsequent binding coefficients could not be 

accurately projected using pCEL-X. The Mimetikos Preludium model, has several strengths 

relating to the ability to predict regional % deposition and inhaled pharmacokinetics, including 

not just bioavailability but also the influence of mucociliary clearance or local pesticide 

concentrations within the ASL or epithelium. Limitations relate to those that currently exist for 

other inhalation pharmacokinetic models, such as GastroPlus, which do not allow for the 

prediction of in situ metabolism, and on their own are not capable of predicting epithelial Papp 

values (although the latter issue may be overcome with other separate models such as pCEL-

X). The main limitation is the need for increased validation of this novel approach, particularly 

for the toxicokinetic aspect of the predictions. Although there is scope for further validation 

and refinements of both the in silico predictive model and the in vitro data inputs, as well as a 

review into a wider range of pesticides, this approach presents significant advantages over a 

non-evidence based assumption of 100% bioavailability. This is particularly relevant where oral 

bioavailability is low but ASL binding and mucociliary clearance is substantial. Furthermore, the 

estimation of pesticide concentration within the lumen and epithelial tissue of the respiratory 

tract provides useful context and guidance for the exposure concentrations used in in vitro 

toxicity assays.  

In summary, this chapter highlights that a combined in vitro-in silico approach has the 

potential to improve predictions of respiratory toxicity and bioavailability and optimise future 

occupational risk assessments for respiratory exposure to xenobiotics. 
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A metabolomic investigation into respiratory epithelial cell 

responses to pesticide exposures. 

 

4.1 Introduction 

The inherent biological activity of pesticides means that these compounds often exert 

unintended effects on non-target organisms, which may, or may not, be through the same 

mechanism of action as the target species. Whilst pesticides are developed specifically with 

the goal of having a biocidal effect on the target species, many have been shown to have 

adverse biological effects in humans, both in the context of occupational and dietary exposure. 

Of the 526 registered pesticides in the EFSA pesticide database with known GHS classification 

(accessed May 2020), 378 had no respiratory toxicity concern, whilst 158 were classified as 

either harmful, toxic, or fatal if inhaled. Of the 158 pesticides that were classified as causing 

respiratory toxicity, 40 were also classified as respiratory irritants. These classifications are 

predominantly based on rodent in vivo inhalation data and are supported in the literature by 

sparse human data from reported case studies of occupational exposures (Hoppin et al., 2009, 

Mamane et al., 2015, Ye et al., 2013).  

 

The use of in vitro data to assess pesticide toxicity is gaining in significance, and a range of 

models have been described in the literature. Many of these models employ endpoints, such 

as the MTT and Alamar Blue assays to infer information on metabolic competence and 

cytotoxicity respectively, or more prescribed endpoints on established adverse outcome 

pathways, such as those described by Tox21, such as: agonism of the oestrogen receptor, 

androgen receptor, aryl hydrocarbon receptor, peroxisome proliferator-activated receptor 

gamma, Nrf2/antioxidant responsive element, heat shock factor response element, or changes 

to mitochondrial membrane potential, and p53 (Tice et al., 2013, Huang et al., 2016, Fischer et 

al., 2017). Whilst these assays are suitable for high throughput analysis and may aid the 

development of predictive toxicity models, based on structure-activity relationships (and 

machine learning), multiple different assays are required to assess how these compounds may 

interfere with biochemical pathways and impact human health. The Tox21 methodology and 

described bioassays will undoubtedly aid the improvement of human hazard classifications and 

potentially reduce the reliance on rodent in vivo data in future, however these methods do not 
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fully encapsulate the range of potential biological changes that may occur following pesticide 

exposure. 

 

A common research question within the field of toxicology/safety pharmacology, is the no-

observed-adverse-effect level (NOAEL) or no-observed-effect level (NOEL), after an organism is 

exposed to a xenobiotic. This is a key aspect of preclinical safety assessments for drug 

development, but also of importance to pesticide risk assessments. Many assays and 

experiments seek to determine the NOAEL/NOEL, and of those performed using in vitro 

techniques often only examine a few endpoints, e.g. change in cell morphology, cell viability, 

growth rate. Single endpoint assays, whilst useful may still fail to identify changes to cell 

phenotype which may influence the organism on a molecular, cellular or tissue level. In 

comparison, omic-based techniques such as transcriptomics, proteomics and metabolomics 

which are data rich, enable the characterisation of a wide range of biological molecules and 

therefore present a more comprehensive picture of the response phenotype at a cellular level. 

Following the central dogma of biology from DNA, to RNA and proteins, each step which 

essentially determines cell phenotype is represented by genomics, transcriptomics and 

proteomics respectively. Metabolomics provides a method for the final biochemical 

determination of cell phenotype and may be useful as a method for determining biological 

changes induced by pesticide exposure both in vitro and in vivo.   

 

The potential applications of metabolomics with regards to human pesticide exposure have 

been widely reviewed (Aliferis and Chrysayi-Tokousbalides, 2011, Keum et al., 2010), however 

the number of experimental studies performed using metabolomics to assess the impact of 

pesticide exposure on humans has been limited (Figure 4.1). 
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Figure 4.1. Diagram indicating the number of original research articles related to 
metabolomics and pesticide exposure, published between 2000-2020. Data obtained from 
Web of Science™, using the terms "metabolomics" and "pesticide" and “exposure” with or 
without "human”.  

 

 Most of the pesticide related metabolomic studies to date have focused on model organisms 

for ecological toxicology/environmental risk assessment. Of the few human studies reported, 

impaired amino acid metabolism and mitochondrial function, as well as increased fatty acid β-

oxidation and oxidative stress have been shown through the metabolomic analysis of urine 

and plasma samples (Yan et al., 2021, Ding and Bao, 2014, Bonvallot et al., 2013), however this 

typically relies on the “likelihood” of exposure to a complex mixture of pesticides based on 

participants living near agricultural land, rather than known/specific pesticide exposures. 

Despite the comparative ease of collecting samples from workers that have been 

occupationally exposed to known pesticides, there is little in the literature to suggest this has 

been explored fully. Similarly, although metabolomics has been used extensively for 

invertebrates, either to study insecticidal effects on target/non-target species following 

environmental exposure and with rodent tissue samples , the use in vitro samples from human 

cell lines have not been extensively explored for metabolomic analysis following pesticide 

exposure (Zuluaga et al., 2016, Keum et al., 2010, Gu et al., 2018, Bonvallot et al., 2018). 

 

With regards to metabolomics, there are two predominant methods LC-MS metabolomics and 

NMR metabolomics, for which the respective advantages and disadvantages of each technique 

are summarised in Table 4.1 (Wishart, 2016).  
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Table 4.1. A comparison of NMR and LC-MS metabolomic methods, adapted from Wishart 
(2016). 

NMR  LC-MS 

Quantitative, linear response without 
standard. 

Quantitative with isotopic standards. 

Non-destructive, sample may be reused. Destructive. 

Low sensitivity, µM to mM 
 

High sensitivity, pM to µM 
 

Lower number of detectable metabolites 
(50-200). 

High number of detectable metabolites 
(100-1000) 

Rapid spectral acquisition (per sample). Slow spectral acquisition (per sample). 

Higher sample volume required (typically 
~600 µL). 

Low sample volumes (10-100 µL). 

Most spectral features are identifiable, 2D 
1H NMR spectra and structural information 
may help in cases of spectral peak overlap. 

Many spectral features not yet identifiable. 
Little to no structural information obtained. 

Very reproduceable spectra following pH 
adjustment, reduced matrix effects. 

Typically, more variation between samples, 
introduced due matrix effects or by sample 
preparation. 

Simple sample preparation/extraction. Sample preparation requires extraction, 
desalting, filtration and the addition of 
isotopic standards. 

 

Whilst the techniques are complementary, either may be useful for the identification of 

response biomarkers to identify changes in cell phenotype, as evidenced through their 

increased use in the emerging field of exposomics (Vineis et al., 2020, Misra, 2019). LC-MS 

metabolomics is primarily beneficial due to its increase sensitivity, whereas the reduced 

sample preparation and increased reproducibility of NMR metabolomics make it particularly 

well suited where rapid screening is needed to accommodate multiple timepoints/doses with 

in vitro samples. The advantages of NMR metabolomics lend it to biomarker discovery due to 

the scalability of the technique, with regards to sample number, particularly for the analysis of 

in vitro samples, where the range of metabolites that can be detected by NMR provide 

sufficient information on biochemical changes related to changes in metabolic state (i.e. amino 

acid and sugar synthesis/uralitisation, formation of Krebs cycle intermediates etc.).  

 

The core features of cell metabolism may be explored using this technique, either through the 

assessment of intracellular or extracellular samples, which have been used to study normal vs., 

tumour cell metabolism, drug-induced toxicity and to determine the influence of xenobiotics 

at non-toxic concentrations (Čuperlović-Culf et al., 2010b, Kostidis et al., 2017). 

NMR metabolomics has been used with the alveolar cell line A549 to explore potential changes 

indicative of lung toxicity following exposure to fine particulate matter (PM2.5) or 
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graphene/zinc oxide nanoparticles (Huang et al., 2015, Huang et al., 2018, Wu et al., 2019). 

Similar methods have been used with Calu-3 to characterise changes to glucose metabolism 

associated with acute lung injury following mechanical ventilation (Eckle et al., 2013) or S. 

aureus ɑ-toxin induced cell membrane damage to 16HBE14o- (Gierok et al., 2014). 

Based on the above studies, and the data obtained in the previous two experimental chapters, 

NMR metabolomics was explored to provide further insight into how pesticides may affect 

lung epithelial cell phenotype. 

 

4.2 Aims and Objectives 

The overall aim of this series of experiments was to investigate changes to lung cell phenotype 

following pesticide exposure at subtoxic concentrations using NMR based metabolomics.  

Specific objectives included: 

3. Measurement of metabolic changes in alveolar and bronchial cells in response to 

different fungicides. 

4. Comparison of the sensitivity and responses of normal “immortalised” or cancer 

derived alveolar/bronchial epithelial cells to fungicides. 

5. Elucidation of potential modes of action for pesticide respiratory toxicity based on 

changes to the extracellular metabolome. 

 

4.3 Methods 

4.3.1 Experimental design 

Respiratory epithelial cell lines were selected based on the experiments previously outlined in 

Chapter 2 and Chapter 3. Briefly, the experiments were designed to allow the comparison of 

both alveolar and bronchial cell lines, either immortalised or cancer derived. A549, TT1, BEAS-

2B, 16HBE14o- and Calu-3 cells were used for this comparison, as shown in  Figure 4.2. 
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Figure 4.2. Categories for the different respiratory epithelial cell lines selected for inclusion in 
NMR metabolomics studies. 

 

Of the pesticides previously studied, 5 fungicides were selected, each with a different mode of 

action and toxicity classification, based on the Globally Harmonised System of Classification 

and Labelling of Chemicals (GHS) and information obtained from the EU pesticides database 

and PubChem (accessed May 2020), as summarised in Figure 4.3. Acibenzolar-S-Methyl, 

azoxystrobin, chlorothalonil, isopyrazam and propiconazole were selected with the hypothesis 

that the outlined differences between these fungicides may cause different but identifiable 

metabolomic changes with the cell lines used. 

 

 

Figure 4.3. Selected fungicides (including mode of action) arranged based on GHS 
classification. 
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4.3.2 Cell culture conditions 

To allow for the direct comparison of metabolomic results between the different cell lines 

A549, TT1, BEAS-2B, 16HBE14o- and Calu-3, attempts were made to use the same medium for 

all the cell lines, both for subculturing and for the experimental samples collected. DMEM:F12 

Hams (Sigma, D8062) was selected as a basal medium, due to previous researchers using this 

medium with several of the above cell lines (A549, BEAS-2B, 16HBE14o- and Calu-3). A 

formulation without HEPES was selected as HEPES is known to overlap the NMR spectra of key 

metabolites commonly assessed using NMR metabolomics, the pH was instead buffered with 

sodium bicarbonate. 

 

Preliminary experiments showed that BEAS-2B underwent morphologic changes when grown 

in medium supplemented with FBS (1-10% FBS), whilst Calu-3 failed to adhere to the flask in 

the absence of FBS and could not be adapted to FBS-free conditions even when using 

specialised “Advanced DMEM/F12”, which allows reduced FBS supplementation. 

Due to the incompatibility of FBS/FBS-free conditions for particular cell lines, the following 

conditions were used.  

 

(1) DMEM:F12 Ham medium was supplemented with non-essential amino acids, 

penicillin-streptomycin and sodium pyruvate, as previously described, and 10% FBS 

was used for all cell lines other than BEAS-2B.  

(2) BEAS-2B had the additional supplements of hydrocortisone (500 ng/mL), epidermal 

growth factor (0.5 ng/mL), triiodothyronine (6.5 ng/mL), retinoic acid (0.1 ng/mL) and 

Gibco™ ITS-X to give final concentration of insulin (10 µg/mL), transferrin (5.5 µg/mL), 

selenium (6.7 ng/mL) and ethanolamine (2 µg/mL). This formulation was adapted from 

one previously described for culturing BEAS-2B, in addition to including the key 

supplements identified for serum-free culture of normal human bronchial epithelial 

cells (Oh et al., 2011, Lechner and LaVeck, 1985). 

 

This culture method was used so that the basal culturing medium was similar for all cell lines, 

in comparison to the use of proprietary medium formulations such as DCCM-1 for TT1 and 

LHC-8 for BEAS-2B, which would have complicated metabolite identification due to the 

presence of unknown media formulation along with the presence of HEPES in LHC-8. 

Preliminary experiments were performed to ensure that cell growth rate, morphology 
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(assessed visually using light microscopy) and cell viability did not significantly differ from the 

responses obtained using typical medium for the respective cell lines.  

 

4.3.3 Sample generation 

Following at least 3 passages in the medium described above, cells were trypsinised and 

seeded into 6 well plates (details shown in Table 4.2). Seeding densities were selected based 

on the different growth rates for the cell lines, so that ~80% confluency was achieved prior to 

pesticide exposure. The total culture medium volume used was 2 mL per well, cells were 

cultured for 48 hours after which the medium was aspirated, wells gently rinsed twice with 

PBS and the replaced with DMEM:F12 Ham’s containing no supplements (2 mL/well).  

 

Table 4.2. Cell line, passage number and seeding density for the metabolomic experiments. 
Culturing medium supplements are shown, including foetal bovine serum (FBS), non-essential 
amino acids (NEAA), sodium pyruvate (SP), insulin-transferrin-selenium-ethanolamine (ITS-
X), retinoic acid (RA), hydrocortisone (HC), triiodothyronine (T3) and epidermal growth factor 
(EGF). 
 

Cell line Passage 
no. 

Seeding density 
cells/well 

Culturing medium 
supplements 

Exposure 
medium 
supplements 

A549 P57 – P60 250,000 + FBS, NEAA, SP, P/S N/A 

TT1 P+7 – P+10 150,000 + FBS, NEAA, SP N/A 

BEAS-2B P+7 – P+10 200,000 + ITS-X, RA, HC, T3, EGF, SP, 
P/S 

N/A 

16HBE14o- P27 – P30 150,000 + FBS, NEAA, SP, P/S N/A 

Calu-3 P7 – P10 500,000 + FBS, NEAA, SP, P/S N/A 

 

Following a 24 h incubation with blank medium, cells were exposed to the fungicides by 

replacing with 2.8 mL per well of either; acibenzolar-s-methyl (10 or 100 µM), azoxystrobin (1 

or 10 µM), chlorothalonil (1 or 10 µM), isopyrazam (1 or 10 µM), propiconazole (10 or 100 µM) 

or a 0.25% DMSO control. Wells containing medium only (with no cells) were also included as a 

fresh medium control. This method generated a total of 56 different conditions, for which 8 

replicate samples were collected (representing experimental duplicate samples, n=4). 

The samples were incubated for 24 h before the spent medium was collected for metabolomic 

analysis. After 24 h, 2 mL of spent medium was collected from each sample into a deep well 

plate, placed on ice and centrifuged at 4000 g for 10 minutes, aliquots of the supernatant were 

collected and frozen at -70°C prior to subsequent preparation for NMR. Cell layers were rinsed 

with PBS and used to measure cell viability with the Alamar blue cytotoxicity assay. 
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4.3.4 Alamar Blue cytotoxicity assay 

After the cell layers were rinsed twice with PBS, 2 mL of a 10% Alamar blue solution in phenol 

red free DMEM was added to each well, incubated for 1-2 hours dependent on the cell line, 

and an aliquot of 50 µL was transferred to a black walled 96 well plate and diluted with 200 µL 

PBS, before measuring the fluorescence (ex/em = 535/595 nm) using a Tecan Spark 10M 

microplate reader. Relative cell viability was calculated using the equation below: 

 

Equation 4.1. % Cell viability (Alamar Blue) 

% Cell viability =  
T − B

N − B
 × 100 

Where T is the UV fluorescence value of the test well, B is the UV fluorescence of the blank 

well (containing no cells) and N is the fluorescence of the negative control (0.25% DMSO) 

representing 100% cell viability.  

 

4.3.5 NMR metabolomics sample preparation 

The preparation and subsequent analysis of metabolomic samples was adapted from the 

method described by Kostidis et al. (2017). Briefly, 1.3 mL of spent medium was lyophilised 

overnight and pH corrected so that all samples were pH 7.4 ± 0.2, before being reconstituted 

to a final volume of 650 µL in 0.15 M KH2PO4, 0.2 mM NaN3, and 0.4 mM TSP-d4) in 10% D2O. 

From each sample, 7 µL was collected and then pooled for 2D 1H NMR analysis required for 

metabolite assignments. The samples were then transferred to NMR tubes (~640 µL/tube) and 

kept on ice until analysis. Sample preparation was performed in 5 batches to limit potential 

metabolite degradation and ensure NMR analysis within 24 h of sample thawing. 

 

4.3.6 NMR data acquisition 

NMR data acquisition settings were adapted from (Kostidis et al., 2017). 1H NMR spectra were 

recorded on a Bruker 600 MHz Bruker Avance III NMR spectrometer (Bruker BioSpin, Coventry, 

United Kingdom) equipped with a 5-mm 1H, 13C, 15N TCI Prodigy Probe and a cooled SamplePro 

sample changer for automation with 8 sample replicates tested per condition and all kept at 

277 K before acquisition. 1D spectra were recorded under automation at 298 K using a Carr-

Purcell-Meiboom-Gill (CPMG) pre-saturation (cpmgpr1d) pulse sequence. Spectra were 

acquired with 32 transients, a spectrum width of 20.83 ppm, an acquisition time of 2.62 s and 

a relaxation time of 4 s. After acquisition, the FID were processed with an exponential window 

of 0.3 Hz, phase corrected, and baseline corrected using a polynomial function of order 2. For 

metabolite identification, 2D spectra were acquired on a couple of samples, consisting of J-
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resolved spectroscopy (J-RES), with 8 scans, 32 t1 increments, an acquisition time of 1.63 s and 

a relaxation time of 2s, total correlation spectroscopy (TOCSY), with 16 scans, 256 t1 

increments, a TOCSY mixing time of 0.08 s, an acquisition time of 0.25 s and a relaxation time 

of 2 s, and 1H-13C Heteronuclear Single Quantum Correlation (HSQC) spectra with 16 scans, 

256 t1 increments, an acquisition time of 0.08 s and a relaxation time of 1.75 s. All peak 

positions were measured relative to the methyl peak of TSP-d4 set to 0.0 ppm. 

 

4.3.7 Metabolomic data processing and analysis 

Much of the data processing made use of either commercial NMR metabolomics software or 

custom software and Python scripts from the Mason group at King’s College London (Institute 

of Pharmaceutical Sciences). Metabolite profiles were generated using 1H NMR spectra 

acquisition and Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) as 

described by Man et al. (2018).  The use of OPLS-DA allowed for the visualisation of inter- and 

intra-group variation, to determine if there was a significant difference between DMSO and 

fungicide exposed cells, additionally it was used to identify and remove samples which were 

outliers or had anomalous data. Of the 480 samples tested using 1H NMR, 1 sample 

(Chlorothalonil 10 µM using TT1) was an outlier and was removed from the remainder of data 

processing, the other 7 replicates for this sample type were used.  Spectral regions ≤ 0.5 and ≥ 

8.5 ppm were excluded due to noise, as were water peaks and the TSP-d4 reference signal. A 

total of 34 metabolites were identified using the Chenomyx NMR software (Chenomyx, 

Edmonton Canada) in addition to confirmation of metabolite assignments by comparing 2D 1H 

NMR data using Bruker TopSpin 4.0 (Bruker Biospin, Coventry, UK) against that in the Human 

Metabolome Database.  

 

The remainder of the data processing made use of custom python scripts from the Mason 

group to calculate metabolite fold change (comparing each cell line against either fresh 

medium or a particular pesticide treatment against the DMSO control for a specific cell line). 

Normalised intensity for each metabolite and significant differences following pesticide 

exposure were visualised using boxplots and statistically determined using a one way-ANOVA. 

Cluster maps (heatmaps clustered by similarity) were also generated to visualise any potential 

patterns or associations in metabolic changes between fungicides. 

 

Unless otherwise stated, all data represents 8 replicate samples and for NMR metabolomics 

boxplots, normalisation refers to probabilistic quotient normalisation (PQN) for sample 

intensities rather than normalisation against either fresh medium or DMSO control. PQN is a 
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data pre-processing method which is applied to 1H NMR metabolomics to account for the 

effect of dilution on the entire spectra rather than only individual analytes/metabolites 

(Dieterle et al., 2006). This is particularly useful in examples such as the analysis of cell culture 

medium where glucose concentration may be very high, or if there is low metabolic variation 

between samples. To determine statistical significance in the fold change of a particular 

metabolite compared against the control, a one-way ANOVA was used with Tukey’s multiple 

comparison test.  
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4.4 Results 

4.4.1 Alamar Blue cytotoxicity assay 

Generally, when cultured under the conditions used in this study, no significant change in cell 

viability was observed, allowing for the subsequent metabolomic analysis of phenotypic 

changes following subtoxic exposures to the tested fungicides. The exceptions to this were 

with the highest tested chlorothalonil concentration (10 µM) in the “normal” immortalised cell 

lines BEAS-2B and TT1 which caused a near complete loss of cell viability, and the highest 

tested concentration of isopyrazam and propiconazole (10 & 100 µM, respectively) which likely 

caused an increase in cell proliferation in the cancer-derived Calu-3 bronchial cell line (Figure 

4.4). For the purpose of metabolomics, significant changes in cell viability were assessed as 

being ± 25% in comparison to the DMSO control.  

 

Figure 4.4. Heatmap showing Alamar Blue cytotoxicity data for A549, TT1, BEAS-2B, 
16HBE14o- and Calu-3, following exposure to various fungicides. Data represented as mean 
average of % viability (n=4). 
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The cell viability data shown in Figure 4.5 corresponds well with the data from Chapter 2 and 

3, for which confluent 16HBE14o- was resistant to cytotoxicity with all the fungicides at 10 µM, 

whereas BEAS-2B and TT1 were found to be the most sensitive cell lines to chlorothalonil 

toxicity. Additionally, both propiconazole and isopyrazam have been reported to potentially 

cause both ROS and cell proliferation in vitro which may explain the increased values observed 

in Calu-3. However, no cell proliferation was observed in 16HBE14o- following exposure to 10 

or 100 µM of acibenzolar-S-methyl, despite this effect being observed at concentrations 

between 5 and 75 µM in the MTT assay in Chapter 2. This is likely due to the different 

experimental conditions, e.g. seeding density, confluency at exposure,  and the subculturing or 

experimental medium used. Significant changes to cell viability, were deemed likely to 

influence the metabolomic profile and therefore, the culturing conditions and cell exposures 

were developed in part to avoid large changes in cell viability. Generally, this goal was 

achieved and cell viability data was maintained at ~100 %, with the dotted lines shown in 

Figure 4.5 highlighting where changes to cell viability were outside the desired range (±25%). 
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Figure 4.5. Individual graphs for (A) A459, (B) TT1, (C) BEAS-2B, (D) 16HBE14o- and (E) Calu-3, 
showing % cell viability as assessed by the Alamar Blue assay following 24 h fungicide 
exposure. Data represented as mean average ±SD (n=4). 
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4.4.2 NMR metabolomics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Example NMR spectra, comparing fresh medium with spent A549 medium. (A) 
Entire spectra shown following removal of noise, water and TSP reference peaks, (B) example 
of metabolite assignments for a particular spectral region. 

 

As shown in Figure 4.6B the method used achieved a suitable spectral resolution, with an 

optimal signal-to-noise ratio to allow for the identification of several metabolites within the 

samples. The total number of identified metabolites are shown below (Table 4.2). 
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Table 4.3. Assignments of extracellular metabolites identified by NMR, using Chenomyx & 
the Human Metabolome Database, arranged in ascending order of ppm. Metabolites shown 
in red are those not found within the DMEM:F12 Ham’s media formulation, whilst 
metabolites shown in blue are known to be within the medium formulation but could not be 
identified by NMR. Concentration (µM) represents the known concentration in the fresh 
media formulation. 

Metabolite ppm 
Concentration 

(µM)  Metabolite ppm 
Concentration 

(µM) 

Pantothenate 0.897 9.362  Threonine 3.598 448.71 

Isoleucine 0.942 415.247  Serine 3.969 247.81 

Leucine 0.965 450.162  Myo-inositol 4.079 69.94 

Valine 1.040 476.235  Cystine 4.096 99.90 

Ethanol 1.188 N/A  Pyroglutamate 4.172 N/A 

Lactate 1.339 N/A  Glucose 5.242 17484.85 

Alanine 1.479 49.947  Histidine 7.092 150.17 

Acetate 1.923 N/A  Tryptophan 7.546 44.17 

Succinate 2.047 N/A  Hypoxanthine 8.206 17.93 

Methionine 2.143 115.543  Niacinamide 8.255 16.54 

Choline 2.208 64.316  Formate 8.459 N/A 

Glutamate 2.338 49.956  Cysteine N/A 82.797 

Pyruvate 2.381 493.194  D-Biotin N/A 0.014 

Glutamine 2.453 2497.502  Folic acid N/A 6.026 

Aspartate 2.803 49.961  Pyridoxal N/A 9.822 

Asparagine 2.943 49.955  Pyridoxine N/A 9.877 

Lysine 3.036 499.595  Riboflavin N/A 0.582 

Tyrosine 3.079 211.97  Thiamine N/A 6.434 

Phenylalanine 3.139 214.78  Vitamin B12 N/A 0.502 

Arginine 3.251 700.17  Linoleic Acid N/A 0.150 

Betaine 3.262 N/A  Putrescine N/A 0.503 

Proline 3.357 149.83  DL-Thioctic Acid N/A 0.509 

Glycine 3.571 249.78  Thymidine N/A 1.507 

    
 

As shown in Table 4.3, a number of metabolites produced by the cells and released into the 

extra-cellular media were identified, in addition to those which were expected to be present in 

the medium formulation. Generally, the expected compounds, which were identified had a 

concentration ≥ 10 µM in the medium formulation and so were within the range of 

quantification generally reported for NMR metabolomics studies. Compounds ≤ 10 µM but 

known to be within the medium formulation included, could generally not be detected, or 

identified with the exception of pantothenate (9.362 µM). Cysteine which was theoretically at 

a concentration of 82.797 µM was not identified, this may potentially be due to either 

degradation over the 24 h incubation, as cysteine was not identified even when the “fresh” 
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medium sample was incubated in 6-well plates at 37°C in order to have a directly comparable 

sample to the spent cell medium. Whilst in the reductive environment of the cell cysteine is 

predominant, under oxidative conditions such as in the extracellular environment cysteine 

may dimerise to cystine (Figure 4.7), this may have occurred during the 24 h incubation or 

afterwards during the sample preparation e.g. pH correction, lyophilisation and reconstitution. 

 

 

Figure 4.7. Oxidative dimerisation of L-cysteine to cystine, as a potential reason for the 
absence of cysteine in the NMR metabolomics samples. 

 

Despite the absence of cysteine within the samples, most expected metabolites were 

identified in the medium, with most being above the limit of detection via NMR metabolomics. 

The absence of cysteine and the presence of the additional metabolites found to be produced 

by the cells in this study were also reported by Kostidis et al. (2017) using the same medium, 

but with the thyroid carcinoma cell line BHP2-7.  

 

PCA and OPLS-DA plots highlighted metabolomic differences prior to the assignment of 

individual metabolites. As shown in Figure 4.8 there were significant differences between 

some of the cell lines, for example BEAS-2B with the other cell lines, as well as similarities 

between TT1 and A549. 
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Figure 4.8. PCA plot comparing NMR metabolomic spectra for (1) Fresh medium, (2) A549, (3) 
TT1, (4) BEAS-2B, (5) 16HBE14o- and (6) Calu-3. Data based on 8 replicates for each sample 
type (n=4). 

 

Individual PCA and OPLS-DA plots are included in the appendix, however a summary is 

provided in Table 4.4.  Generally, all cell lines were significantly different following exposure to 

the high pesticide concentration. TT1 and 16HBE14o- were overall the most responsive to the 

range of pesticides. TT1 was the only cell line to respond to 1 µM chlorothalonil and 

16HBE14o- was the only one to respond to 1 µM azoxystrobin, with the latter likely relating to 

its high growth rate and greater sensitivity to mitochondrial inhibition.  
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Table 4.4. Summary of OPLS-DA analysis of NMR metabolomics data, where a significant 
difference between DMSO vs fungicide treatment was if Q2 = ≤ - 0.5 or ≥ 0.5. 

Exposure (µM) A549 TT1 BEAS-2B 16HBE14o- Calu-3 

Acibenzolar-S-Methyl 
 

10  NO NO NO NO NO 

100  YES YES YES YES YES 

Azoxystrobin 
 

1  NO NO NO YES NO 

10  YES YES YES YES YES 

Chlorothalonil 
 

1  NO YES NO NO NO 

10  YES YES YES YES YES 

Isopyrazam 
 

1 NO YES NO YES NO 

10 YES YES YES YES YES 

Propiconazole 
 

10 NO NO NO NO NO 

100 YES YES YES YES YES 

Total no. of OPLS-DA 
significant differences detected 

5/10 7/10 5/10 7/10 5/10 

 

The sensitivity of the selected cell lines to particular pesticides was not reflected in the Alamar 

Blue cytotoxicity assays, where for example following exposure to chlorothalonil 1 µM, TT1 

viability was only 2.5% lower than A549 cell viability, however with the same samples 

significant metabolomic changes (Q2 = ≥ 0.5) in comparison to the DMSO control occurred in 

TT1 but not A549 (Figure 4.9).  

 

 

Figure 4.9.OPLS-DA plots illustrating discrimination of NMR metabolomics spectra for DMSO 
control in blue vs chlorothalonil 1 µM groups, with either (A) A549 or (B) TT1 in red (n=4). 

 

A                                                                                     B 
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Figure 4.10. Differences in basal metabolism for the different cell lines, normalised against a 
fresh medium control. The cluster map shows the fold change of metabolites in comparison 
to fresh medium control. Changes either represent consumption (orange) or production 
(blue). Clusters show where there is a similarity in the changes between metabolites (n=4). 

 

Generally, the extracellular metabolomic profiles of the 5 different cell lines were similar 

(Figure 4.10), but unique enough that each cell line was significantly different to the other 

(data shown in the appendix). 16HBE14o- which was the cell line that divided most rapidly, 

was also the cell line that consumed the most pyruvate, whilst A549 consumed the least 

despite having a significantly faster growth rate than Calu-3 (Figure 4.11). BEAS-2B which is 

significantly different to Calu-3 in terms of phenotype, growth rate and sensitivity to fungicidal 

toxicity was most similar to Calu-3 for its extracellular metabolomic profile. Whilst intracellular 

metabolomics would likely reveal more significant differences between the two bronchial cell 

lines, this was an unexpected result.  
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Figure 4.11. Boxplots showing differences in normalised extracellular lactate concentration 
(n=4). 

 

With A549, many of the identified metabolites did not significantly change following exposure 

to the tested fungicides. Despite this, the overall metabolomic changes that occurred were 

enough to form two major clusters based on whether the profile was significantly different to 

the DMSO control. The low concentrations of all tested fungicides and the high 100 µM 

acibenzolar-S-Methyl exposure formed a cluster which likely represents a negligible change in 

cell phenotype, whilst the other exposures (propiconazole 100 µM and azoxystrobin, 

chlorothalonil and isopyrazam 10 µM) formed a separate cluster indicating a more pronounced 

change in metabolomic profile (Figure 4.12). Generally, this second cluster was associated with 

increased consumption of pyruvate and the amino acids asparagine, phenylalanine, aspartate, 

and tyrosine, along with increased production of lactate and availability of hypoxanthine.  

The most significant changes in the overall metabolomic profile were elicited following 

exposure to 10 µM of azoxystrobin, followed by propiconazole, chlorothalonil and isopyrazam 

10 µM. No significant changes in A549 cell viability were detected for any fungicide exposure 

(≥ 92%), highlighting the sensitivity of NMR metabolomics to detect phenotypic changes at 

subtoxic concentrations. 
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Figure 4.12. Differences in A549 metabolism following 24 h exposure to the different 
fungicides, normalised against the A549 DMSO control. Data shown as fold changes either 
represent consumption (orange) or production (n=4). 

 

The increase in lactate production shown in (Figure 4.13) likely reflects the impact of 

mitochondrial inhibition by azoxystrobin 10 µM, which is known to block electron transport, 

this is also consistent with the increased consumption of glucose and pyruvate. Exposure to 

100 µM propiconazole caused a similar effect however this may relate to 

inhibition/dysregulation of lipid metabolism.  

The increased extracellular concentration of hypoxanthine is observed in comparison to the 

DMSO control was observed with most exposures, and was most evident for the high exposure 

concentrations for azoxystrobin, chlorothalonil, isopyrazam and propiconazole, which caused 

the greatest metabolomic changes. There are a number of potential reasons the observed 

differences in change, which are explored further in the discussion.  
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Figure 4.13. Boxplots showing differences in A549 extracellular pyruvate and lactate 
concentration, following 24 h exposure to DMSO, acibenzolar-s-methyl, azoxystrobin, 
chlorothalonil, isopyrazam or propiconazole. (n=4). 
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Figure 4.14. Differences in TT1 metabolism following 24 h exposure to the different 
fungicides, normalised against the TT1 DMSO control. Data shown as fold changes either 
represent consumption (orange) or production (n=4). 

 

In comparison to A549, for which two independent clusters were formed, fungicide exposures 

with the alveolar type-I like cell line TT1, formed several subdivisions. As shown previously in 

Table 4.4, exposures to acibenzolar-s-methyl 10 µM, azoxystrobin 1 µM and propiconazole 10 

µM were not significantly different to the DMSO control, and these 3 exposures are clustered 

together in Figure 4.14, representing no significant metabolomic change. Of the remaining 

exposures, the overall clustering is more complex and perhaps more informative than those 

shown previously with A549. Again, the most significant changes were caused by the highest 

concentrations of pesticides, however, both isopyrazam exposures (1 & 10 µM) were grouped 

together. Isopyrazam was unique in its ability to increase acetate production (Figure 4.15), this 

effect was also observed in A549 but only at 10 µM, in comparison to TT1.  
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Figure 4.15. Boxplot showing increased acetate production by TT1 following 24 h to 
isopyrazam, in comparison to exposure to DMSO, acibenzolar-s-methyl, azoxystrobin, 
chlorothalonil or propiconazole. (n=4). 

 

In addition to the unique effects of isopyrazam on TT1, the metabolomic profile of the 

acibenzolar-s-methyl 100 µM and the chlorothalonil 1 µM exposure were similar, potentially 

representing irritative effects at these concentrations. In contrast, the high concentration of 

chlorothalonil, which significantly reduced TT1 cell viability as assessed by the Alamar Blue 

assay (~17.9%), gave a unique metabolomic profile. This is likely due to many of the 

metabolites not being consumed or produced as due to cell death, for example lactate 

production was significantly lower in these samples compared to the DMSO control (Figure 

4.16), whilst pyruvate consumption was also greatly reduced, as was amino acid consumption, 

albeit to a lesser extent. 
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 Figure 4.16. Boxplot showing differences in TT1 extracellular pyruvate and lactate 
concentration, following 24 h exposure to DMSO, acibenzolar-s-methyl, azoxystrobin, 
chlorothalonil, isopyrazam or propiconazole. (n=4). 
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The overall metabolomic profile of the azoxystrobin 10 µM, was most similar to the 

isopyrazam exposures, with both these fungicides working via mitochondrial inhibition, the 

reason for increased cystine consumption could not be determined. Spearman’s rank data 

showed that the increased consumption of cystine did not have a strong relationship with 

increased consumption of other amino acids, and therefore this result is not expected to 

reflect increased GSH production or protein synthesis.  Similarly, increased consumption of 

alanine following exposure to chlorothalonil 1 & 10 µM, could not be explained (Figure 4.17), 

however this result was observed in both TT1, BEAS-2B and Calu-3, suggesting a specific 

mechanism. Within the cell medium formulation, alanine was at a low concentration (≤ 50 µM) 

and nearly 10-fold lower than some of the other amino acids, so it may be that whilst this is a 

non-essential amino acid, exposure to chlorothalonil reduces the cell’s ability to synthesise 

more, resulting in greater consumption of extracellular alanine. Reduced consumption of 

extracellular alanine in the case of azoxystrobin may related to reduced metabolic activity due 

to mitochondrial inhibition.  

 

Figure 4.17. Boxplot showing reduced alanine consumption in TT1 following 24 h to 
chlorothalonil, in comparison to exposure to DMSO, acibenzolar-s-methyl, azoxystrobin, 
chlorothalonil or propiconazole (n=4). 
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Figure 4.18. Differences in BEAS-2B metabolism following 24 h exposure to the different 
fungicides, normalised against the BEAS-2B DMSO control. Data shown as fold changes 
either represent consumption (orange) or production (n=4). 

 

Once again, similar to the previously described cell lines, the cluster map grouped the 

fungicides according to metabolomic changes, however with BEAS-2B the pattern varied 

slightly (Figure 4.18). Exposure to isopyrazam 1 µM, acibenzolar-s-methyl 10 µM, azoxystrobin 

1 µM and propiconazole 10 µM did not significantly change the BEAS-2B metabolomic profile 

in comparison to the DMSO control. A second cluster formed based on moderate extracellular 

metabolomic changes produced following exposure to chlorothalonil 1 µM and acibenzolar-s-

methyl 100 µM, this grouping also occurred with the TT1 cell line, based on reduced 

extracellular cystine and increased extracellular hypoxanthine concentrations. Extracellular 

hypoxanthine concentration was 6-fold higher than the DMSO control in BEAS-2B cells 

following exposure to chlorothalonil 10 µM, however, in this case it likely relates to 0% cell 
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viability following this exposure and therefore the negligible consumption of hypoxanthine 

within the medium. This result also corresponds with the high extracellular pyruvate 

concentration and reduced production of lactate. The other exposures caused unique 

metabolomic profiles, however the effect of isopyrazam exposure on acetate production was 

replicated in BEAS-2B. The near complete consumption of extracellular niacinamide was 

observed following exposure to propiconazole 100 µM, with this result occurring with both TT1 

and BEAS-2B but not the other cell lines.   

 

 

Figure 4.19. Boxplot showing increased acetate production by BEAS-2B following 24 h to 
isopyrazam, in comparison to exposure to DMSO, acibenzolar-s-methyl, azoxystrobin, 
chlorothalonil or propiconazole (n=4). 
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Figure 4.20. Differences in 16HBE14o- metabolism following 24 h exposure to the different 
fungicides, normalised against the 16HBE14o- DMSO control. Data shown as fold changes 
either represent consumption (orange) or production (n=4). 

 

The metabolomic data for 16HBE14o- was divided into multiple clusters, representing defined 

changes in cell phenotype following fungicide exposure (Figure 4.20). Most notably, the 

mitochondrial inhibitors azoxystrobin and isopyrazam were group together, both 

concentrations of the former fungicide gave nearly identical responses, whilst isopyrazam 10 

µM was unique in causing increased acetate production, this effect was also observed with 

isopyrazam 1 µM, despite this exposure being grouped in a separate cluster (Figure 4.21). The 

direct grouping of acibenzolar-s-methyl and propiconazole 100 µM is unique to this cell line, 

and likely relates to its distinct phenotypic response to these two fungicides. Whilst not 

observed in the Alamar Blue data as the cells were grown near confluency, acibenzolar-s-

methyl is able to increase cell proliferation (data highlighted and discussed in Chapter 2), 
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similarly propiconazole also causes significant but non-toxic changes to cell phenotype. Whilst 

acibenzolar-s-methyl and propiconazole are classified as the safest based on GHS classification 

in comparison to the other fungicides tested in this study, they are still capable of significant 

changes to cell phenotype. The acibenzolar-s-methyl and propiconazole 10 µM exposures, 

were similar in that these were the only two exposures that did not result in a significant 

decrease in extracellular cystine in comparison to the DMSO control.  

 

 

Figure 4.21. Boxplot showing increased acetate production by 16HBE14o- following 24 h to 
isopyrazam, in comparison to exposure to DMSO, acibenzolar-s-methyl, azoxystrobin, 
chlorothalonil or propiconazole (n=4). 
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Figure 4.22. Differences in Calu-3 metabolism following 24 h exposure to the different 
fungicides, normalised against the Calu-3 DMSO control. Data shown as fold changes either 
represent consumption (orange) or production (n=4). 

 

Generally, the cluster map obtained from Calu-3 data was the least informative in comparison 

to the other cell lines used, with the fewest recorded fold changes following different fungicide 

exposures. This result is consonant with previous data, showing Calu-3 to have both the 

slowest growth rate in addition to being the most resistant to the tested compounds based on 

the dose response curves obtained in Chapter 2.  Additionally, the implications of the 

clustering for metabolomic data was less obvious, for example the mitochondrial inhibitors 

were not grouped together, lactate production only significantly increased in response to the 

highest tested concentrations of azoxystrobin and isopyrazam and pyruvate consumption only 
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significantly increased with the latter fungicide. Despite this, the previously shown effects of 

isopyrazam on acetate production in TT1, BEAS-2B and 16HBE14o- were replicated using the 

Calu-3 cell line (Figure 4.23).  Similarly, the increased consumption of alanine following 

exposure to chlorothalonil 10 µM, which was observed in all cell lines except A549, was also 

shown to occur in Calu-3 (Figure 4.24). 

 

 

Figure 4.23. Boxplot showing increased acetate production by Calu-3 following 24 h to 
isopyrazam, in comparison to exposure to DMSO, acibenzolar-s-methyl, azoxystrobin, 
chlorothalonil or propiconazole (n=4). 
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Figure 4.24. Boxplot showing increased alanine consumption by Calu-3 following 24 h to 
chlorothalonil 10 µM, in comparison to exposure to DMSO, acibenzolar-s-methyl, 
azoxystrobin, chlorothalonil or propiconazole (n=4). 

 

Additionally, hypoxanthine consumption was significantly decreased by over 3.5 fold in Calu-3 

following exposure to azoxystrobin 10 µM, chlorothalonil 10 µM, isopyrazam 10 µM and 

propiconazole 100 µM, with this effect observed in the other cell lines also. 

 

4.5 Discussion 

The different cell lines cultured in this study were chosen to allow the comparison between 

alveolar vs bronchial, as well as “normal” immortalised vs cancer derived. Additionally, they 

contribute to some of the most used cell lines to model the lung epithelium (Selo et al., 2021, 

Forbes and Ehrhardt, 2005, Abraham et al., 2004). The inclusion of a variety of cell lines was 

valuable, as each of the cell lines have different phenotypes and may respond differently to 

xenobiotic toxicity, for example BEAS-2B has been suggested as more sensitive and specific  to 

pulmonary toxicants and so is more predictive of respiratory toxicity than A549 (Lee et al., 

2018). Similar results have been observed with 16HBE14o- being more sensitive to toxicity 

than A549 (Guadagnini et al., 2015), in Chapter 2 the both BEAS-2B and 16HBE14o- were 
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shown to be more sensitive to pesticide toxicity than A549 or Calu-3. Therefore, if NMR 

metabolomics is to be used to assess pesticide-induced changes in cell phenotype, it is prudent 

to be aware of potential intrinsic differences in the cell line used and the subsequent 

implications on sensitivity and selectivity.  

 

The combination of the different cell lines with a range of fungicides with different cytotoxicity 

and mechanisms of action, generated 56 test conditions. This allowed for the evaluation of 

whether NMR metabolomics data may be indicative of pesticide respiratory toxicity, highlight 

potential modes of action related to the perturbation of biochemical pathways, and also if it 

may indicate which cell lines give the most sensitive/identifiable responses. 

 

4.5.1 Comparison of general metabolomic responses between cell lines 

Generally, basal cell metabolism between the cell lines was similar, which is to be expected. 

A549 was unique in that it consumed significantly less alanine or pyruvate than the other cell 

lines (Figure 4.10), which may partially explain why the results for some of the fungicide 

exposures were less pronounced than in the other cell lines (Figure 4.12). The cell lines could 

at least partially be differentiated by their basal metabolism as shown in Figure 4.8, lending 

support for the sensitivity of the model to detect differences in cell phenotype based on the 

extracellular metabolome. Similar applications have previously been explored with regards to 

NMR metabolomics for the identification of cancerous cells or metabolism-associated disease 

biomarkers (Beger, 2013, Bamji-Stocke et al., 2018). 

 

Prior to the identification of specific metabolite changes based on the NMR spectra, significant 

differences between samples were identified using OPLS-DA, with this data summarised in 

Table 4.4. Interestingly, despite the similarities between the cell lines, significant metabolomic 

changes were detected in all following exposure to the highest concentration of each 

pesticide, the normal “immortalised” cell lines 16HBE14o- and TT1 were also responsive to low 

concentrations of fungicides. Both of these cell lines had significant changes to their 

extracellular metabolome following exposure to isopyrazam 1 µM, whilst 16HBE14o- 

responded to azoxystrobin 1 µM and TT1 responded to chlorothalonil 1 µM. These changes 

were at subtoxic concentrations which were not detected by the Alamar Blue cytotoxicity 

assay, or previously in Chapter 2 with the MTT assay. Importantly, these 3 additional fungicide 

exposures which were detected by TT1 and 16HBE14o- represent the most toxic of the 5 

tested fungicides based on their GHS classification. The lowest tested concentrations (10 µM) 
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of the fungicides propiconazole and acibenzolar-s-methyl, which have a lower hazard 

classification (no respiratory concern and may cause respiratory irritation, respectively), did 

not induce significant changes to the extracellular metabolome of any of the cell lines as 

detected by OPLS-DA. Whilst further validation of this approach is needed with a wider range 

of compounds, these results do suggest that NMR metabolomics may be valuable in 

determining the potential hazard of inhaled fungicides, particularly with realistic exposure 

concentrations (≤10 µM). 

 

Even with the least sensitive cell line Calu-3, for which metabolomic changes were less 

obvious, significant changes were detected at concentrations lower than observed with 

previous assays in Chapter 2 & 3. However, the results presented in this study, do highlight 

that 16HBE14o- and TT1 may be preferable cell models in comparison to the other bronchial 

and alveolar cell lines used, due to their increased sensitivity. 

 

4.5.2 Metabolites of interest & potential modes of action for toxicity 

The use of extracellular rather than intracellular metabolomics allowed for a higher 

throughput, due to reduced sample preparation time (based on requirements of cell number, 

sample extraction, etc). Countering this, it is slightly less informative than assessment of the 

intracellular metabolome due to the reduced number of metabolites detected. For example 

using a similar protocol Kostidis et al. (2017) detected 45 extracellular metabolites and 65 

intracellular metabolites. Whilst only 34 extracellular metabolites were detected in this 

present study, this is likely due to the exclusion of foetal bovine serum (FBS) from the medium 

(justification included in the methods section), with FBS being identified as the source of at 

least 6 metabolites identified in the other study. The use of intracellular metabolomics would 

have allowed the quantification glutathione and a range of phospholipids, which may be of 

particular value particularly for pesticides that stimulate ROS generation, are detoxified by 

glutathione conjugation (i.e. azoxystrobin & chlorothalonil) or directly affect lipid metabolism 

(such as 14ɑ-demethylation inhibitors like propiconazole). However, the use of extracellular 

metabolomics was found to be suitable for the outlined experimental aims, feasible in terms of 

throughput and allowed the cell samples to be stored for further analysis if necessary (i.e. 

mRNA analysis or intracellular metabolomics by LC-MS/NMR). 

 

Based on the data provided in this study several metabolites of interest were identified. The 

effects of either mitochondrial inhibition by isopyrazam and azoxystrobin or induction of cell 
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proliferation by acibenzolar-s-methyl and propiconazole, were most obvious in 16HBE14o-, 

followed by TT1. Whilst both effects corresponded to increased consumption of pyruvate and 

increased production of lactate, the distinction of these phenotypic changes was clear when 

contextualised with previous MTT cell viability data and the greater reliance on glucose 

consumption in the case of mitochondrial inhibition in 16HBE14o-.  Additionally, the 

production of acetate was significantly increased in all cell lines other than A549, following 

exposure to the succinate dehydrogenase inhibitor isopyrazam. This likely related to the 

interruption of the Krebs cycle, with excess acetate eventually being released extracellularly. 

Although the exact mechanism is unknown, it may be that as the Krebs cycle is inhibited, 

acetyl-CoA is hydrolysed to acetate which is then released extracellularly, this mechanism has 

been proposed in vivo for the release of acetate into the circulatory system (Knowles et al., 

1974). More recently, increased extracellular acetate has been linked to reactions coupled 

with mitochondrial function (Liu et al., 2018), whereby pyruvate is converted to acetate which 

is used to synthesise acetyl-CoA for use in lipogenesis or acetylation (with excess acetate 

secreted extracellularly). As isopyrazam-induced acetate production was associated with 

increase pyruvate consumption, and the pesticide is a known mitochondrial inhibitor this may 

be a more likely mechanism. Additionally, this mechanism was shown to occur during 

mitochondrial dysfunction, and the conversion of pyruvate to acetate was shown to occur via 

coupling with ROS, this may be the case following isopyrazam exposure, as this fungicide has 

been shown to cause oxidative stress in vivo (Yao et al., 2018). However, this does not fully 

explain why acetate production was not increased following exposure to the mitochondrial 

inhibitor azoxystrobin.  

Whilst increased acetate production was unique to exposure to isopyrazam, chlorothalonil 

specifically caused an increase in alanine consumption, with this effect most evident in TT1 

(Figure 4.17), partially explaining the significant changes to the metabolome of this cell line 

following exposure to both chlorothalonil 1 and 10 µM. As basal consumption of alanine by 

A549 was shown to be significantly lower than in TT1, this may be one reason that 

metabolomic changes in A549 are less obvious following exposure to chlorothalonil 1 µM 

(Figure 4.9). Whilst chlorothalonil 10 µM exposure significantly reduced TT1 viability (17.9% 

based on Alamar Blue data), the depletion of alanine, likely took place before cell death both 

as it is not released back into the cell medium and also as Calu-3 which experienced no decline 

in cell viability with this exposure, also had significantly lower extracellular alanine in 

comparison to the DMSO control. Whilst the reason for increased alanine consumption could 

not be determined, most of the other amino acids were in excess whilst alanine was limited, 
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which may also explain why no relationship could be established between the other amino 

acids and alanine consumption. It is also possible that chlorothalonil either inhibited enzymes 

needed for the biosynthesis of alanine or due to non-specific protein binding of chlorothalonil, 

the cells required alanine to synthesise new proteins.  

 

Another metabolite of interest was niacinamide, which was almost completely consumed 

following exposure to propiconazole 100 µM, but only in TT1 and BEAS-2B. Niacinamide is a 

precursor to NADP+ which is used intracellularly in a multitude of redox reactions, therefore 

the specific cause of this change could not be identified. Finally, two sensitive biomarkers of 

metabolomic change were cystine and hypoxanthine. The mechanism could not be identified 

but cystine consumption was significantly increased in all the non-cancer derived immortalised 

cell lines following exposure to the highest tested concentration of azoxystrobin, acibenzolar-s-

methyl, chlorothalonil and propiconazole. This effect may relate to increased ROS or redox 

reactions, with cystine being converted to cysteine intracellularly (Figure 4.7). 

The extracellular concentration of hypoxanthine was frequently higher in fungicide exposed 

samples in comparison to the DMSO control, this effect was observed regardless of the cell line 

used (Figure 4.12-Figure 4.22). There are many possible reasons for this, the first being that 

healthy and actively dividing cells consumed more of this as part of purine metabolism or an 

intermediate for DNA synthesis. However, even in samples for which cell proliferation was 

expected to increase (such as 16HBE14o- exposed to acibenzolar-s-methyl), there was still a 

higher hypoxanthine concentration than in the DMSO control. 

 

Another potential reason is that xanthine oxidase is a superoxide-producing enzyme which 

may oxidise hypoxanthine to xanthine and in the process create ROS, and reduced activity of 

this enzyme may help decrease endogenous ROS formation, with this being protective in cells 

exposed to various xenobiotics  (Park et al., 2009, Kayyali et al., 2003, Saito et al., 2005). 

Whilst, further studies would be required to determine the cause of increased extracellular 

hypoxanthine, it is of interest as this has been explored in vivo as a biomarker of acute 

respiratory distress syndrome, oxidative stress (Quinlan et al., 1997, Zhang et al., 2000). 

Additionally two in vivo metabolomic studies also identified it as a biomarker of acute lung 

injury in rats and mice, with the latter study describing a similar increase in extracellular 

hypoxanthine (Cui et al., 2016, Xiong et al., 2018).  
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Although the results of metabolite changes were sometimes challenging to interpret or relate 

to particular biochemical pathways, the data did highlight specific metabolomic changes 

following fungicide exposure, which were sensitive and reproduceable across the different cell 

lines. From a risk assessment perspective, even prior to metabolite identification, the use of 

metabolomics in the form of OPLS-DA data is useful in determining potential phenotypic 

changes, that may be more sensitive for determining the NOAEL than other assays. 

Furthermore, with the identification of metabolites the mechanism of action for pesticide 

toxicity may start to be explored further. 

 

4.6 Conclusion 

In summary NMR metabolomics represents a promising method for determining changes to 

cell phenotype following sub-cytotoxic fungicide exposure. Whilst other methods such as LC-

MS or even intracellular NMR metabolomics may be more informative due to increased 

sensitivity and the quantification of a wider range of metabolites, which may be of particular 

benefit to elucidating potential toxicity mechanisms and adverse outcome pathways, this 

current method provides the benefit of being sensitive enough to identify changes in 

metabolomic response between chemical compounds and across cell lines. In addition it also 

allows greater sample throughput due to reduced sample preparation. Additionally, the data 

presented in this study provides initial evidence of metabolomic differences between the non-

cancer derived and cancer derived cell lines commonly used to model the respiratory 

epithelium, both in terms of basal metabolism and following fungicide exposure. This may 

inform future metabolomic experiments with these models and may also highlight NMR 

metabolomics as a useful method for determining the similarities between these models and 

their primary cell alternatives. The outlined metabolomic method for the detection of 

phenotypic changes to the cell lines following exposure to occupationally relevant 

concentrations, as determined in the previous chapter, may be of use for future risk 

assessments.  
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General Discussion 

 

5.1 Original Premise 

Chemical risk assessments are a necessary component of regulating xenobiotic exposures 

within the occupational and environmental setting. The importance of this is highlighted by 

the number of regulatory bodies responsible, including the US Environmental Protection 

Agency founded in 1970, the European Food Safety Authority established in 2002 and the 

European Chemicals Agency formed in 2007 (Herman et al., 2019, Lewis, 1985, Martin and 

Julian, 2020). Whilst various chemicals are regulated at a national level, the use of a globally 

harmonised system for the classification and labelling of chemicals (GHS) allows for the 

classification of chemicals based on toxicological assessments for relative hazard (Winder et 

al., 2005). As inhalation exposure represents one of the three main chemical exposure routes; 

acute toxicity data is required and currently this relies on the use of in vivo rodent models. This 

is both expensive and time demanding and so there has been an increased focus on alternative 

approaches (Clippinger et al., 2018b), including toxicokinetic modelling for chemical risk 

assessment (Andersen, 2003). Currently, this approach is more established for oral exposures, 

but they are likely to become relevant to the assessment if inhaled toxicology in the future. 

 

Currently, the European Food Safety Authority (EFSA) state that pesticide respiratory 

bioavailability must be assumed to be 100% (EFSA, 2014b), and whilst this is a conservative 

approach, research methods that suggest more appropriate, evidence-based estimates hare 

required. More recently EFSA have shown a greater willingness for the use of mechanistic 

evidence in regulatory pesticide risk assessment (Pelkonen et al., 2019), and other regulatory 

bodies such as the EPA and OECD have also shown increased receptiveness to the use of in 

vitro models for chemical risk assessments (Corley et al., 2021, Jackson et al., 2018, Natsch et 

al., 2021). Based on the available literature, it seems likely that current occupational exposure 

risk assessments can be approved by utilising an evidence-based approach considering: 

regional aerosol deposition, the suitability of in vitro models to predict respiratory toxicity and 

transepithelial permeability, the use of in silico models to predict respiratory toxicokinetics and 

the contextualisation of in vitro toxicity data based on realistic exposure concentrations. The 
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work in this thesis aimed to explore these issues, with the aim of improving pesticide exposure 

risk assessments for occupational inhalation.  

The pesticides used in this study, include; acibenzolar-s-methyl, abamectin, azoxystrobin, 

chlorothalonil, diquat, isopyrazam, pinoxaden, propiconazole and prosulfocarb, which 

represent some of the most commonly sprayed pesticides globally (Casida and Bryant, 2017, 

Singh and Merchant, 2012, European Food Safety et al., 2020). Each of the selected pesticides 

is from a different chemical class and has a unique mode of action. The compounds of interest 

were selected to give variable toxicity within the different cell line models used. The effect of 

aerosol deposition, and different physicochemical properties of the inhaled pesticide on 

respiratory toxicokinetics was explored further using the semi-mechanistic Mimetikos 

Preludium in silico model.  Additional insights into the significance of this predicted exposure 

data were gained through additional toxicity assays and the assessment of changes to cell 

phenotype using extracellular 1H-NMR metabolomics.  

 

5.2 Local respiratory toxicity and bioavailability of inhaled pesticides  

The aims of this thesis were achieved by exploring the suitability of in vitro models to estimate 

respiratory cytotoxicity, in addition to xenobiotic permeability and metabolism, along with the 

in silico prediction of respiratory toxicokinetics. The key findings are outlined below in relation 

to the experiments within this thesis. 

 

In Chapter 2, the main research question centred around which in vitro model was most 

suitable for the study of local toxicity, transepithelial permeability and in situ metabolism. The 

data clearly highlighted Calu-3 to be the most suitable for transepithelial permeability 

measurements, based on tight junction function, TEER values and exclusion of paracellular 

permeability markers (sodium fluorescein and FITC dextran MW-4000). This conclusion is 

strongly supported by the literature, which highlight it is a representative model of the 

bronchial epithelial barrier and well suited for xenobiotic permeability assays (Kreft et al., 

2015a, Inoue et al., 2020b, Grainger et al., 2006). In contrast, whilst the permeability barrier 

formed by TT1 excluded sodium fluorescein to a similar extent as Calu-3 and the TT1 TEER 

values achieved were double those reported by van den Bogaard et al. (2009), confocal 

microscopy failed to show well defined or functional expression of ZO-1. Furthermore, other 

efforts to increase TT1 barrier function, including pre-coating with basement membrane 

extract, coculturing with 3T3 or the addition of synthetic lung fluid apically, did not elicit more 

positive results. In contrast the acellular permeability barriers formed by PAMPA and the novel 
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rat lung lipid extract method, showed comparable exclusion of the hydrophilic paracellular 

permeability markers sodium fluorescein and FITC dextran MW-4000. A549 yielded results 

comparable to those reported by other researchers and were, therefore, not ideal for 

xenobiotic permeability. Similarly, RPMI-2650 yielded low TEER values, as has been reported 

previously, however methods to improve upon this e.g. supplementation with retinoic acid or 

hydrocortisone, were not attempted (Bai et al., 2008, Kürti et al., 2013). Despite the low TEER 

values, these were in the range reported for human excised nasal mucosa (40-120 Ω.cm2), 

which have also been found to correlate with the primary nasal epithelial MucilAir model 

(Sibinovska et al., 2019), therefore it may still prove useful for future studies on the nasal 

epithelium.  

 

In addition to the suitability of Calu-3 for studying xenobiotic permeability, functional enzyme 

activity studies presented in this thesis also revealed it to be the most suitable for studying 

xenobiotic metabolism. Crucially, of the respiratory epithelial cell lines it was the only one with 

combined functional expression of both CYP2B6 and CYP3A5, with these enzymes contributing 

considerably to pesticide metabolism for a wide range of substrates (Abass et al., 2012, 

Hodgson and Rose, 2007). Although A549 did have functional CYP3A5 activity, which has also 

been reported by other researchers (Wu et al., 2017, Hukkanen et al., 2000), this was 

significantly lower than Calu-3 overall. The overall enzyme activity profile of A549 was also 

considerably less than the type I like alveolar cell line TT1, particularly for CYP1A2, NQO1 and 

GST. Providing initial evidence that TT1 might be a more suitable model the assessment of 

alveolar xenobiotic metabolism. 

 

TT1, was also more sensitive to pesticide cytotoxicity than A549, as assessed by the MTT assay 

for the 8 different pesticides. This was found to be the case for all the non-cancer derived cell 

lines, suggesting that as A549, Calu-3 and RPMI-2650 are more resistant to pesticide 

cytotoxicity than BEAS-2B, TT1 and 16HBE14o- which might therefore represent more sensitive 

and suitable models for toxicity risk assessments. The results support Calu-3 being used as a 

permeability and metabolism model of the bronchial epithelium, as has been stated in the 

literature (Ehrhardt et al., 2008, Enlo-Scott et al., 2021b), however, it also highlights that TT1, 

BEAS-2B or 16HBE14o- may be better suited for toxicity assays due to their increased 

sensitivity.  Overall, the research objectives in Chapter 2, were achieved and the findings were 

employed in the experimental design of Chapter 3.  
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The key objective of Chapter 3, was to illustrate an evidence-based approach for the 

prediction of the respiratory bioavailability of pesticides inhaled during occupational exposure. 

This objective built on the preliminary data obtained in the previous chapter, which identified 

4 potential permeability barriers (Calu-3, Caco-2, PAMPA and rat lung lipid extract) suitable for 

providing permeability data which can be integrated with the in silico modelling approaches. 

 

Through the use of deposition modelling, along with the input of data obtained experimentally 

in vitro, the predicted respiratory bioavailability was shown to vary significantly dependent on 

the physicochemical properties of the pesticide. This provides strength to the hypothesis that 

respiratory bioavailability is unlikely to be 100% for a realistic occupational exposure, and is 

instead determined by regional aerosol deposition, physicochemical properties of the pesticide 

and their interaction with physiologically relevant processes such as transepithelial 

permeability, tissue and plasma protein binding. This was especially evident in the case of 

chlorothalonil, for which in vitro measurements were particularly important, as chemical 

reactivity and increased protein binding was not predicted by the in silico pCEL-X model.  

Overall, in the absence of in vitro data, the pCEL-X model was highlighted as a useful 

alternative, both for the tested compounds and also for highlighting how potential xenobiotic 

metabolism may reduce their passive permeability.  

 

The prediction of luminal and epithelial concentrations of the tested fungicides, provided 

context for the in vitro toxicity assays performed in Chapter 2, including the potential for 

epithelial damage illustrated in Chapter 3, and also ensured that subsequent experiments 

performed in Chapter 4 included relevant test concentrations of 1 μM and 10 μM (100 μM 

exposures were only used in the cases of acibenzolar-s-methyl and propiconazole, to 

demonstrate that metabolomic changes do occur, albeit not at relevant exposure 

concentrations). 

 

Finally,  in Chapter 4 the main research objective was to explore if NMR metabolomics was a 

sensitive measure of changes to lung cell phenotype following pesticide exposure at subtoxic 

concentrations. This objective was accomplished, with the caveat that only the extracellular 

metabolome was tested, and a greater number of metabolites (and potentially greater 

sensitivity to phenotypic changes) might have been achieved by also including the intracellular 

metabolome, or LC-MS based approaches had been adopted. Of interest, prior to metabolite 

identification, PCA and OPLS-DA statistical analysis revealed that each cell line was significantly 
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different to each other based on their extracellular metabolome (complete set of OPLS-DA 

data shown in the appendix). This provided initial support for this experimental method being 

sensitive to differences in cell phenotype, as it was capable of discriminating NMR spectral 

differences between the different cell lines. Whilst this has been demonstrated for 

comparisons between normal and cancerous cells (Bernacchioni et al., 2017, Čuperlović-Culf et 

al., 2010a), the data in the study presents the first data comparing this combination of 

respiratory epithelial cell lines. 

 

Overall, the data presented in this study highlighted that subtoxic changes in cell phenotype 

could be identified by NMR metabolomics following fungicide challenge. Furthermore, that the 

cell lines responded differently depending on the fungicide, for example metabolomic changes 

in 16HBE14o- were more evident following exposure to 1 μM azoxystrobin than for any other 

cell line, whilst changes in extracellular alanine were most commonly observed in A549 cells. 

However, an additional research question was whether the “normal” immortalised cell lines 

would be more sensitive than the cancer-derived cell lines to the fungicides, as had been 

observed in prior toxicity assays. Whilst the use of “normal” immortalised cell lines TT1 and 

16HBE14o- resulted in significant phenotypic changes for 7/10 of the exposures, the other cell 

lines only detected 5/10, however a wider range of test compounds and exposure 

concentrations is needed to confirm this result. It is notable however, that no phenotypic 

changes were detected in any of the cell lines following exposure to 10 μM acibenzolar-s-

methyl and propiconazole, the fungicides with the lowest toxicity and GHS classification.  

 

5.3 Contribution to knowledge 

The existing literature has extensively explored the applicability of in vitro respiratory models 

for toxicity and absorption testing, from the perspective of inhaled drug delivery. This thesis, 

applies many of these techniques for their application to pesticide related occupational risk 

assessments, for which the methods highlighted in Chapters 2-4 have typically not been 

applied previously. Overall, the presented data highlights an evidence-based approach that 

with further validation, may be used to improve predictions of respiratory toxicity and 

bioavailability, to inform occupational exposure risk assessments and in the long-term reduce, 

replace or refine the use of animal models currently used for this purpose. 

 

More specifically, the data included in this thesis makes several new contributions to the field. 

This thesis presents the first functional activity studies of xenobiotic metabolising enzyme 
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(XME) activity in the alveolar model TT1, which was shown to have a comparatively wider 

enzyme expression profile than the more commonly used A549 alveolar model. Similarly, 

although BEAS-2B is more widely used, it also highlights the suitability of Calu-3 as a bronchial 

metabolism model, although this has been shown partially based on CYP mRNA data (Ehrhardt 

et al., 2008, Oesch et al., 2019), this study confirms this based on functional activity, and also 

includes NQO1 and GST activity. Additionally, whilst XME data has been published in terms of 

mRNA transcripts and western blotting, functional activity data for this range of respiratory 

epithelial cell lines is less widely available (Enlo-Scott et al., 2021a, Oesch et al., 2019). 

Importantly, the method developed in this thesis which involved producing S9 fraction from 

the harvested epithelial cell lines, resulted in concentrated lung relevant XME samples with 

significantly higher functional activity over commercially available lung S9 (data shown in the 

appendix). Lung epithelial S9 is likely an improved method for determining lung epithelial 

metabolism, compared with commercially available lung S9, which is taken from whole lung 

homogenate and therefore diluted with non-metabolically competent cells. 

With regards to TT1 cells, the data presented in this thesis is one of the few studies to 

experimentally determine its suitability as a permeability barrier and the first to attempt to 

look at P-glycoprotein activity in this model (van den Bogaard et al., 2009). 

Whilst the approach in Chapter 3, is relatively common for drug delivery it is novel for 

occupational exposure assessments for pesticides, although there is emerging work 

investigating an evidence-based approach with regards to pesticide aerosol deposition and 

epithelial exposure concentrations (Corley et al., 2021). Furthermore, the developed 

procedures for the lung lipid extract model and for the prediction of airway surface liquid 

binding are novel. Particularly, for the ASL binding assay, the importance of this data to in silico 

modelling and implications for xenobiotic bioavailability and the extent of mucociliary 

clearance should not be understated.  

Finally, the data presented in Chapter 4 provides one of the few metabolomic comparisons 

between respiratory epithelial cell lines and provides novel data not just in regards to 

pesticide-induced phenotypic changes, but also more generally as an approach to assessing 

differences in lung epithelial cell phenotype (either between different models, or following 

xenobiotic exposure to a range of chemicals). This lends additional support to research 

investigating the suitability of metabolomic approaches for regulatory toxicology applications 

or chemical risk assessment (Hernández-Mesa et al., 2021, Olesti et al., 2021). 
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Despite some experimental limitations and the need for future work, the above represents 

several contributions to the existing literature, particularly with regards to in vitro respiratory 

toxicity, absorption, and metabolism models. 

 

5.4 Experimental limitations 

Ideally many of the results presented in Chapter 2 would include direct comparisons with 

primary cells, this was unfortunately limited by resource availability and time constraints 

(based on the 6 respiratory epithelial cell lines that were tested). However, comparison against 

literature data was considered sufficient to ensure that the data obtained for the cell lines was 

comparable to what might be found in vivo.  

Additionally, for the testing of P-glycoprotein activity in TT1, the study would have benefited 

from a lower Rh-123 concentration, i.e. 1-5 μM to avoid potentially saturating P-glycoprotein, 

particularly where expression is likely lower than for other cell lines such as Caco-2. Additional 

experiments, looking not only at bidirectional transport but also efflux/accumulation would 

complement this data. Ideally, MRP2 and BRCP activity would have also been studied. 

 

For the metabolism-based experiments, whilst the data presented in Chapter 2 highlights 

functional activity of the specific enzymes studied, in Chapter 3 had the resources been 

available pesticide metabolite identification by LC-MS following azoxystrobin, chlorothalonil or 

propiconazole incubation with Calu-3 would have been valuable. The use of radiolabelled 

pesticides was deemed suitable to exclude the effects of metabolites not being detected in the 

basolateral samples, and whilst this was ideal from a permeability perspective, data showing 

pesticide metabolism via a bronchial cell line would have provided a direct example of non-

absorptive clearance, rather than using surrogate readouts based on standard markers 

(resorufin-based CYP substrates).  

With regards to Chapter 3, the use of an in vivo study investigating differences in respiratory 

bioavailability based on pesticide physicochemical properties, would have proved very 

valuable as a method for validating the in vitro-in silico approach. This will likely represent a 

major focus for future experiments. 

Overall, for Chapter 4, the main limitation was that intracellular metabolomics was not 

studied, as this would have provided a greater range of identified metabolites, including the 

ability to look at glutathione depletion (the mode of action for chlorothalonil) in addition to 

changes in intracellular lipids (which may have been affected by low concentrations of 
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propiconazole). Intracellular metabolomics was not performed due to the requirement to 

culture a considerably larger volume of cells to obtain a sample, in addition to the extra 

processing time and equipment required to extract and purify the NMR sample. This would 

have significantly reduced the number of samples that could have been analysed, and 

therefore with the time and resources available it was more prudent to focus on the 

extracellular metabolome, which preliminary experiments had highlighted as being capable of 

elucidating differences in phenotype, albeit slightly less informative due to the reduced 

number of metabolites identified. Although the equipment was not accessible at the time the 

research was performed, the above issue may be circumvented by using LC-MS metabolomics, 

which is readily available in other labs and for which a smaller volume of sample is required 

due to the technique’s increased sensitivity. Additionally, the study would have benefited from 

a wider range of test concentrations, to allow for a dose response curve to be obtained. 

Once again, the use of primary cells would have proved valuable to explore, if the cell lines 

were comparably sensitive to pesticide-induced changes to the metabolome, and also to 

explore if the “normal” immortalised cell lines used in this study had a metabolome more 

similar to primary alveolar/bronchiolar cells than the cancer-derived cell lines. Despite these 

limitations, the findings presented from the existing experimental work, highlight several 

interesting research avenues for future experiments.  

 

5.5 Future work 

With regards to experimental work, the primary focus for future work should centre around 

the further characterisation of the in vitro models used, and the validation of the approaches 

used, either through replication of the findings in primary epithelial cells or highlighting an in 

vitro-in vivo correlation for the toxicokinetic aspect of the work. The key aspects of the 

experimental work are summarised in Table 5.1. The necessity for this research relates to the 

need to further explore the suitability of the models used, but also consideration of the precise 

requirements for future chemical risk assessments and regulatory toxicology, i.e. 

standardisation and more extensive validation. Central to the decision-making process will be 

modelling the exposure and toxicokinetics of the inhaled xenobiotic, followed by 

toxicodynamic considerations such as chemical-induced molecular initiating events or cellular 

key events, that have implications on an tissue/organ level. The approach highlighted in this 

thesis includes aspects of this, but may be expanded upon further, as components of a 

regulatory decision tree for classifying the extent of the hazard posed by the inhaled 

xenobiotic (Clippinger et al., 2018a). 
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Table 5.1. Summary of possible future research considerations, referencing similar work or 
suggestions from other researchers in the field, with relevance to the techniques used in this 
thesis and improvements necessary to better predict respiratory toxicity and bioavailability.  

General research Specific improvements Reference 

Non-absorptive 

clearance 

mechanisms 

 

Further characterisation of xenobiotic 

metabolism and drug transporters by 

respiratory epithelial cells, focusing on 

functional activity and relevant exposure 

concentrations. 

 

Assessment of mucociliary clearance in vitro. 

(Ehrhardt et al., 

2017, Enlo-Scott et 

al., 2021a, Oesch et 

al., 2019) 

 

 

(Inoue et al., 2018) 

Rat lung lipid extract Lipidomic analysis to identify key lipids in the 

lung lipid extract to create a defined lung 

relevant PAMPA formulation. A synthetic 

formulation will increase throughput and 

reduce both biological variability and the use 

of animal tissue. 

 

Evaluate correlation with in vivo data for 

compounds that are not actively transported.  

(Abbott et al., 

2013) 

 

 

 

 

 

(Bicker et al., 2016) 

In vivo toxicokinetic 

studies 

In vivo studies would be useful for validation 

of the PBPK model, with regards to differences 

in pesticide bioavailability. This would also 

provide inputs for clearance parameters. 

(Lin et al., 2017, 

Ren et al., 2021) 

In silico prediction of 

toxicity, metabolism 

and permeability 

Test a wider range of compounds to confirm 

“predictiveness” between in vitro and in vivo 

data.  

(Enlo-Scott et al., 

2021a, Kirchmair et 

al., 2015, Yusof et 

al., 2014) 

Metabolomics Combination of extracellular and intracellular 

metabolomics. To better encompass the full 

range of metabolomic changes.  

 

Evaluation of a greater range of test 

concentrations to identify the NOEL/NOAEL. 

(Kostidis et al., 

2017) 

 

 

(Keller et al., 2019) 
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5.6 Conclusion 

The data presented in this thesis provides evidence that respiratory toxicity and bioavailability 

in an occupational exposure setting is highly dependent on the exposure scenario and 

compound of interest. The suite of in vitro models used in this thesis, along with the in silico 

modelling approach, demonstrate their suitability for informing occupational risk assessments, 

and predicting the toxicokinetic fate of inhaled pesticides. 

The selection of physiologically relevant in vitro models of the respiratory tract are key and the 

data highlights that whilst Calu-3 may be useful for metabolism and permeability studies, the 

use of non-cancer derived cell lines for studying toxicity may be beneficial due to increased 

xenobiotic sensitivity.  

Additionally, with regards to the body of evidence presented in this thesis based on in vitro 

and in silico data, it is clear that respiratory bioavailability varies significantly based on regional 

aerosol deposition, and competing ADME interactions, including non-absorptive clearance 

mechanisms. Where the MMAD of the pesticide aerosol is 35 μm (GSD =1.5), based on the 

extent of aerosol deposition in the upper respiratory tract, respiratory absorption is unlikely to 

be 100%, but overall bioavailability may approach this in cases where significant mucociliary 

clearance  followed by high oral bioavailability is the case (for example with propiconazole). 

Furthermore, toxicokinetic data other than bioavailability predictions are of great relevance to 

occupational exposure assessments. The in silico prediction of relevant pesticide 

concentrations at the epithelial surface of the respiratory tract, provided valuable information 

in contextualising the effects observed in vitro, including cytotoxicity, XME 

induction/inhibition, glutathione depletion, mitochondrial inhibition, epithelial damage and 

metabolomic changes. The cellular effects observed following exposure to azoxystrobin, 

chlorothalonil and isopyrazam (≤ 10 μM) observed by NMR metabolomics, reveal this to be a 

method that can contribute to inhaled chemical risk assessments and aid in the elucidation of 

potential mechanisms of toxicity. Despite the need for further studies including a wider range 

of test concentrations and the use of intracellular metabolomics in combination with other 

markers of adverse response, this method provides initial support for the identification of 

extensive biochemical changes to cell phenotype, along with defined effects such as 

mitochondrial inhibition. 

Overall, the work presented in this thesis, provides a solid foundation for future research in 

this area, and strong arguments for further incorporation of in vitro and in silico models for 

respiratory occupational exposure risk assessments and regulatory toxicology.  
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Appendix 

Supplementary data (I) 

MTT calibration curves, used to determine cell seeding density for MTT cytotoxicity assays 

 

 

 

 

 

 

 

 

 

 

Figure 0.1. Calibration curves, plotting UV absorbance against cell number for (A) A549 or (B) 
RPMI-2650, following a 4 h incubation with MTT. Data represented as mean ± SD (n=3).  

 

Data for the other MTT assays is summarised in Table 0.1, the listed passage numbers were 

used for all experiments described in Chapter 2-4, with the exception of Calu-3 for which lower 

passage numbers (P20-25) and P7-10) were used in Chapter 3 and 4 respectively. Caco-2 cells 

used in Chapter 2-3, were also of a low passage number (P20-25). 

 

Table 0.1. Details for MTT calibration curves, including passage number, linear range and R2 
value (showing correlation between UV absorbance and cell number. 

Cell line (Passage no.) Linear range (cells/well) R2 

A549 (P50 – 60) 62.5 - 5000 0.989 

BEAS-2B (P+3 – P+10) 313 - 20,000 0.995 

Calu-3 (P50 – P60) 1563 – 50,000 0.994 

RPMI-2650 (P+10 – P+20) 1563 - 50,000 0.973 

TT1 (P+3 – P+10) 313 - 10,000 0.979 

16HBE14o- (P25 – P34) 313 - 5,000 0.992 
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Human lung S9 fraction details, obtained commercially from Xenotech.  

 

Table 0.2. Human lung S9 fraction information. Donor details, serology information and 
enzyme activities, reported by XenoTech (Sample: H0610.PS9(NS)).  

Sample Gender Age Race Cause of Death Smoked 
within past 
10 years? 

3 Male 75 Caucasian Cerebrovascular accident No 

17 Female 37 Caucasian Cerebrovascular accident No 

22 Female 49 African American Head trauma No 

30 Male 22 Hispanic Head trauma No 

 

Serology information 
Cytomegalovirus: 3 donors tested positive and 1 donor tested negative. 
 
All donors tested negative for Rapid Plasma Reagin, antibody to Human Immunodeficiency 
Virus, Hepatitis B Surface Antigen and antibody to Hepatitis C Virus. 

 

Enzyme activities Rate 

NADPH-cytochrome c reductase 4.87 ± 0.00 (nmol/mg protein/min) 

7-Ethoxyresorufin O-dealkylation 0.88 (pmol/mg protein/min) 

Phenacetin O-dealkylation 1.46 ± 0.18 (pmol/mg protein/min) 

Glucuronidation of 4-
Methylumbelliferone 

< 0.1 (nmol/mg protein/min) 

 

The BCA assay was used to normal protein concentration for S9 fraction harvested from 

respiratory epithelial cell lines. Once diluted 1 mg/mL stocks were frozen, and later diluted to a 

final protein concentration of 0.5 mg/mL for the enzyme activity assays. 
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Figure 0.2. Bicinchoninic acid (BCA) assay calibration curve, showing linearity between 
protein concentration and UV absorbance. Bovine serum albumin was used as the protein 
standard. Data represented as mean ± SD (n=3) 
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Functional activity data, for the individual xenobiotic metabolising enzymes 

Commercially available human lung S9 was compared against S9 obtained from respiratory 

epithelial cell lines. 
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Figure 0.3. (A) CYP1A1 and (B) CYP1A2 functional activity using the EROD and MROD assay, 
respectively. S9 fraction from respiratory epithelial cell lines or human lung S9 were used as 
the enzyme source. Data represented as mean ± SD (n=3) 
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Figure 0.4. (A) CYP2B6 and (B) CYP3A4 functional activity using the PROD and BROD assay, 
respectively. S9 fraction from respiratory epithelial cell lines or human lung S9 were used as 
the enzyme source. Data represented as mean ± SD (n=3) 

 

 

 

 

 

 

A
54

9
TT1

B
EA

S

16
H
B
E14

o-

C
al

u-3

R
P
M

I

C
ac

o-2

Lung S
9

0.0001

0.001

0.01

0.1

1

CYP3A4 (BROD)

n
m

o
l 
re

s
o

ru
fi

n
/m

in
/m

g
 p

ro
te

in

0.8% DMSO

CYP3cide 1 μM

A
54

9
TT1

B
EA

S

16
H
B
E14

o-

C
al

u-3

R
P
M

I

C
ac

o-2

Lung S
9

0.01

0.1

1

CYP2B6 (PROD)

n
m

o
l 
re

s
o

ru
fi

n
/m

in
/m

g
 p

ro
te

in

✱✱✱✱
0.8% DMSO

Setraline 10 μM

✱



- 223 - 
 

A 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

Figure 0.5. (A) CYP3A5 and (B) NQO1 functional activity using the BROD and resorufin assay, 
respectively. S9 fraction from respiratory epithelial cell lines or human lung S9 were used as 
the enzyme source. Data represented as mean ± SD (n=3) 
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Figure 0.6. GST functional activity using CDNB assay with and without the GST inhibitor 
ethacrynic acid 20 μM. (A) includes a comparison of the different S9 fractions, (B) highlights 
the kinetic assay for human lung S9. Data represented as mean ± SD (n=3) 
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Supplementary data (II) 

Additional predicted aerosol deposition data (regional deposition in the respiratory tract)  

 

 

 

 

 

 

  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0.7. Predicted regional lung deposition data for the generations of the 
tracheobronchial tree (based on the Weibel model) and also the % deposited in the 
extrathoracic region or exhaled. Data predicted using Mimetikos Preludium, for ambient 
aerosols with a median mass aerodynamic diameter of (A) 4 μm, (B) 13.5 μm or (C) 35 μm. 
GSD = 1.5. 
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Activity and purity of radiolabelled pesticides used in Chapter 3. 

Table 0.3. Summary of certificate of analysis data for the radiolabelled pesticides used within 
Chapter 3. 14C position, activity (MBq), radiochemical purity (%), chemical purity (%) and 
supplier information are included. 

Radiochemical, 

[14C] 

Activity 

(MBq) 

Radiochemical 

purity (%) 

Chemical 

purity (%) 
Supplier 

Azoxystrobin, 

[2-cyanophenyl 

ring-U-14C] 

10  100 99.84 
Izotop, Institute of Isotopes 

Co. LTD (Budapest) 

 

Chlorothalonil, 
[14C(U)]- 

1.85  100 98.5 Moravek, (USA) 

 

Propiconazole, 

[triazol ring-U-14C] 
10  95.73 96.75 

Izotop, Institute of Isotopes 

Co. LTD (Budapest) 
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Predicted maximum tissue concentrations following fungicide inhalation 

 

A                                                                           B 

 

 

 

 

 

 

 

 

 

 

Figure 0.8. Predicted maximum fungicide concentration in (A) lumen or (B) epithelium of the 
extrathoracic region. Predicted using Mimetikos Preludium, with either in vitro or in silico 
data for aerosol exposures with an MMAD of 13.5 or 35 μm (GSD=1.5). The dotted line marks 
a fungicide concentration of 1 μM. 

 

A                                                                           B 

 

 

 

 

 

 

 

 

 

 

Figure 0.9. Predicted maximum fungicide concentration in (A) lumen or (B) epithelium of the 
tracheobronchial region. Predicted using Mimetikos Preludium, with either in vitro or in silico 
data for aerosol exposures with an MMAD of 13.5 or 35 μm (GSD=1.5). The dotted line marks 
a fungicide concentration of 1 μM. 
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Figure 0.10.  Predicted maximum fungicide concentration in (A) lumen or (B) epithelium of 
the bronchiolar region. Predicted using Mimetikos Preludium, with either in vitro or in silico 
data for aerosol exposures with an MMAD of 13.5 or 35 μm (GSD=1.5). The dotted line marks 
a fungicide concentration of 1 μM. 
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Figure 0.11. Predicted maximum fungicide concentration in (A) lumen or (B) epithelium of the 
alveolar region. Predicted using Mimetikos Preludium, with either in vitro or in silico data for 
aerosol exposures with an MMAD of 13.5 or 35 μm (GSD=1.5). The dotted line marks a 
fungicide concentration of 1 μM. 
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Figure 0.12. % Mucociliary clearance, predicted using Mimetikos Preludium, with either in 
vitro or in silico data for aerosol exposures with an MMAD of 13.5 or 35 μm (GSD=1.5). 

 

In all cases, a lower MMAD resulted in greater mucociliary clearance due to increased 

deposition in the bronchial region of the respiratory tract (Figure 0.12). Mucociliary clearance 

was marginally higher when in vitro data was used, in comparison to in silico only predictions, 

this related to the inclusion of ASL binding data. Binding to ASL resulted in greater airway 

residence time, and increased the impact of mucociliary clearance.  
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Figure 0.13. Maximum fungicide concentration in the blood, following an 8 h exposure to 
either an aerosol with an MMAD of 13.5 or 35 μm (GSD=1.5). Data was predicted using 
Mimetikos Preludium with either in vitro or in silico data for azoxystrobin, chlorothalonil or 
propiconazole, data includes the effect of both respiratory and oral bioavailability. 

In all cases the maximum fungicide concentration in the blood (and overall bioavailability) was 

higher following exposure to an aerosol with an MMAD of 13.5 μm than 35 μm, due to greater 

deposition in the lower respiratory tract (Figure 0.13).  
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Table 0.4. Summary of key toxicokinetic data predicted using Mimetikos Preludium, for the 
three fungicides and 3 different models. Data shown is based on for an 8 h exposure during 
mixing & loading (MMAD = 13.5 µm). AUCt = Area under the Curve during the time modeled, 
Cmax = maximum blood concentration, MCC% = % of total delivered dose cleared by 
mucociliary clearance, Fpulm % = % respiratory bioavailability (% absorbed of the total dose 
delivered to the lung), Ftot % = % total bioavailability (% absorbed of the total dose delivered 
to the body), CmaxLUMEN = maximum concentration dissolved in airway lumen, CmaxEPITHELIAL = 
maximum concentration in epithelial tissue. 

 Azoxystrobin Chlorothalonil Propiconazole 

pCEL-X 

AUCt (nM/h) 120.69 47.89 161.81 

Cmax (nM) 11.85 3.68 17.26 

Tmax (h) 9.47 10.30 9.22 

MCC % 3.18 2.95 3.11 

Fpulm % 21.54 27.18 23.31 

Ftot% (Oral + Respiratory) 80.17 20.88 91.09 

CmaxLUMEN (µM) 13.46 18.30 15.26 

CmaxEPITHELIAL (µM) 12.94 31.78 18.25 

Caco-2 

AUCt (nM/h) 121.12 46.38 162.18 

Cmax (nM) 11.91 3.69 17.38 

Tmax (h) 9.45 10.33 9.22 

MCC % 3.36 3.83 3.44 

Fpulm % 17.21 5.61 15.24 

Ftot% (Oral + Respiratory) 80.14 20.18 91.06 

CmaxLUMEN (µM) 14.04 24.65 17.21 

CmaxEPITHELIAL (µM) 8.26 0.06 7.08 

Calu-3 

AUCt (nM/h) 121.11 46.38 162.20 

Cmax (nM) 11.91 3.68 17.40 

Tmax (h) 9.45 10.32 9.22 

MCC % 3.38 3.81 3.48 

Fpulm % 16.69 6.15 14.26 

Ftot% (Oral + Respiratory) 80.14 20.2 91.05 

CmaxLUMEN (µM) 14.18 24.59 17.47 

CmaxEPITHELIAL (µM) 7.66 0.12 5.87 
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Supplementary data (III) 

NMR pre-analysis data (prior to metabolite annotation), highlighting extracellular metabolomic 

differences between the cell lines (DMSO controls). 

 

Figure 0.14. Principal component analysis (PCA) plot comparing NMR metabolomics samples 
for (1) Fresh media, (2) A549, (3) TT1, (4) BEAS-2B, (5) 16HBE14o- and (6) Calu-3. All samples 
represent only media, with no pesticides added. 

 

 

 

 

 

 

 

 

 

 

 



- 232 - 
 

OPLS-DA plots highlighting metabolomic differences between the tested cell lines. In all cases 

the differences between the compared groups were statistically significant (Q2 > 0.5). 

 

     

 

 

     

 

 

      

Figure 0.15. OPLS-DA plots illustrating discrimination between the metabolomic profiles of 
the DMSO control groups for the different cell lines, (A) A549* vs TT1, (B) TT1* vs 16HBE14o-, 
(C) TT1* vs BEAS-2B, (D) A549* vs Calu-3, (E) BEAS-2B* vs Calu-3 and (F) BEAS-2B* vs 
16HBE14o-. Cell lines with * are plotted in blue, those without are plotted in red. Data shown 
represents 4 individual experiments (n=4) performed with duplicate samples to give a total of 
8 replicates.  
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