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Inhaled corticosteroids (ICSs) are currently prescribed as a first line treatment for 

asthma controlling the underlying inflammation. The goal of inhalation therapy is to 

achieve pulmonary targeting by attaining the desired effect without significant systemic 

side effects. Drug properties that are important for achieving pulmonary targeting 

include high systemic clearance, prolonged pulmonary residence time, and low oral 

bioavailability. These properties have been identified through simulation; however, 

pulmonary targeting of commercially available inhaled corticosteroids have not yet been 

directly compared in a suitable animal model.  

The present work using an ex-vivo receptor binding model in rats was interested 

in assessing pulmonary targeting for a series of commercially available corticosteroids 

by monitoring receptor occupancies in lung and systemic organs (spleen, brain, kidney 

and liver) after intravenous (IV) injection or intratracheal (IT) instillation of a dry powder 

at a dose of 100 µg/kg. Pulmonary targeting, defined as the difference in cumulative 

receptor occupancies (AUCE) between lung and kidney after pulmonary delivery, 

differed across the investigated corticosteroids (ΔAUCE range: 33 ± 46 to 143 ± 52 % 

*h) with the highest degree of pulmonary targeting found for corticosteroids with high 
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systemic clearance and pronounced lipophilicity (presumably allowing a long pulmonary 

residence time). In addition, this study demonstrated differences in the receptor 

occupancies across systemic organs. Using kidney receptor occupancies as the 

comparator, liver receptor occupancies were reduced (ΔAUCE range: -124 ± 59 to 122 ± 

51 % *h) after IV and IT administration for corticosteroids with high intrinsic clearance, 

while they were increased for corticosteroid prodrugs due to hepatic activation. Spleen 

receptor occupancies were increased after intratracheal (ΔAUCE range: 33 ± 35 to 105 

± 47 % *h), but not after IV administration. This was especially true for slowly dissolving 

drugs. Reduced brain uptake was also observed for ciclesonide and des-ciclesonide, 

two compounds previously not investigated.     

To further investigate pulmonary targeting within physiologically condition, we 

develop a physiologically based PK/PD model to link drug properties with its plasma 

and tissue concentrations, and receptor occupancies as pharmacodynamic marker. 

Both beclomethasone dipropionate (BDP) and its active metabolite, beclomethasone 

17-monopropionate (BMP) were given to rats via intravenous (IV) injections of a solution 

and intratracheal (IT) instillation of a dry powder. A physiologically based PK/PD model 

was developed to describe plasma concentrations of BDP and BMP, tissue 

concentrations of BMP (lung, liver, and kidney), and receptor occupancies in tissues 

(lung, liver, and kidney) after IV and IT administration in rats. After IV administration of 

BDP, 95.4% of BDP was converted to BMP. After pulmonary delivery of BDP, 51.2% of 

BDP was absorbed directly and 46.6% of inhaled BDP was absorbed as BMP. Based 

on the parameter estimation using the proposed model, BDP and BMP dissolved in 

epithelium lining fluid at rates of 0.47/h and 3.01/h, respectively. The permeabilities in 
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central lung were estimated as 15.0 and 2.92 × 106 cm/s for BDP and BMP, 

respectively. Subsequently, the permeabilities in the peripheral lung were calculated as 

509 and 98.9 × 106 cm/s for BDP and BMP, respectively, by adjusting the permeabilities 

in the central region for differences in the epithelium thicknesses. An Emax model was 

used to link free BMP concentrations with receptor occupancies in the tissues. Emax and 

EC50 were estimated as 85.5% and 0.0017 ng/mL, respectively. The PBPK/PD model 

was able to describe the PK/PD data sufficiently well as the predicted plasma 

concentrations and tissue receptor occupancies agreed reasonably well with the 

observations. The present PK/PD analysis has shown that BDP is targeting the lung. 

Simulations based on the developed PBPK model demonstrated that low dissolution 

rate and permeability can improve pulmonary targeting. Thus, our model can help to 

assess pulmonary targeting of an inhaled corticosteroid prodrug, and further facilitate 

drug development.  
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CHAPTER 1 
INTRODUCTION 

Asthma is a chronic inflammatory disease of the airways. Inhaled corticosteroids 

have been used as the first line medication to suppress the inflammation in the 

asthmatic airways for years (1). Through the inhalation route glucocorticoids are directly 

delivered to the target organ to obtain a high drug concentration in the lung while 

limiting the concentrations in the system. The goal of inhaled corticosteroids is to 

achieve pulmonary targeting by producing a high pulmonary effect while minimizing 

systemic side effects.  

To clearly understand the concept of pulmonary targeting of inhaled 

corticosteroids for asthma therapy, the PK/PD factors that affect pulmonary targeting 

must be discussed. In this chapter, we will first review the current literature on asthma 

pathology and the role of corticosteroids in the treatment of asthma. Then, the fate of 

inhaled corticosteroids after inhalation is studied. Finally, the PK/PD factors that are 

relevant to pulmonary targeting are discussed.   

Asthma 

According to the report from the Global Asthma Network, asthma kills about one 

thousand people every day and affects more than 300 million people worldwide (2). In 

US, 1 in 13 people have asthma and more than 25 million people were diagnosed to 

have asthma (3). Asthma is considered as a socioeconomic issue and a global health 

burden. 

Asthma is a chronic inflammation airway disorder characterized by airflow 

obstruction and airway hyperresponsiveness (4). Symptoms that induced by the 

inflamed airway include wheezing, coughing, chest tightness, and shortness of breath 
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(ref). These symptoms can be mild or severe due to the disease stage. And so far, it is 

not clear how to prevent asthma from developing and there is no cure. 

The fact that inflammation plays a central role in the pathology of asthma has 

been known for years, however, the relationship between the inflammatory process and 

the airway obstruction remains unclear (5). The airway inflammation involves an 

interaction of many cell types and multiple mediators within the airways. Inflammatory 

cells include lymphocytes, mast cells, eosinophils, neutrophils, dendritic cells, 

macrophages, and epithelial cells. The inflammatory mediators include chemokines, 

cytokines, cysteinyl-leukotrienes, nitric oxide, and immunoglobulin E (IgE). The 

inflammatory cells and mediators intervened each other to induce the inflammation and 

exacerbate the symptoms. 

One generally acknowledged signaling pathway for the inflammation in asthma 

involves the activation of T helper 2 cells (Th2), which is the subpopulations of 

lymphocytes (6). It has been shown that dendritic cells are activated by allergens from 

the airway surface and migrate to lymph nodes and stimulate Th2 cells (7). And Th2 

cells initiate inflammation by releasing Th2 affiliated cytokines such as IL5, IL4, and IL3 

(8). Cytokine IL5 is needed for eosinophil differentiation and survival (ref), IL4 is 

important for Th2 cell differentiation and IL3 is important for IgE formation. Some 

chemokines can also recruit Th2 cells, such as thymus and activation-regulated 

chemokines (TARCs) and macrophage-derived chemokines (MDCs). In addition, the 

constantly active Th2 cells are also found in the asthmatic airways. Thus, asthma is 

considered as a disease driven by Th2 (9).  
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In addition to the extensive evaluation of inflammatory cells and mediators, there 

is increasing recognition that airway remodeling may contribute to asthma progression. 

The consistent inflammation in the airway can cause the thickening of the airway wall 

(10), as a result, the airway is narrowed. And this narrowed airway can further 

exacerbate the inflammation in the airway (11).  

Medications for the treatment of asthma depending on the age and disease 

stage. Corticosteroids are the cornerstone for the long-term asthma control because of 

their anti-inflammatory effects. And corticosteroids given through inhalation is preferred, 

because lower doses can be used than those necessary after systemic administration, 

thereby, systemic side effects could be reduced.  

PK/PD Activity after Inhalation of Corticosteroids 

The fate of inhaled corticosteroids is determined by drug-formulation properties 

and the physiological condition of the lung. The interplay between these two aspects 

play an important role on pharmacokinetic and pharmacodynamic of the compound. 

Lung Anatomy and Physiology 

The lungs are a complex organ aimed to exchange gases between the 

bloodstream and the respiratory airspace. The complete cardiac output flowing through 

the alveolar vascular region helps the oxygen change efficiently (12). To perform the 

function of efficient oxygen exchange and protection from exogenous compounds, the 

airway branching has shown a repeated bifurcate pattern up to 23 divisions from 

trachea to alveoli region (Figure 1-1). Along with the tracheobronchial tree, the diameter 

of the bronchi is reduced, length is shortened, but the surface area is increased (13).  

To simplify the lung structure, the lung can be considered into two district zones: 

conducting zone (0-16 generations) and respiratory zone (17-23 generations). The 
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conducting zone contains trachea, bronchi, and bronchioles. And the respiratory zone 

contains respiratory bronchioles, and alveolar ducts and sacs. 

In addition to gas exchange, molecules can be absorbed from the lung into the 

bloodstream. The molecules must pass across a series of barriers in the following order: 

surfactant, surface lining fluid, epithelium, interstitium and basement membrane (14).  

Surfactant is covering both airway and alveolar surface with a thin layer. In 

contrast, the amount of epithelial surface fluids between airway and alveolar region is 

quite different. There is a relatively thick mucus layer covering the airway region, in 

which cilium are present to move particles and pathogens constantly towards the 

trachea. Instead of the thick mucus layer, there is a thin fluid layer covering the alveolar 

region, in which there is no pushed cilia (15). Therefore, the thickness of lining fluid 

between these two regions is different (Table 1-1). The differences in the thickness and 

the constitution can affect drug dissolution. But the overall lining fluid is either isotonic or 

slightly hypotonic and slightly acidic (pH 6.9) relative to plasma (16).  

Not only the epithelium lung fluid, the epithelium layers are also quite different 

between these two regions. The main types of cells in the airways are basal cell, the 

ciliated cells, the goblet cell and the Clara cell, while the types that in the alveolar 

regions are Type I and Type II cells. These distinct differences in the composition and 

thickness could play a very important role in drug permeability. The fourth potential 

barrier for absorption that mentioned above is the interstitium, which is made by the 

extracellular and extravascular space between cells in the tissue. We can also assume 

the structure is different between the airway and alveolar regions, but the clear influence 

on absorption through interstitium need to be further studied.  
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Because of the complexity of lung anatomy, there are a lot of unknowns about 

pulmonary disposition. Thus, preclinical studies in animals, such as rats and mice, are 

very useful. Knowing of the differences between rodent and human is critical to interpret 

the results. One of the main differences is the branching pattern, human lung is not 

perfectly symmetrical, but is irregularly dichotomous. In rat and mouse, the branching 

pattern has shown as a monopodial structure (17). In addition, the physiological 

parameters in different regions are different (Table 1-2).  

Pharmacokinetic Processes after Inhalation 

Upon the inhalation of a glucocorticoid, depending on the deposition efficiency, 

10% to 60% of the inhaled dose is deposited in the lung. The remainder of the dose is 

deposited in the mouth and throat region, swallowed and subject to oral absorption 

(Figure 1-2 adapted from (18)). The drug particles deposited in the lung will dissolve 

with a rate depending on its physicochemical properties and formulation factors. 

Undissolved drug is subject to mucociliary removal from the upper parts of the lung, 

swallowed and potentially absorbed from the GI tract. Only the dissolved drug interacts 

with the glucocorticoid receptors present in the lung to produce the anti-inflammatory 

effects and further absorbed into the systemic circulation. The swallowed dose is 

available for gastrointestinal absorption and is absorbed into the systemic circulation 

after undergoing first pass inactivation by the liver. The free drug of the corticosteroid in 

the systemic circulation binds to the systemic glucocorticoid receptors to produce the 

systemic side effects.  

Deposition 

Deposition is the first process after inhalation. Drug particles leave the device, 

travel through the airway and deposited in the respiratory system. Deposited regions 



 

22 

can be roughly characterized as pharynx -throat region, conducting airway and alveolar 

regions (19).  

Factors that affect particle deposition include device factors (e.g. device 

deposition efficiency), formulation factors (e.g. particle size distribution) and patient 

factors (e.g. inhalation flow rate and disease status) (20,21). One essential property that 

determines the deposition pattern is the particle size distribution (22) characterized by 

mass median aerodynamic diameter (MMAD). Drug particles with MMAD < 5µm can be 

deposited into the deep lung with high possibility.  

Particle deposition basically follows three mechanisms: inertial impaction, 

gravitational sedimentation, and diffusion or Brownian motion (23). Gravity and diffusion 

play important role for small particles depositing into the deep lung (24). Because of 

this, holding breath after inhalation can help the sedimentation for small particles. (Small 

particles are affected more by the sedimentation by gravity and raised when holding the 

breath after inhalation. Diffusion is also relevant. Both mechanisms affect the small 

particles and deposited in the alveolar region).  

Dissolution 

After deposition, the particles land on the lining fluid of the surface and must 

dissolve to be further absorbed. Factors that affect dissolution rate include drug 

physicochemical properties and subject physiology (25). As mentioned above, the 

thickness and fluid component are different between central and peripheral regions, 

therefore, the drug dissolution rate could be different across regions. Slow dissolution 

rate is favorable because it increases the lung residence time and effect duration.  
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Mucociliary clearance and macrophage clearance 

After deposition, particles that deposited in the central region of the lung are 

subject to mucocociliary clearance while in deep lung are subject to alveolar 

macrophage which engulf the particles by phytocytosis.   

As mentioned in lung anatomy, thick mucus layer is covering the airway region. 

As a protection mechanism, cilia are present to beat the pathogens and particles 

towards the pharynx (26). It has been shown that mucociliary clearance increases when 

airway gets wider, thus, drug particles that deposited in the upper airways are cleared 

more quickly (27). Since the mucus layer is thicker in asthmatic patient airways, the 

mucociliary clearance could be decreased (28). 

In the peripheral region of the lung, particles that not readily dissolved could be 

cleared by alveolar macrophages. Macrophages engulf the particles and transfer to the 

lymph nodes (29,30). Because corticosteroids are considered to diffuse freely across 

membranes due to their lipophilicity, and macrophage clearance much slower 

comparing with mucociliary clearance, it is assumed to be negligible for inhaled drugs 

(31).  

Absorption 

Pulmonary absorption of dissolved drug is considered as a passive process that 

is driven by a concentration gradient with rates dependent on pulmonary anatomical 

and physiological parameters (e.g. surface area, thickness and volume of mucus and 

pulmonary cells) and drug-dependent parameters (e.g. permeability) for the adjacent 

compartment in the lung.   

The dissolved drug starts to pass across membrane barriers from epithelium to 

the cells, eventually enters blood stream. Compounds like corticosteroids are 
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considered to diffuse across membranes rapidly because of their lipophilicity. So 

concentration gradient is the driven force for passive diffusion through epithelial cells 

(14). For most long-acting beta-agonist bronchodilators, they are thought to be 

absorbed through paracellular diffusion because of their hydrophilicity. They pass 

across the epithelium via the aqueous pores in intercellular gap junctions (32).  

Physiologic conditions of the pulmonary environment would influence pulmonary 

absorption. As mentioned above, the thickness and surface area of epithelium between 

conducting region and alveolar region are very different (Figure 1-1). Therefore, the 

absorption rates could be different across sections. These include parameters such as 

surface area of defined regions of the lung, pulmonary distribution volumes (lung lining 

fluid volume, aqueous volume of defined sections of the lung-intracellular space, airway 

thickness) for which variable values have been reported. The variability in these 

parameters will significantly affect prediction of the dissolution rate and permeability 

estimates and, consequently, the resulting free drug concentrations in the lung. 

Eventually, the drug gets absorbed into the blood circulation heavily relies on 

perfusion. The lung is the highest perfused organ in the body, and the cardiac output 

perfused in the alveolar region.  

Pharmacodynamic of Corticosteroids 

Inhaled corticosteroids (ICSs) have been used as first line medication to 

suppress the inflammation in the asthmatic airways. They suppress inflammation mainly 

by activating anti-inflammatory genes, suppressing multiple activated inflammatory gene 

expression, inhibiting inflammatory cells, after binding to glucocorticoid receptors (GR) 

(33).  
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GRs are predominantly expressed in the cytoplasm of almost all types of cells. 

There are two subgroups of GRs, GRα and GRβ. GRα binds to corticosteroids to 

produce anti-inflammatory effect, while the interaction with GRβ are reported to be 

involved in steroid resistance in asthma treatment. Prior to binding corticosteroids, GRs 

are present as a multi-protein complex which is mainly associated with heat shock 

proteins (hsp90) (34). Following activation by a ligand, a corticosteroid, the receptor 

undergoes a series of conformational alterations, leading to its dissociation from the 

cytoplasmic chaperons and translocated into nucleus (35,36).  

The receptor-ligand complex forms receptor homodimers and binds to 

glucocorticoid-responsive elements (GREs) in the promoter region of the target gene, 

which induce anti-inflammatory protein expression. This process is called 

transactivation. GR homodimers can also interact with negative GREs to suppress 

genes, particularly those linked to side effects. This process is called transrepression. 

Nuclear GR also interact with coactivator molecules, such as CREB-binding protein 

(CBP), which activated by proinflammatory transcription factors. The major action of 

corticosteroids is to suppress multiple activated inflammatory genes that encode for 

cytokines, chemokines, inflammatory enzymes and receptors. As a result, reduce 

inflammation in the asthmatic airways.  

PK/PD Factors Important for Pulmonary Targeting 

Pulmonary residence time 

As discussed above, particles undergo several pharmacokinetic processes after 

inhalation. The overall pulmonary residence time of a molecule can be characterized by 

the time required for dissolution and the time required for passing across membranes.  
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The lung is a highly perfused organ and studies have shown that the absorption 

time for drug solution is very short (37). In order to prolong the time that drug stays in 

the lung, drug properties that affect dissolution rates are desired.  Factors that can 

affect dissolution rate include physicochemical properties (e.g. lipophilicity) and 

formulation factors (e.g. surface area). Although diffusion is very fast once drug 

dissolved, permeability could prolong pulmonary retention for some hydrophilic 

compounds. Factors that can affect absorption of a dissolved molecule include drug 

properties (e.g. protein binding) and physiological environment (e.g. partition coefficient, 

membrane thickness, and membrane surface area).  

As we have known that, dissolution is a rate limiting step for lipophilic 

compounds, such as corticosteroids (38). Simulations have shown that an optimal 

dissolution rate can increase pulmonary targeting because slowly dissolved drug can 

elevate drug concentration in the lung over systemic circulation for a period of time. As 

a result, the more drug can bind to glucocorticoid receptors to elicit anti-inflammatory 

effect in the lung. However, if dissolution is too slow, drug deposited in the central 

region of the lung can be cleared via mucociliary clearance. As a result, the cleared 

drug removed by mucociliary clearance gets swallowed and absorbed into systemic 

circulation. Thus, the systemic side effects increase. Therefore, there is an optimal 

dissolution rate for a given corticosteroid.  

In addition, prodrug strategy has the potential to improve drug retention in the 

lung (39). Prodrug, such as ciclesonide, can reduce the local side effects on the throat 

after inhalation and increase pulmonary effect, if complete conversion to des-CIC is 
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achieved. Other strategies, such as esterification, intend to enable the compound stay 

in the lung for a relatively long time (40).  

Overall, pulmonary residence time is determined by the interplay between 

dissolution, mucociliary clearance and permeability (18). Both drug properties and 

physiological environment play important roles in this process.  

Systemic clearance 

Once the drug enters systemic circulation, high systemic clearance can remove 

the drug from the body as efficiently as possible, therefore, high systemic clearance can 

improve pulmonary targeting by decreasing receptor occupancy in the kidney (41). 

Results from our analysis using experimental data have shown that corticosteroids with 

high systemic clearance tend to have high pulmonary targeting. Compounds, such as 

FP and des-CIC, which have a higher degree of pulmonary targeting, possesses 

favorable drug properties (e.g. high systemic clearance).  

Oral bioavailability 

Depending on the device deposition efficiency, a significant portion of the inhaled 

dose is deposited in the pharynx region and swallowed. Eventually get absorbed into 

systemic circulation. The first-pass effect in the liver is the process that determines how 

much drug eventually enters systemic circulation after absorption from GI tract. 

Simulations have shown that compounds with low oral bioavailability will have high 

pulmonary targeting (41). This is consistent with our analysis in the next chapter that 

corticosteroids with high intrinsic clearance tend to have less hepatic receptor 

occupancy. 
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Other factors 

Depending on the deposition efficiency, part of the inhaled dose is directly 

deposited into the lung and the remaining are going to absorb from GI tract. High 

deposition efficiency determines how much dose initially deposited in the lung. Factors 

that affect deposition efficiency include particle size distribution, velocity of the droplets 

and particle density (42). Inhalation devices with higher pulmonary deposition will 

improve pulmonary targeting. This is because the more efficient device can increase the 

amount of drug in the lung, meanwhile reducing the amount of drug that absorbed into 

GI tract. 

Boger et al (43) indicated slow dissociation of the receptor-complex can improve 

pulmonary targeting. This might be true in the case of drug with high pulmonary 

retention. Since “same” receptors are mediating pulmonary and systemic effects, 

improving receptor binding affinity can increase drug effect in the lung as well as in the 

system. As a result, pulmonary targeting is not improved.  

Objectives 

The overall goal of this work is to assess pulmonary targeting of inhaled 

corticosteroids in rats and provide quantitative understanding of PK/PD relationship 

using a physiologically based model.   

The first objective is to compare the pulmonary targeting of a series of 

commercially available corticosteroids in rats using an ex-vivo receptor binding assay. 

Further, pulmonary targeting of these inhaled corticosteroids was quantified and 

correlated with their PK/PD properties.  

In addition, a physiologically based model with lung disposition was developed 

for beclomethasone dipropionate (BDP) and its active metabolite in rats. The model 
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integrated drug properties with physiological parameters. Thus, simulations that were 

performed in a physiological relevant condition can provide an overall understanding of 

the relationship between drug properties and pulmonary targeting.   
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Table 1-1.  Physiological values of human lung 

Parameters Central  Peripheral Ref.  

Epithelial lining fluid thickness (µm) 10 0.05-0.08 (14,44) 

Epithelial lining fluid volume (mL) 4-25 7-20 (45) 

Epithelium thickness (µm) --- 0.07 (14) 

Surface area (m2) 2.8 102 (45) 
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Table 1-2.  Physiological values of rat lung 
Parameters Central  Peripheral Ref.  

Epithelial lining fluid thickness (µm) 5 0.2 (46) 

Epithelial lining fluid volume (mL) 4-25 7-20 (47) 

Epithelium thickness (µm) 13 0.38 (48) 

Surface area (m2) 2.8 102 (49) 
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Figure 1-1.  A schematic of airway branching in the human lung. 
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Figure 1-2.  Fate of inhaled corticosteroids after inhalation. Adapted from (18). 
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CHAPTER 2 
EVALUATING PULMONARY TARGEING OF INHALED CORTICOSEROIDS USING 

NONCOMPARTMENTAL ANALYSIS 

 
Background 

Pulmonary diseases are often treated with drugs given via inhalation as the local 

delivery provides distinct pulmonary effects with reduced systemic side effects. It has 

been shown previously, that the degree of pulmonary selectivity upon inhalation, often 

also referred to as pulmonary targeting (18), is determined by the interplay of several 

pharmacokinetic and pharmacodynamic (PK/PD) factors: prolonged pulmonary 

residence time, high systemic clearance, and low oral bioavailability (41). While these 

simulations showed the general importance of these parameters, a direct comparison of 

the degree of targeting achieved by clinically employed inhaled corticosteroids in a 

suitable animal model has not yet been reported.   

In order to assess pulmonary targeting, receptor occupancy was used as a 

biomarker to link free drug concentrations at the site of action with its pharmacological 

effects. Because corticosteroids are required to bind the glucocorticoid receptors (GR) 

to elicit their pharmacological effects, the degree of receptor occupancy and the extent 

of induced biological response are closely correlated (50). Therefore, receptor 

occupancy can be used for quantifying pharmacologically relevant concentrations in the 

tissues. The assessment of the drug exposure in the target site and systemic organs 

can help to understand the degree of pulmonary selectivity as basis for therapeutic and 

adverse effect quantitatively. 

In the present study, receptor occupancies of a series of commercially available 

corticosteroids were measured in rats using a previously described ex-vivo receptor 
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binding assay (37). Pulmonary targeting of these corticosteroids was quantified and 

correlations to drug properties were attempted.    

Method 

Materials  

The following corticosteroids in micronized form were obtained from the indicated 

sources: beclomethasone dipropionate (BDP) from 3M ((St Paul, MN, USA), 

budesonide (BUD) from Sicor (Milan, Italy), ciclesonide (CIC) and des-Ciclesonide (des-

CIC) from BYK Gulden (Konstanz, Germany), fluticasone propionate (FP) from Glaxo-

Wellcome (Research Triangle Park, NC, USA), triamcinolone acetonide (TA) from 

Sigma (St Louis, MO, USA)). 17-beclomethasone monopropionate (BMP) was 

purchased from European Directorate for the Quality of Medicine 

(https://www.edqm.eu/). 3H-labeled triamcinolone acetonide (38 Ci/mmol) was obtained 

from New England Nuclear (Wilmington, DE, USA). Extra-fine lactose monohydrate was 

purchased from EM industries (Hawthorne, NY). All other reagents were obtained from 

Sigma Chemical Co. (St. Louis, MO, USA) or equivalent sources. Analytical HPLC 

grade methanol, formic acid, ethyl acetate, and other chemicals were purchased from 

Fisher Scientific (Springfield, NJ, USA) or equivalent source. 

Animal Procedures 

The animal procedures were approved by the Institutional Animal Care and Use 

Committee, University of Florida. Male F-344 rats, weighing 200-250 grams, were 

obtained from Harlan Laboratories (IN, USA) and were housed in a constant 

temperature environment with a 12 h light/dark cycle.  

On the day of experiment, the rats were handled gently to produce minimum 

stress. Each rat was weighed and anesthetized via intraperitoneal (IP) injection of a 

https://www.edqm.eu/
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freshly prepared mixture at a dose of 1mL/kg (the mixture contained 1.5 mL of ketamine 

(100 mg/ml), 1.5 mL of xylazine (20 mg/ml), and 0.5 mL of acepromazine (10 mg/ml))). 

Then, rats received either dry powder mixtures (tested compounds mixed with extra fine 

lactose) via intratracheal (IT) administration at 100 µg/kg, or solutions via intravenous 

(IV) administration. IV solutions were prepared by dissolving the glucocorticoids in a 

mixture of PEG 300 and saline (2:1 v/v) (3:1 v/v for BMP) to obtain a final concentration 

of 200 µg/mL (180 µg/mL for BMP). Then either 100 µL of IV solution or the solvent (for 

the placebo group) was injected into the tail vein.  

IT administration of glucocorticoid powders (BDP, BMP, BUD, CIC, desCIC, FP, 

and TA) was performed as previously described (Arya et al. 2005). Briefly, the neck of 

the animal was shaved and aseptically cleaned, and the trachea was exposed. A 

tracheotomy was performed between the third and fourth tracheal rings. One inch of a 

14-gauge Novalon catheter sheath attached to a delivery device (Philadelphia, PA) for 

IT administration. A dry powder mixture (tested compounds mixed with extra fine 

lactose) of 5 ± 0.5 mg was placed in the chamber of the device and instilled in the lungs 

with insufflation of 3 mL of air. A control rat, which received 5 mg of the vehicle 

(lactose), was included in each set of experiments. 

After IV or IT administration, the rats were decapitated with a guillotine at 0.5, 1, 

2, 4, 6, or 12h (0.5, 1, 2, 4, 6, 7, and 12h for BDP and BMP). After decapitation, lungs, 

livers, kidneys, spleens (not for BDP and BMP), and brains were immediately removed 

and processed for receptor binding studies. Each animal represented a single time point 

with grouped data for selected organs. Three to nine animals were used per time point 

for every form (IV or IT) of administration. 
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Ex-Vivo Receptor Binding Assay 

Receptor binding in different tissues (lung, liver, kidney, spleen and brain) after 

IV and IT administration of the seven corticosteroids were measured in an ex-vivo 

receptor binding assay as described previously (37). Briefly, immediately after 

decapitation, the lung without trachea, the liver, the two kidney beans, spleen, and brain 

were resected and placed on ice (kidney, spleen and brain were not collected after IV of 

TA; spleen was not collected after IV and IT of BDP and BMP). To the weighed tissue 

an appropriate amount of ice-cooled incubation buffer (10 mL of buffer for 1 g of liver 

and 4mL of buffer for 1g of lung and kidney tissue; buffer composition: 10mM Tris/HCL, 

10 mM sodium molybdate, 2mM 1,4-dithiothreitol and 2mM phenylmethylsulphonyl 

fluoride, PMSF) was added and the tissues were  homogenized in a Virtis 45 

homogenizer for three periods of 5 seconds at 40% of full speed, followed by 

intermittent cooling period of 30seconds. One mL of the homogenate was transferred 

into a centrifuge tube to which 100 µL of 5% activated charcoal was added and mixed. 

After a 5-min incubation on ice, the suspension was centrifuged (20 mins at 20,000 g, 

4°C) to obtain a clear supernatant. Aliquots of the supernatant (150 µL) were transferred 

into microcentrifuge tubes. Then, 50 µL of 40 nM 3H-TA in incubation buffer was added 

to determine total binding (TB), while 50 µL of incubation buffer containing 40 nM 3H-TA 

and 40 µM unlabeled TA was added to determine the non-specific binding (NS). After a 

16-24hs incubation at 4 °C, the unbound glucocorticoid was removed by adding 200 µL 

of 5% activated charcoal suspension. The mixture was incubated for 5 mins on ice and 

then centrifuged at 10,000 rpm for 5 mins. The radioactivity (dpm) in 300 µL of 
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supernatant was determined using a liquid scintillation counter (Beckman model LS 

5000 TD, Palo Alto, CA). All determinations were performed in triplicate. 

FP Stability in Liver Homogenate 

Stock solution of FP were prepared as 1mg/mL by dissolving the compound in 

methanol. Rat liver cytosol was obtained as described above.  FP solution was added to 

freshly prepared liver cytosol to obtain final concentration of 3 and 10 µg/mL and stored 

at 4°C up to 24h. At 1.5, 3, 15, and 24h, 100 µL of samples were removed, mixed with 

300 µL of acetonitrile/water 50/50 for protein precipitation. After 10 min incubation at 

4°C, tubes were centrifuged at 13 000 rpm for 5 min using an Eppendorf Centrifuge 

(NY, USA). 200 µL of the supernatant was injected in HPLC. Isocratic HPLC analysis 

was performed at ambient temperature using a reversed phase C18 3.5µm column 

(Symmetry, 4.6×100mm) on a Waters HPLC (Milford, MA, USA).  UV detection was set 

at 254 nm. The mobile phase contained acetonitrile/water 70:30 and flow rate was 

1mL/min. A calibration curve covering a concentration range of 0.5 µg /mL to 10 µg/mL 

(r2 > 0.999) and the lower limit of quantification was 0.5 µg/mL. 

Data Analysis 

The specific binding, determined in the ex-vivo receptor binding assay for the rats 

in the placebo group, was used to quantify the overall available binding sites (binding 

sites present in the absence of tested corticosteroids). The ratio of the specific binding 

for drug-treated rats to that for placebo rats served as the estimate of percent of 

available binding sites. The percentage of occupied receptors, or receptor occupancy 

(RO), was calculated from this ratio as follows: 
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𝑅𝑂 (%) = 100%

−   
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑖𝑠𝑠𝑢𝑒 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑓𝑜𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑟𝑎𝑡𝑠

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑖𝑠𝑠𝑢𝑒 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑓𝑜𝑟 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑟𝑎𝑡𝑠

× 100 

(2-1) 

The accumulative receptor occupancy (AUCE) for each organ was defined as 

area under the receptor occupancy – time curve over a period of 6 hs. In order to 

estimate mean and standard deviation of AUCE, a resampling technique (51) was used. 

Briefly, bootstrap samples were taken from the receptor occupancy measurements at 

each time point. Then construct pseudo-profile of occupancy over time. The two steps 

were repeated 100 times. As a result, 100 occupancy-time pseudo-profiles were 

constructed. 

In order to investigate the relationship between receptor occupancy and drug 

properties, the AUCE differences (average receptor occupancy in non-kidney tissues 

minus average receptor occupancy in kidney) were calculated. Then pulmonary 

targeting was defined as 

𝑃𝑢𝑙𝑚𝑜𝑛𝑎𝑟𝑦 𝑡𝑎𝑟𝑔𝑒𝑡𝑖𝑛𝑔 =  𝐴𝑈𝐶𝐸,𝑙𝑢𝑛𝑔 −  𝐴𝑈𝐶𝐸,𝑘𝑖𝑑𝑛𝑒𝑦 
(2-2) 

The tested drug properties, including log octanol-water partition coefficients 

(logP), receptor binding affinity (RRA), solubility in water (Sol), systemic clearance (CL), 

and plasma protein binding, were obtained from literature. Hepatic intrinsic clearances 

(CLint) were calculated with the assumption of the well-stirred hepatic distribution model, 

which is related to liver blood flow, systemic clearance, and fraction unbound (52).  

Data analysis was performed in R (version 3.5.1). The receptor occupancy 

differences across organs for a given corticosteroid were analyzed by one-way ANOVA, 
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followed by Tukey post hoc test for multiple comparisons. When p-values were less 

than 0.05, differences were considered statistically significant. 

Results 

Typical receptor occupancy-time profiles, using data for fluticasone propionate 

(FP) as an example are shown in Figure 2-1. The cumulative receptor occupancies 

(AUCE) for a given tissue (lung, liver, kidney, spleen, and brain) are shown for all 

compounds in Figure 2-2 and Figure 2-3 after IV and IT administration, respectively. 

The kidney receptor occupancy was used for all compounds as a reference organ for 

quantifying systemic receptor occupancy (no distinct metabolism and active transporters 

relevant for corticosteroids) and displayed throughout Figures 2-1, 2-2 and 2-3. 

Receptor occupancy differences between non-kidney organs and kidney are listed in 

Table 2-1 and 2-2 for all compounds after IV and IT administration, respectively. The 

organs that received drug from the bloodstream were defined as systemically exposed 

organs, which include all organs after IV administration and non-pulmonary organs after 

IT administration.     

Receptor Occupancy in Systemically Exposed Organs 

For a given drug, receptor occupancies in lung, spleen, and kidney were very 

similar for most tested compounds after IV administration (Figure 2-2A-B). Significantly 

higher splenic receptor occupancies were observed after IT (but not IV administration of 

all investigated drugs) (Figure 2-3B), suggesting that drug does not enter the spleen 

only through passive events from the blood.  

After IV administration, hepatic receptor occupancies of BMP, BUD, and CIC 

were similar to those in the kidney (Figure 2-2C), while significantly lower hepatic 

receptor occupancies were observed for desCIC and FP; a higher hepatic occupancy 
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was observed for BDP when compared to the kidney. After IT administration, hepatic 

receptor occupancies of BMP, BUD, CIC, and desCIC were not significantly different 

from those in the kidney (Figure 2-3C), while significantly lower hepatic receptor 

occupancies were observed for FP; a higher hepatic occupancy was observed for BDP. 

The pattern of the receptor occupancy difference between liver and kidney were very 

similar between the administration routes. This similarity was expected for organs 

receiving drugs from bloodstream.   

As previously reported (Arya et al. 2005) and shown here only for completeness, 

brain receptors of BDP, BMP, BUD, FP, and TA were generally occupied to a smaller 

degree than those in the kidney (Figure 2-2D & 2-3D). This was also true for CIC and 

desCIC which were not included in the previous publication. 

Pulmonary Targeting after IT Administration 

  As expected, the pulmonary receptor occupancies were significantly higher than 

kidney receptor occupancies after IT administration for all investigated compounds 

(Figure 2-3A). The positive differences in receptor occupancies between lung and 

kidney after pulmonary delivery (Figure 2-3A) indicated that the tested compounds have 

achieved pulmonary targeting, but at different levels (Figure 2-5A).   

Relationship Between Drug Properties and ΔAUCE 

To further investigate the degree of pulmonary targeting, we correlated the drug 

properties with the occupancy difference between non-kidney tissues (lung, liver, 

spleen, and brain) and kidney. The receptor occupancy differences between non-kidney 

organs and kidney are listed in Table 2-1 and 2-2 for all compounds after IV and IT 

administration, respectively. Selected drug properties of the tested compounds are 

summarized in Table 2-3.  
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Occupancy differences between spleen and kidney (AUCE, spleen – AUCE, kidney) 

after IT administration is negatively correlated with the solubility of the tested 

compounds (Figure 2-4A). Mean difference between liver and kidney (AUCE, liver – AUCE, 

kidney) for the two administration routes is negatively correlated to the drug hepatic 

intrinsic clearance (CLint) (Figure 2-4B). Consistent with previous results (Arya et al. 

2005), with the new data for CIC and desCIC, there is positive correlation between 

mean difference between brain and kidney (AUCE, brain – AUCE, kidney) for the two 

administration routes and lipophilicity of the tested compounds (Figure 2-4C).   

More importantly, the investigated corticosteroids have shown different levels of 

pulmonary targeting after IT administration (Figure 2-5A). And the degree of pulmonary 

targeting (AUCE, lung – AUCE, kidney) is positively correlated with total systemic clearance 

of the compounds, and negatively correlated with their solubilities (Figure 2-5B & C).   

FP Stability Test 

After 24h incubation in the buffer that was used in the ex-vivo receptor 

occupancy assay, 88.3% and 91.7% of the original concentration remained for 

concentration 3 and 10 µg/mL, respectively. 

Discussion 

Ex-vivo receptor binding studies have been employed for a number of drug 

classes including corticosteroids (37,53), opiates (47) and histamine (54). The present 

study assessed the receptor occupancies in lung and a range of systemic organs for 

seven corticosteroids after two administration routes (IV and IT) in rats.  

Because the abundance of glucocorticoid receptor is similar for most organs (55–

57), the degree of receptor occupancy should be closely correlated with free 

concentrations in the tissues. Thus, the major advantage of this approach is that the 
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receptor occupancies measured in tissues can serve as a biomarker for the 

pharmacodynamically relevant drug concentrations in the tissues. Thus, this biomarker 

measured using ex-vivo (37) or in-vivo (58) methodology can be used to assess drug 

exposure in the lung and other organs in animals with high temporal resolution, while 

other assays (e.g. Sephadex-induced inflammation) do not have time resolution (59).   

It should be mentioned that the animal experiments in this study were performed 

not simultaneously, because of the large number of corticosteroids included in the 

study. While, the ex-vivo receptor occupancy methodologies were identical for all 

investigated compounds some of the variabilities within this study might be related to 

slight differences of the experimental conditions. 

In our study, corticosteroids were given via both IV and IT administration. 

Differential receptor occupancies in a range of tissues after IV administration can 

provide more understanding of the drug distribution and metabolism. In addition, 

comparison between systemic and pulmonary administration allows to quantify the 

benefits of local pulmonary delivery. It is well established that corticosteroids diffuse 

freely across membranes because of their lipophilicity. It was reasonable to expect that 

free drug exposure in organs that received drug from the bloodstream (all organs after 

IV administration and non-pulmonary organs after IT administration) without transporter 

or enzyme involvement will be similar and as consequence also the receptor 

occupancies. This was the case for lung, spleen (with one exception) and kidney after 

IV administration (Figure 2-2A-B) indicating that the drug distribution process is similar 

for these organs.  This was not the case for brain (as reported for most of the 

corticosteroids previously (60)) and liver (Figure 2-2C-D, 2-3C-D). Other processes, e.g. 
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transporters in case of the brain (60), or metabolic events occurring in the liver, might be 

relevant for these observations. 

As mentioned above, after IV administration, the receptor occupancies in lung, 

spleen, and kidney were very similar for a given corticosteroid (Figure 2-2A-B), with the 

one exception being the pro-drug CIC. The significantly higher spleen receptor 

occupancy for CIC might be due to a high degree of activation of CIC in the spleen after 

IV administration. Unfortunately, the experiments for BDP, being also a pro-drug, did not 

monitor spleen receptor occupancy; thus, not allowing support of this hypothesis. An in-

vitro experiment showed that CIC and desCIC had the same potency in inhibiting the 

concanavalin A-stimulated rat spleen cells (61).  This result suggests that CIC can 

easily be converted to desCIC in these cells, which is in line with our findings of spleen 

activation of CIC. Except CIC, the good agreement for lung, spleen and kidney, 

reinforces the hypothesis, which is drug exposure of these organs is mainly driven by 

passive diffusion. This also suggests that kidney might be a good organ to serve as the 

reference organ for specifying pulmonary targeting after IT administration of drugs. 

Reasons for not using spleen will be discussed below. 

In contrast, receptor occupancies in the brain for all the compounds (Figure 2-2D 

and 2-3D) and in the liver for some compounds (e.g. FP and desCIC) (Figure 2-2C and 

2-3C) were different from those in the kidney. The reasons for the brain results, as 

previously reported (60), are related to the effects of transporters while distinct 

metabolism (activation or de-activation of the drug under investigation) affecting free 

drug concentrations in the given organ might be relevant for observations in liver. As 

previously published (60), the presence of efflux-transporter P-glycoprotein (P-gp) at the 
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blood brain barrier decreased the free drug concentrations in the brain, and 

consequently reduced receptor occupancies in the brain. In agreement with these 

results, a recent study has demonstrated that P-gp transporters played also a role in 

affecting free concentrations of budesonide in fetuses by modulating transplacental 

distribution in mice (62).  

For FP and desCIC, but not CIC, lower receptor occupancies in the liver than 

those in the kidney were observed after IV administration (Figure 2-2C) and after IT 

administration (Figure 2-3C). Results for FP and desCIC can be explained by the high 

intrinsic clearance of FP and desCIC in the liver resulting in free concentrations in the 

liver being lower than those in the kidney. It might be argued that lower receptor 

occupancies observed for desCIC and FP in the liver could be due to metabolism of 

drug during incubation in the ex-vivo receptor occupancy assay. However, we are able 

to demonstrate that FP was stable under the non-physiological conditions of the 

receptor binding (e.g. FP stability test). Thus, the lower liver receptor occupancies for 

FP and des-CIC are likely due to the high intrinsic clearance, as at any given time point 

both free drug concentrations and liver receptor occupancies should be lower than 

those in other organs. This is further supported by a negative correlation between the 

occupancy difference (AUCE, liver – AUCE, kidney) and hepatic intrinsic clearance (Figure 2-

4B), as compounds with high intrinsic clearance tend to have low hepatic receptor 

occupancies while receptor occupancies for lower intrinsic clearance drugs are similar 

to those in kidney. Because of missing TA kidney data, liver receptor occupancies were 

used in Figure 2-2A for expressing pulmonary targeting.  In this case liver could be used 
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as a reference organ (37), because the intrinsic clearance for TA is relatively small 

resulting in liver receptor occupancies being similar to those in the kidney. 

In the case of BDP, hepatic receptor occupancies were higher than those in the 

kidney (Figure 2-2C and 2-3C). This is likely due to the activation of BDP in the liver to 

BMP resulting in a higher local concentration of BMP than those in other tissues. Since 

CIC is also a prodrug, higher hepatic receptor occupancies could be expected from the 

activation of CIC to desCIC. However, we believe that the effects of hepatic activation of 

CIC and the very efficient metabolism of desCIC counteract each other, resulting in 

receptor occupancies similar to those observed in the kidney.  The above discussion 

about receptor occupancies in the liver reinforces that liver receptor occupancy should 

not serve as overall systemic receptor occupancies, especially for the compounds with 

high intrinsic clearance.  

As discussed above, we found for non-prodrugs, similar receptor occupancies in 

lung, spleen, and kidney after IV administration (Figure 2-2A-B). This agreed with our 

hypothesis that receptor occupancies are similar in organs that receive drugs from the 

bloodstream, as long as spleen does not represent a metabolizing organ. If the 

assumption that spleen is receiving drug only from the bloodstream is also true after IT 

administration, one might expect similar spleen and kidney receptor occupancies also 

after IT administration. However, spleen receptor occupancies after IT administration 

were significantly higher than those in the kidney (Figure 2-3B) for all of the drugs 

tested, suggesting that free concentrations realized in the spleen after IT administration 

are higher than those in the kidney. This effect was more pronounced for slowly 

dissolving compounds (Figure 2-4A). Literature demonstrated dendritic cells (DCs) and 
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alveolar macrophages (AMs) are phagocytic cells that can internalize particles and 

pathogens from the lung (63,64), move out of the lung and into draining lymph modes, 

and migrate to other organs (65), such as the spleen (66). If this is the case, the 

difference of receptor occupancy between spleen and kidney should be more 

pronounced for slowly dissolving drugs. The positive correlation between occupancy 

differences between spleen and kidney and solubility indicates that compounds with low 

solubility tend to have higher splenic receptor occupancies (Figure 2-4A). Therefore, 

spleen should not be an organ to assess the extent of systemic exposure of drugs, 

especially for the compounds with low solubility (43).  

The above discussions suggest, that kidney is a proper organ to serve as a 

reference systemic organ for describing the overall systemic exposure, because it is a 

highly perfused organ and has relative low enzyme and active transporters that are 

relevant for corticosteroids. Receptor occupancies in kidney differ across tested 

compounds. These results are due to the additive effects of the differences in their drug 

properties, such as receptor binding affinity, protein binding, volume of distribution, and 

systemic clearance.  

Using kidney as the systemic organ, all of the investigated corticosteroids 

demonstrated pulmonary targeting after IT administration of the dry powder formulations 

(Figure 2-5A) with the highest targeting observed for the second or third generation 

corticosteroids. Previous PK/PD simulations (41) have shown that high systemic 

clearance and low solubility is beneficial for pulmonary targeting (Figure 2-5B-C). Our 

ex-vivo receptor binding results seem to confirm results of these simulations. The top 

three compounds, FP, CIC, and desCIC, possess favorable drug properties, such as 
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low solubility and high systemic clearance. Although BUD has been shown to be 

retained in airways as esters, which can potentially prolong pulmonary residence time 

(67), beneficial effects of esterification on pulmonary selectivity seems not to be visible 

in our experiment. As the pulmonary fate and subsequent degree of pulmonary 

selectivity depends not only on drug but also formulation factors (e.g. particle size 

distribution, particle shape, effects of adjuvants on dissolution),  also our DPI 

formulations were custom made and representing commercially available formulations, 

translating the results of our animal experiments to the clinical situation needs to be 

done with care. 

Summary 

Our study investigating receptor occupancies after IV and IT administration of 

commercially available corticosteroids indicated that receptor occupancies in tissues 

differ and are affected by transporters, organ specific metabolic events, and cell 

trafficking. The present study provides a quantitative assessment of pulmonary targeting 

of inhaled corticosteroids and demonstrates differences across commercially available 

corticosteroids for both pulmonary as well as systemic drug exposure. Monitoring the 

receptor occupancies in lung and systemic organs is a viable method to assess the 

properties of inhaled corticosteroids. 
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Table 2-1.  Differences in receptor occupancies (ΔAUCE, mean ± SD) between non-
kidney organs (lung, spleen, liver, and brain) and kidney after IV 
administration of seven ICSs (87 µg/kg for BDP, 78 µg/kg for DP, 100 µg/kg 
for other ICSs) in rats. 

ICSs Receptor occupancy difference (ΔAUCE) (kidney as reference organ) (% *h) 

 AUCE,lu – AUCE,ki AUCE,sp – AUCE,ki AUCE,li – AUCE,ki AUCE,br – AUCE,ki 

BDP 
(n=3) 

-30 ± 53 ---    66 ± 30 -216 ± 56 

BMP 
(n=3) 

   1 ± 25 ---    31 ± 15 -355 ± 38 

BUD 
(n=3) 

-23 ± 34  -20 ± 49   -32 ± 46 -242 ± 64 

CIC 
(n=6) 

 63 ± 34 158 ± 31   -19 ± 16   -48 ± 36 

Des-
CIC 
(n=6) 

 43 ± 55   54 ± 55   -32 ± 19   -97 ± 44 

FP 
(n=6) 

 49 ± 82   52 ± 17 -157 ± 43 -215 ± 57 

TA 
(n=3) 

 19 ± 28* --- --- --- 

Note: *AUCE,lu – AUCE,li, because kidney receptor occupancy for TA after IV administration was not 
present 
The collected organs are lung (lu), kidney (ki), spleen (sp), liver (li), and brain (br).  
The tested compounds are Beclomethasone dipropionate (BDP), Beclomethasone 17-monpropionate 
(BMP), budesonide (BUD), Ciclesonide (CIC), Des-ciclesonide (desCIC), fluticasone propionate (FP), and 
triamcinolone acetonide (TA). 
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Table 2-2.  Differences in receptor occupancies (ΔAUCE, mean ± SD) between non-
kidney organs (lung, spleen, liver, and brain) and kidney after IT 
administration (100 µg/kg) of the seven ICSs in rats. 

ICSs Receptor occupancy difference (ΔAUCE) (kidney as reference organ) (% *h) 

 AUCE,lu – AUCE,ki AUCE,sp – AUCE,ki AUCE,li – AUCE,ki AUCE,br – AUCE,ki 

BDP 
(n=3) 

  80 ± 67 --- 178 ± 42  -83 ± 70 

BMP 
(n=3) 

101 ± 31 ---   45 ± 29 -278 ± 23 

BUD 
(n=6) 

  33 ± 46   33 ± 35  -16 ± 30 -102 ± 42 

CIC 
(n=6) 

141 ± 39 135 ± 28  -24 ± 28   -59 ± 28 

Des-
CIC 
(n=6) 

103 ± 85   69 ± 80  -57 ± 79   -48 ± 67 

FP 
(n=9) 

143 ± 52 105 ± 47  -90 ± 43 -183 ± 111 

TA 
(n=9) 

  82 ± 41   66 ± 26   35 ± 28 -339 ± 72 

Note: The collected organs are lung (lu), kidney (ki), spleen (sp), liver (li), and brain (br). 
The tested compounds are Beclomethasone dipropionate (BDP), Beclomethasone 17-monpropionate 
(BMP), budesonide (BUD), Ciclesonide (CIC), Des-ciclesonide (desCIC), fluticasone propionate (FP), and 
triamcinolone acetonide (TA). 
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Table 2-3.  Summary of biopharmaceutical and PK/PD properties of tested 
corticosteroids in rats. 

Corticosteroids LogP a RRA b 
Solubility 
(mg/L) 

CL (L/h) 
CLint 
(L/h) n 

fu 

BDP 4.1     53   0.16 c 4.30 i --- 0.13 o 

BMP 3.14 1345 14 d 0.38 i   44.34 0.016 i 

BUD 2.8   935 23 e 0.33 j     7.59 0.074 l 

CIC 4.3     12   0.09 f 2.08 k --- 0.006 p 

desCIC 3.89 1212 --- 0.70 k 311.11 0.018 q 

FP 3.8 1800   0.4 g 0.67 l 179.26 0.023 i 

TA 2.2   223 25.5 h 0.23 m     3.34 0.099 m 

Note: The tested compounds are Beclomethasone dipropionate (BDP), Beclomethasone 17-
monpropionate (BMP), budesonide (BUD), Ciclesonide (CIC), Des-ciclesonide (desCIC), fluticasone 
propionate (FP), and triamcinolone acetonide (TA). 
a reference (60); b reference (68); c reference (69) ; d reference (70); e reference (71); f reference (72); g 
reference (73); h calculated using General Solubility Equations (74); i reference (75); j reference (76); k 
reference (77); l reference (78); m reference (79); n reference (80); o reference (81); p CLint was 
calculated; q BDP fraction unbound in human (82); r CIC fraction unbound in human (83); s reference 
(84). 
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Figure 2-1.  % Receptor occupied – time profiles for FP after systemic (IV) and 

pulmonary (IT) administration. Receptor occupancy in kidney was used as a 
reference and displayed in each figure. The mean ± SD is given. 
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Figure 2-2.  Receptor occupancies of lung, spleen, liver and brain comparing with 

kidney receptor occupancies after IV administration of tested compounds in 
rats. The mean ± SD is given. 

Note: *hepatic receptor occupancy was used because kidney receptor occupancy for TA after IV 
administration was not present. 
The tested compounds are Beclomethasone dipropionate (BDP), Beclomethasone 17-monpropionate 
(BMP), budesonide (BUD), Ciclesonide (CIC), Des-ciclesonide (desCIC), fluticasone propionate (FP), and 
triamcinolone acetonide (TA). 
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Figure 2-3.  Receptor occupancies of lung, spleen, liver and brain comparing with 

kidney receptor occupancies after IT administration of tested compounds in 
rats. The mean ± SD is given. 

Note: The tested compounds are Beclomethasone dipropionate (BDP), Beclomethasone 17-
monpropionate (BMP), budesonide (BUD), Ciclesonide (CIC), Des-ciclesonide (desCIC), fluticasone 
propionate (FP), and triamcinolone acetonide (TA). 
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Figure 2-4.  Relationship between drug properties and ΔAUCE in non-pulmonary organs 
in rats. The mean ± SD is given. A) ΔAUCE between spleen and kidney vs. 
solubility, B) ΔAUCE between liver and kidney vs. hepatic intrinsic clearance 
(CLint), C) ΔAUCE between brain and kidney vs. logP 

Note: The tested compounds are Beclomethasone dipropionate (BDP), Beclomethasone 17-
monpropionate (BMP), budesonide (BUD), Ciclesonide (CIC), Des-ciclesonide (desCIC), fluticasone 
propionate (FP), and triamcinolone acetonide (TA). 
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Figure 2-5.  Pulmonary targeting of tested compounds and its relationship with drug 
properties for seven corticosteroids in rats. The mean ± SD is given. A) 
Pulmonary targeting of seven corticosteroids, B) ΔAUCE between lung and 
kidney (pulmonary targeting) vs. systemic clearance, C) ΔAUCE between lung 
and kidney (pulmonary targeting) vs. solubility. 

Note: The tested compounds are Beclomethasone dipropionate (BDP), Beclomethasone 17-
monpropionate (BMP), budesonide (BUD), Ciclesonide (CIC), Des-ciclesonide (desCIC), fluticasone 
propionate (FP), and triamcinolone acetonide (TA). 
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CHAPTER 3 
PHYSIOLOGICALLY BASED PK/PD MODEL TO ASSESS PULMONARY TARGETING 

OF BECLOMETHASONE DIPROPIONATE AND ITS ACTIVE METABOLITE  

Background 

Orally inhaled drug products (OIDPs) for treatment of pulmonary diseases have 

been designed to deliver the drug directly to the site of action, thereby achieving distinct 

pulmonary effects with reduced systemic side effects. Although metered dose inhalers 

have been introduced more than 60 years (1), the pulmonary fate of inhaled medicines, 

as determined by the biopharmaceutical characteristics of the drug/formulation/device 

combination and their interaction with the body, is far from being well understood. 

Challenges are mainly related to the complex interplay between anatomical and 

physiological aspects of the lung, including drug and formulation properties which 

determine together the pulmonary deposited dose, regional deposition and post-

deposition events (dissolution/ diffusion/receptor interaction).  

Recently, the use of computational fluid dynamic approaches (85) or algebraic 

models (Emmace, MPPD (86)) resulted in a better understanding and prediction of 

deposition events. To further understand post-deposition events and to relate these to 

the overall fate of deposited drug in the lung and systemic circulation, physiologically 

based approaches have been applied very recently to bronchodilators and 

corticosteroids with the overall goal to predict pulmonary and systemic concentration-

time profiles (43,87,88). However, for a better understanding of efficacy and safety, 

studies should not be limited to total drug concentrations alone but should either be able 

to predict free drug concentrations or link total drug to markers of pulmonary effects and 

systemic side effects. For corticosteroids, monitoring the receptor occupancy in the lung 
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and systemic organs through ex-vivo (37) or in-vivo receptor binding (58) assays have 

been suggested as a suitable approach to quantify pulmonary targeting. 

In this study we were interested in developing a physiologically based PK/PD 

(PBPK/PD) model for the glucocorticoid prodrug beclomethasone dipropionate (BDP) 

after pulmonary and intravenous administration. The model attempted to predict drug 

concentration-time profiles of the prodrug BDP and its active metabolite 

beclomethasone 17-monopropionate (BMP) and linked pulmonary and systemic 

concentrations to the measured pulmonary and systemic receptor occupancy-time 

profiles. Intravenous and pulmonary administration of BDP and BMP allowed to more 

precisely evaluate events important for pulmonary targeting.  

Methods 

Chemicals 

Micronized BDP was kindly provided by 3M (St Paul, MN, USA).  BMP was 

purchased from European Directorate for the Quality of Medicine 

(https://www.edqm.eu/). Fluticasone propionate (FP), used as the internal standard in 

LC/MS assay, was received from Glaxo Group Research (Herts, UK). 3H-labeled 

triamcinolone acetonide (TA) (38 Ci/mmol) was obtained from New England Nuclear 

(Wilmington, DE, USA). Analytical HPLC grade methanol, formic acid, ethyl acetate, 

and other chemicals were purchased from Fisher Scientific (Springfield, NJ, USA) or 

equivalent source. The solid phase LC18 (3 mL) cartridges for sample extraction were 

obtained from Supelco (Bellefonte, PA, USA). 

Animal Procedures 

The animal procedures were approved by the Institutional Animal Care and Use 

Committee, University of Florida. Male F-344 rats, weighing 200-250 grams, were 

https://www.edqm.eu/
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obtained from Harlan Laboratories (IN USA) and were housed in a constant 

temperature environment with a 12 h light/dark cycle.  

On the day of experiment, each rat was weighed and anesthetized via 

intraperitoneal (IP) injection of a freshly prepared anesthesia cocktail at a dose of 

1mL/kg (prepared by mixing 1.5 mL of ketamine (100 mg/mL), 1.5 mL of xylazine (20 

mg/mL), and 0.5 mL of acepromazine (10 mg/mL)). Subsequently, the rats received 

either dry powder formulations (BDP or BMP mixed with extra fine lactose) via 

intratracheal (IT) administration of 100 µg/kg or 100 µl of solution (200 µg/ml of BDP or 

180 µg/ml of BMP) via intravenous (IV) administration.  

 Dry powder formulation was prepared by geometrically diluting the tested 

compounds (BDP and BMP) with extra fine lactose. Intratracheal (IT) administration was 

performed by introducing a special round-ripped cannula to the trachea through the 

mouth. The cannula was attached to a delivery device (Penn-Century, Philadelphia, PA) 

for administration of dry powder. A mixture of lactose and drug (100µg/kg of drug) or 

lactose alone was placed in the chamber of the device and instilled in the lungs by 

insufflating 3 mL of air.   

For the intravenous (IV) administration, either 100 µL of IV solution (200 µg/mL 

for BDP or 180 µg/mL for BMP in a mixture of PEG 300 and saline 3:1 v/v) or 100µL of 

the solvent (for the placebo group) was injected into the tail vein.  The rats were 

subsequently decapitated with a guillotine at 0.5h, 1h, 2h, 4h, 7h, 12h after drug 

administration and 6 hours after lactose instillation or saline/PEG 300 injection. Blood 

was collected in tubes containing heparin and suitable enzyme inhibitors 

(ethylenediaminetetraacetic acid sodium salt (EDTANa2) and sodium fluoride (NaF)) 
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and centrifuged at 3,000 rpm for 10 mins.  The plasma was separated and stored at 

approximately -70 ˚C until analysis.  After preparation of plasma, lungs, livers, and 

kidneys were removed and immediately processed for receptor binding studies. Three 

animals were used per time point for every form of administration (IV and IT) and for 

BDP and BMP.  

Sample Preparation and LC/MS Analysis 

The concentrations of BDP and BMP in the plasma and tissue samples were 

analyzed using a liquid chromatography tandem mass spectroscopy (LC-MS/MS) assay 

published by Wang et al. (87). Briefly, a 1mL of plasma samples were thawed at room 

temperature. Then 50 µL of internal standard solution was added and mixed well. After 

adding 1mL of 30% (v/v) ethanol, the mixed solution was incubated for 15 min at 4˚C 

and centrifuged at 4000rpm (3148g) for 15 min (Jouan Centrifuge Model CR422, 

Winchester, VA) to remove the protein precipitate. The supernatant was then 

transferred onto the solid-phase extraction column. After drained under necessary 

vacuum, the column was then washed with three different elution. Finally, the sample 

was eluted with 3mL of 35:65 (v/v) ethyl acetate/n-heptane mixture.  

For determining BDP and BMP concentration in tissue samples (lung, liver, 

kidney), the compounds were extracted from rat tissue homogenates that were 

prepared as described in the ex-vivo receptor binding assay section (see below). One 

mL of the homogenate was mixed with 4mL of ethyl acetate. After centrifugation, the 

upper organic layer was transferred into a new tube and evaporated in a vacuum 

centrifuge. The residue was subsequently reconstituted in 50 µL of mobile phase. For 

both plasma and tissue samples, a volume of 30 µL was injected into the LC/MS/MS 

system. 
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LC/MS/MS was performed using a Micromass Quattro-LC-Z triple quadrupole 

mass spectrometer (Beverly, MA, US) linked to a high-performance liquid 

chromatography. A Waters C18 3.5µm column (Symmetry, 2.1×50mm i.d., Milford, MA) 

and a Whatman 3.5-µm ODS C18 guard column cartridge (Clifton, NJ) were used. The 

analytes were eluted isocratically with a mobile phase of water containing 33mM 

ammonium acetate (A) and methanol containing 0.33% formic acid buffer (pH 3.44) (B) 

(A:B = 30:70, v/v) at a flow-rate of 0.3 mL/min. Conditions for MS analysis included a 

source temperature of 120° C, the desolvation temperature of 450° C,   capillary and 

cone voltages of 3.0 kV and 30 V, respectively. The MS was performed in a positive 

mode under multiple reactions monitoring (MRM) in electrospray ionization (ESI). The 

m/z ratios of molecular ion and product ion for BDP, BMP, and FP (internal standard) 

were 521-> 319, 465 -> 279, and 501 -> 313, respectively. Data analysis was performed 

using Masslynx software. The lower limits of quantification (LLOQ) were 0.05 ng/mL for 

both BDP and BMP within an accuracy range of 80-120%.  

Ex-Vivo Receptor Occupancy Assay 

Receptor binding in the selected tissues (lung, liver, and kidney) after IV or IT 

administration of BDP and BMP was measured in a previously developed ex-vivo 

receptor binding assay (37). Briefly, immediately after decapitation, the lung, without 

trachea, the liver, and the two kidney beans were resected and placed on ice. To the 

weighed tissue an appropriate amount of ice-cooled incubation buffer (10 mL of buffer 

for 1 g of liver and 4mL of buffer for 1g of lung and kidney tissue; buffer composition: 

10mM Tris/HCL, 10 mM sodium molybdate, 2mM 1,4-dithiothreitol and 2mM 

phenylmethylsulphonyl fluoride, PMSF) was added and homogenized in a Virtis 45 

homogenizer at 40% of full speed, for three periods of 5 seconds each with a 30-second 
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cooling period between each step. A portion of this homogenate was used for 

determining the tissue drug concentrations by LC-MS/MS (see above) after storage of 

the homogenate at -70°C.  For the receptor binding assay, one mL of the unfrozen, 

directly processed homogenate was transferred into a centrifuge tube to which 100 µL 

of 5% activated charcoal was added and mixed.  After a 5 mins incubation on ice, the 

suspension was centrifuged to obtain a clear supernatant. Aliquots of the supernatant 

(150 µL) were transferred into microcentrifuge tubes.  Then, 50 µL of 40 nM 3H-TA in 

incubation buffer was added to determine total binding (TB) while 50 µL of incubation 

buffer containing with 40 nM 3H-TA and 40 µM unlabeled TA was added to determine 

the non-specific binding (NS). After a 16-24hs incubation at 4 °C, the unbound 

glucocorticoid was removed by adding 200 µL of 5% activated charcoal suspension.  

The mixture was incubated for 5 mins on ice and then centrifuged at 10,000 rpm for 5 

mins. The radioactivity (dpm) in 300 µL of supernatant was determined using a liquid 

scintillation counter (Beckman model LS 5000 TD, Palo Alto, CA).   

All determinations were performed in triplicate. The specific binding for rats in the 

placebo group was used to quantify the overall available binding sites (binding sites 

present in the absence of BDP treatment).The ratio of the specific binding for drug-

treated rats to that for placebo rats served as the estimate of percent of available 

binding sites. The % of occupied receptors were calculated from this ratio as follows 

% 𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟𝑠 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

= 100 −  100

∗
𝑆𝑒𝑝𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑖𝑠𝑠𝑢𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑓𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑟𝑎𝑡

𝑆𝑒𝑝𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑖𝑠𝑠𝑢𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑟𝑎𝑡
 

(3-1) 
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Noncompartmental Analysis 

Because both parent drug and metabolite were given to rats via IV and IT 

administration, noncompartmental analysis (NCA) was used to calculate some 

metabolite related pharmacokinetic parameters  from BDP and BMP concentration-time 

profiles and resulting area under the concentration-time profiles (AUC; calculated by the 

trapezoidal rule). The degree of BDP conversion was calculated by comparing the 

AUC0- of BMP after IV administration of BDP (AUC0-∞, BMP (IV BDP)) to that after IV 

administration of an equimolar dose of BMP (AUC0-∞, BMP (IV BMP)): 

𝐹𝐵𝐷𝑃→𝐵𝑀𝑃 =  
𝐴𝑈𝐶0−∞,𝐵𝑀𝑃 (𝐼𝑉 𝐵𝐷𝑃)

𝐴𝑈𝐶0−∞,𝐵𝑀𝑃 (𝐼𝑉 𝐵𝑀𝑃)
        

(3-2) 

The absolute systemic bioavailability of IT administered BDP and BMP was 

calculated as follows: 

𝐹𝑗 =  
𝐴𝑈𝐶0−∞,𝑗 (𝐼𝑇 𝑗)

𝐴𝑈𝐶0−∞,𝑗 (𝐼𝑉 𝑗)
×

𝐷𝑜𝑠𝑒𝑗 (𝐼𝑉 𝑗)

𝐷𝑜𝑠𝑒𝑗 (𝐼𝑇 𝑗)
        

(3-3) 

where j represents BDP or BMP;  AUC0-∞, BDP (IVBDP), AUC0-∞, BDP (ITBDP) , AUC0-∞, 

BMP (IVBMP), and AUC0-∞, BMP (ITBMP) are AUCs of BDP or BMP after IV or IT administration 

of BDP or BMP; DoseBDP (IVBDP), DoseBDP (ITBDP), DoseBMP (IVBMP) and DoseBMP (ITBMP) are 

87, 100, 78, and 100 µg/kg, respectively. The clearance of BMP after IV administration 

was also calculated as dose / AUC0-∞, and used as the initial estimate for the parameter 

estimation in the PBPK model. 

PBPK Model Development 

Global PBPK model structure 

A physiologically based pharmacokinetic model (PBPK) incorporating lung 

disposition and conversion of BDP to BMP was developed within Monolix (version 
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2018R2, LIXOFT, France) (Figure 3-1A). The model incorporated lung, gut, spleen, 

liver, kidney, and adipose tissues, while other tissues were combined to reduce the 

model complexity and dimensionality according to Nestorov et al. (88). Perfusion-rate 

limited distribution was assumed to apply for all the tissues. The following equation was 

used to describe the change in the amount of drug in a given organ:  

𝑉𝑡𝑖
𝐶𝑡𝑖,𝑗

𝑑𝑡
= 𝑄𝑡𝑖  × (𝐶𝑝,𝑗 −  

𝐶𝑡𝑖,𝑗

𝐾𝑝,𝑡𝑖,𝑗
)          

(3-4) 

where j represents the parent drug BDP or the metabolite BMP; ti represents a given 

tissue compartment: gut, spleen, liver, kidney, adipose, rapidly perfused, or slowly 

perfused tissues; V is the tissue volume; Q is the tissue blood flow; Kp is the tissue 

partition coefficient; Cti,j and Cp,j are the concentrations of compound j in a given tissue ti 

and plasma, respectively. The blood flows and volumes of the tissues were taken from 

the literature (Table 3-1) (89,90). The tissue partition coefficients for both BDP and BMP 

(except for lung, liver, and kidney for BMP) were calculated from drug physicochemical 

properties and protein binding according to Rodger & Rowland method (91). Kps of BMP 

for lung, liver and kidney were estimated by fitting the proposed model (Figure 3-1) to 

plasma and tissue (lung, liver and kidney) concentrations after IV administration of 

BMP. The unbound fractions of BDP and BMP in plasma (fup) were taken as 0.13 and 

0.016, respectively (77,82). The unbound fractions in tissues (fut) were estimated from 

the volume of distribution at steady state (Vdss = Vp + Vt * fup / fut) after IV injection of 

BDP and BMP, respectively.   

BDP, as a prodrug, has been shown to be enzymatically hydrolyzed to BMP via 

esterase (92). This process was assumed to occur in the blood and all tissue 

compartments with the same metabolic clearance (CLmet) following the equation:   
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𝑉𝑡𝑖
𝐶𝑡𝑖,𝐵𝐷𝑃

𝑑𝑡
= 𝑄𝑡𝑖  × (𝐶𝑝,𝐵𝐷𝑃 −  

𝐶𝑡𝑖,𝐵𝐷𝑃

𝐾𝑝,𝑡𝑖,𝐵𝐷𝑃
) − 𝐶𝐿𝑚𝑒𝑡 × 𝑓𝑢𝑝,𝐵𝐷𝑃  ×  

𝐶𝑡𝑖,𝐵𝐷𝑃

𝐾𝑝,𝑡𝑖,𝐵𝐷𝑃
 

(3-5) 

 

where fup is the unbound fraction of BDP in the plasma. CLmet was estimated via fitting 

the plasma and tissue (lung, liver, and kidney) concentrations after IV of BDP when 

other parameters were fixed.  

Sub-compartmental model of lung 

Lung was divided into the tracheobronchial (central) and alveolar (peripheral) 

compartments based on its anatomical and physiological differences (42) (Figure 3-1A). 

The central region was perfused by the arterial blood via the bronchial circulation (1% of 

the cardiac output (93)), while blood was reaching the alveolar region via the pulmonary 

circulation with a rate identical to  the cardiac output. After pulmonary delivery of BDP or 

BMP, BDP or BMP particles deposited in the lung and subsequently dissolved in the 

epithelial lining fluid (ELF) according to their dissolution rates, the dissolved drug was 

subsequently absorbed into the lung tissue via passive diffusion (Figure 3-1B). Because 

information on the BDP and BMP dry powders were not available, deposition and 

dissolution process could not be predicted from suitable deposition software or Nernst-

Brunner relationships and while knowing the pulmonary deposited dose the central to 

peripheral deposition ratio was predicted during the fitting process. 

Dissolution after pulmonary delivery 

The change in undissolved drug was consequently described by a simple first-

order process: 

𝑑𝐴𝑠𝑜𝑙𝑖𝑑,𝑖,𝑗

𝑑𝑡
= −𝑘𝑑𝑖𝑠,𝑗𝐴𝑠𝑜𝑙𝑖𝑑,𝑖,𝑗           

(3-6) 
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where i represents central or peripheral region of the lung; j represents BDP or BMP 

after pulmonary delivery of BDP or BMP; A represents the amount of undissolved drug; 

kdis is the first order dissolution rate constant.  

Pulmonary absorption  

When drug is dissolved, the primary force driving its transport into the blood 

stream is the concentration gradient between adjacent compartments. The change of 

the dissolved drug in the lining fluid was defined as:  

𝑉𝑓𝑙𝑢𝑖𝑑,𝑖

𝑑𝐶𝑓𝑙𝑢𝑖𝑑,𝑖

𝑑𝑡
= 𝑘𝑑𝑖𝑠,𝑗𝐴𝑠𝑜𝑙𝑖𝑑,𝑖,𝑗 − 𝑃𝑎𝑝𝑝,𝑖,𝑗𝑆𝑖 (𝐶𝑓𝑙𝑢𝑖𝑑,𝑖𝑓𝑢,𝑓𝑙𝑢𝑖𝑑,𝑗 −

𝐶𝑖,𝑗𝑓𝑢𝑝,𝑗

𝐾𝑝,𝑙𝑢𝑛𝑔,𝑗
) 

(3-7) 

 

where i represents central or peripheral region of the lung; j represents BDP or BMP; 

Vfluid is the volume of rat lung lining fluid, which can be calculated from the 

corresponding surface area and the thickness of the lining fluid layer. The surface area 

S and the thickness for central and peripheral lung was taken as 75 cm2 and 6357 cm2 

(49,94), and 5 µm and 0.2 µm (46,95), respectively.  Papp is the permeability; fu,fluid is the 

unbound fraction in the lining fluid and assumed to be 1 (43). Metabolism was not 

allowed in the lining fluid, as data on the esterase activity were not available. 

Consequently, the drug was allowed to enter the lung tissue. In the case of BDP, 

the rate with which the drug amount changes in the lung tissue compartments (central 

or peripheral) was determined by the rates BDP is entering and leaving the specific 

compartment and in addition by the rate with which BDP is activated in the lung to BMP. 

This is described by the following equation:  
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𝑉𝑙𝑢𝑛𝑔,𝑖

𝑑𝐶𝑙𝑢𝑛𝑔,𝑖,𝑗

𝑑𝑡

=  𝑃𝑎𝑝𝑝,𝑖,𝑗𝑆𝑖 (𝐶𝑓𝑙𝑢𝑖𝑑,𝑖𝑓𝑢,𝑓𝑙𝑢𝑖𝑑,𝑗 −
𝐶𝑖,𝑗𝑓𝑢𝑝,𝑗

𝐾𝑝,𝑙𝑢𝑛𝑔,𝑗
)

+ 𝑄𝑖  × (𝐶𝑝,𝑗 −  
𝐶𝑙𝑢𝑛𝑔,𝑖,𝑗

𝐾𝑝,𝑙𝑢𝑛𝑔,𝑗
) − 𝐶𝐿𝑚𝑒𝑡 × 𝑓𝑢𝑝,𝐵𝐷𝑃  ×  

𝐶𝑙𝑢𝑛𝑔,𝑖,𝐵𝐷𝑃

𝐾𝑝,𝑙𝑢𝑛𝑔,𝐵𝐷𝑃
 

(3-8) 

where i represents central or peripheral lung; j represents BDP or BMP. For describing 

the rate change in BMP after pulmonary delivery of BMP, the above equation was 

adapted. The last term in the above equation was removed, but dissolution and 

absorption into the lung tissue was modelled in the same way as described for BDP. 

The rate of change in BMP after pulmonary delivery of BDP was derived from the 

metabolic input rate and the absorption into the blood stream. 

Parameters were estimated in a stepwise approach: Kps in lung, liver and kidney 

were estimated using Equation 3-4 using data after IV administration of BMP (Kps of 

BDP in lung, liver, and kidney, and Kps of BDP and BMP in gut, spleen, adipose tissue, 

rapidly perfused and slowly perfused tissues were calculated as described by Rodgers 

and Rowland (91); the metabolic rate for BDP in all tissues and system conversion to 

BMP was estimated using Equation 3-5 after IV administration of BDP; and pulmonary 

related parameters were estimated using Equation 3-6 to 3-8 after IT administration of 

BDP and BMP. In details, the dissolution rate constants and permeability from ELF into 

lung tissue for BDP were estimated via fitting the plasma and tissue (lung, liver and 

kidney) concentrations after IT administration of BDP; the dissolution rate constants and 

permeability from ELF into lung tissue for BMP  in the lung were estimated via fitting the 

plasma and tissue (liver and kidney) concentrations after IT administration of BMP, 

when other parameters (systemic specific parameters and parameters obtained by 
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fitting IV data) were fixed. Since the overall drug permeability and membrane thickness 

are correlated, the alveoli permeability was obtained from the estimates of the central 

lung permeability by correcting for the differences in thickness (96,97). The cell layer 

thicknesses of central and peripheral lung was taken as 13 µm and 0.38 µm, 

respectively (48). 

Emax Model for Receptor Binding 

An Emax model was used to relate the receptor occupancies to the free drug 

concentrations in the corresponding organs (lung, liver, and kidney).  The equation is 

defined as follows: 

𝐸 =  
𝐸𝑚𝑎𝑥  × 𝐶𝑡𝑖,𝐵𝑀𝑃 × 𝑓𝑢𝑡,𝐵𝑀𝑃

𝐸𝐶50 + 𝐶𝑡𝑖,𝐵𝑀𝑃 × 𝑓𝑢𝑡,𝐵𝑀𝑃
 

(3-9) 

where ti represents lung, liver, and kidney; E is the receptor; Emax is the maximum 

receptor occupancy estimated using the developed model. EC50 is the free drug 

concentration corresponding to the half-maximal effect. Emax and EC50 were obtained by 

sequentially fitting the tissue concentrations (lung, liver and kidney) and receptor 

occupancies after IV administration of BMP. 

Since the lung has been divided into two regions, the whole lung receptor 

occupancy was considered as a weighted average receptor occupancy of the two 

regions. The whole lung receptor occupancy was calculated considering the volume of 

each region according to Boger et at. (43).  
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𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦

=  
𝑉𝑐𝑒𝑛𝑡𝑟𝑎𝑙

𝑉𝑐𝑒𝑛𝑡𝑟𝑎𝑙 + 𝑉𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙
× 𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦𝑐𝑒𝑛𝑡𝑟𝑎𝑙

+ (1 −
𝑉𝑐𝑒𝑛𝑡𝑟𝑎𝑙

𝑉𝑐𝑒𝑛𝑡𝑟𝑎𝑙 + 𝑉𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙
) × 𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙 

(3-10) 

The accumulative receptor occupancy (AUCE) was calculated by the trapezoidal 

rule from the receptor occupancy-time profiles. Then pulmonary targeting is defined as 

the difference of AUCE between lung and kidney (AUCE,lung – AUCE, kidney).     

The parameter estimation for PBPK/PD model was implemented in MONOLIX 

(version 2018R2, LIXOFT, France) and MONOLIX code is in Appendix. The random 

effects among subjects were fixes as 30% by assessing the data variability. The final 

models were evaluated based on goodness-of-fit plots, precision of parameter 

estimation, the Akaike information criterion (AIC). 

Sensitivity Analysis 

The extended Fourier amplitude sensitivity test (eFAST) method as described by 

McNally et al. (98) was used to evaluate the influence of each model parameter on the 

simulated pulmonary and renal receptor occupancy after IT administration of BDP. A 

first-order sensitivity index, Si, of a given parameter i, was calculated as a fraction of 

total variance:  

𝑆𝑖 =
𝑆𝑖

2

𝑆𝑡𝑜𝑡𝑎𝑙
2   

(3-11) 

Where 𝑆𝑖
2 was calculated from the Fourier coefficients at the frequency of 

interest; i is the tested parameters: kdis, Papp, Fc, CL, CLmet, body weight, Kp in the lung 

and kidney for BDP and BMP. The total-order sensitivity index, STi, of a given parameter 
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i was calculated as the remaining variance after the contribution of the complementary 

set. 

𝑆𝑇𝑖 = 1 −  𝑆𝑐𝑖   (3-12) 

where Sci is the summed sensitivity index of the entire complementary set of 

parameters using their identification frequencies. 

A small index would indicate that the model output, receptor occupancy of lung or 

kidney would be insensitive to the parameter. Indexes close to 1 would suggest that 

there may be amplified parameter errors associated with model structure. The 

sensitivity analysis and all graphical presentations were performed in R software 

(version 3.4.3).  

Model Validation 

To validate the PBPK model structure and parameter estimates for both IV and 

IT routes, plasma concentrations of BDP and BMP were simulated after IV and IT 

administration of BDP. The predicted concentrations were subsequently compared with 

plasma PK  reported after IV and IT administration of BDP (2.9 µmol/kg and 0.33 

µmol/kg) (99).  

The receptor occupancy-time profiles were also predicted with the developed 

model and compared with receptor occupancy data of our study after IT administration 

of BMP, IV and IT delivery of BDP (see Method section).  

Assessment of Pulmonary Targeting 

Pulmonary targeting was defined as the cumulative receptor occupancy 

difference between lung and kidney after pulmonary administration. To assess the effect 

of drug properties on pulmonary targeting of BDP, dissolution rate (e.g. 0.4/h and 4/h) 

and permeability (e.g. 15 and 0.15 ×10-6 cm/s) were tested. Receptor occupancy-time 
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profiles in lung, central lung and kidney were predicted with the developed PBPK/PD 

model.  

Results 

PK/PD Data for BDP and BMP in Rats 

BDP and BMP plasma concentration-time profiles after IV and IT administration 

of BDP, plasma and tissue concentration-time profiles of BMP, receptor occupancy-time 

profiles after IV and IT administration of BDP and BMP are shown in Figure 3-2. Results 

of the noncompartmental analysis are shown in Table 3-3.  Based on AUC0- estimates 

of BDP and BMP plasma concentration-time profiles following a single IV injections of 

equimolar dose of BDP and BMP (Table 3-3), 95.4% of BDP was converted to BMP, 

indicating that BMP is the main metabolite of BDP. After IT administration of BDP, 

51.2% of intact BDP was directly absorbed from the lung into systemic circulation, while 

46.6% of pulmonary deposited BDP was converted to BMP in the lung. Therefore, 

almost all (97.9%) the BDP dry powder was absorbed after IT administration as either 

BDP or BMP. BMPs’ systemic availability after IT administration was calculated to be 

71.5%.  

The total clearances were calculated as 3.6 and 0.35 L/h, and volumes of 

distribution at the steady state (Vdss) were calculated as 4.4 and 0.36 L for BDP and 

BMP, respectively. 

PBPK/PD Model in Rats 

The proposed PBPK model was able to capture both BDP and BMP 

concentration-time profiles in plasma and various tissues after both IV and IT 

administration routes, with model prediction in close agreement with the experimental 

observations (Figure 3-3). The PBPK model based estimated PK parameters for BDP 
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and BMP are shown in Table 3-4 with clearance values close to those derived from 

NCA analysis (Table 3-3). 

The dissolution rates for BDP and BMP were estimated as 0.47 ± 0.1/h and 

3.01±1.4/h, respectively. The permeabilities of the central lung for BDP and BMP were 

estimated as 15 ± 8.3 and 2.92 ± 0.8 ×10-6 cm/s, respectively with those for the 

peripheral lung (obtained through scaling according to membrane thickness differences) 

being 509 and 98.9 ×10-6 cm/s, respectively.  With exception of two parameters (Kdiss of 

BMP and Papp of BDP) relative standard errors (RSE) for most PK parameters were less 

than 20%.   

Receptor occupancy-time profiles observed after IV administration of BMP for 

lung, liver, and kidney were fitted to the proposed Emax model (Figure 3-3). The 

estimates of Emax and EC50 were 85.5% and 0.0017ng/mL, respectively (Table 3-4). The 

RSE for all PD parameters were less or around 30%. 

Sensitivity Analysis 

The eFAST sensitivity indices for the rat PBPK/PD model regarding receptor 

occupancy in the lung and kidney are shown in Figure 3-4. All tested parameters had 

sensitivity indices smaller than 0.4, indicating that the model output is insensitive to the 

variation of the given parameter.  

Model Verification 

To assess the PBPK model structure and parameter estimates, BDP and BMP 

concentrations were predicted and compared with experimental BDP and BMP 

concentrations in plasma after IV and IT administration of BDP (99). The model 

predicted plasma concentrations of BDP and BMP agreed reasonably well with external 

observations (Figure 3-5).  
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To validate  the pharmacodynamic part of the model (Emax and EC50) derived  

parameters from data after IV administration of BMP, the receptor occupancy-time 

profiles in the tested tissues (lung, liver, and kidney)  after IV and IT administration of 

BDP, and IT administration of BMP (lung is not included as lung free BMP 

concentrations could not be determined)) were predicted (Figure 3-2C, 3-2F, and 3-2L). 

Considering the experimental variability and model complexity, the predicted receptor 

occupancy-time profiles agreed reasonably well with observed receptor occupancies in 

lung, liver, and kidney after IT of BMP, IV and IT administration of BDP (Figure 3-6).   

Evaluation of Pulmonary Targeting 

To investigate the effect of drug properties on pulmonary targeting, lung and 

kidney receptor occupancies were simulated with different dissolution rates and 

permeability (Figure 3-7). When dissolution was slow, receptor occupancies in the lung 

were higher than those in kidney receptor occupancy, indicating pulmonary targeting. 

However, receptor occupancies in these three tissue compartments were very similar 

when dissolution was fast (Figure 3-7A).  

Simulations within Monolix (version 2018R2, LIXOFT, France) preformed using 

different permeability values are shown in Figure 7B. Receptor occupancy in the lung 

was higher than that in kidney when permeability is lower, indicating low permeability 

can improve pulmonary targeting. 

Discussion 

A better understanding of factors relevant for achieving pulmonary targeting is 

desirable in facilitating the drug development (18). Our previous simulations (41) have 

shown that high systemic clearance, low oral bioavailability and prolonged residence 

time can improve pulmonary targeting. Our recent study has assessed pulmonary 



 

74 

targeting of a series clinically used corticosteroids and evaluated the importance of 

clearance and factors determining the pulmonary fate for explaining differences across 

these corticosteroids. A further step in understanding the pulmonary fate and 

performance of inhalation drugs is it to link it to physicochemical properties and 

performance in subsequent events (deposition, dissolution, metabolism, 

pharmacodynamic interactions) within the lung. 

 Recently, PBPK approaches integrating drug specific properties with lung 

physiologic characteristics have been used to improve the understanding of pulmonary 

disposition. Errikson et al (100) have proposed a mechanistic model to investigate 

epithelial permeability in isolated perfused rat lung. Boger et al (43) have developed a 

physiologically based model that incorporated drug formulation factors within 

physiological conditions. Those studies have shown that employing experimental data in 

conjunction with suitable in-silico methodologies would provide insightful understanding 

of pulmonary targeting. In the present study, a physiologically based PK/PD model was 

developed to describe prodrug disposition in the lung and link it to pulmonary targeting 

using receptor occupancy as a biomarker. The receptor occupancy of corticosteroids 

reflects the pharmacodynamically relevant drug concentrations in the tissues. We had 

previously developed an ex-vivo receptor occupancy assay suitable to monitor 

pharmacodynamic relevant events in a range of tissues, including the lung after 

pulmonary and systemic administration (37). Using this model and incorporating 

pharmacokinetics, we could assess the relationship between drug properties and 

receptor occupancies in different tissues and further evaluate pulmonary targeting.  We 
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selected BDP, although it was developed more than 50 years ago to learn more about 

the fate of an inhaled pro-drug.  

BDP, as a prodrug needs to be activated into its active metabolite before it can 

initiate the desired effects. This activation can occur in the lung or in the system after 

absorption from the lung. Thus, for a better understanding, one needs to understand the 

fate of BDP and BMP both in the lung and the systemic circulation. To determine 

pulmonary activation of BDP, IV administration of BDP and BMP and subsequent 

analysis of the systemic metabolic events were included in this study as a platform to 

investigate the pulmonary fate in more detail.  

NCA analysis (Table 3-3) showed that the majority of BDP (95.4%) was 

converted to BMP after IV administration of BDP. This high conversion percentage is 

due to its rapid hydrolysis to BMP (101). After IT administration of BDP, 51.2% of intact 

BDP was absorbed from the lung into systemic circulation (Table 3-3), indicating that 

about half of pulmonary deposited BDP was directly absorbed into systemic circulation 

before activation in the lung.  This is in line with a rat study which suggested the extent 

of biotransformation of BDP in the lung was very limited (99). However, a clinical study 

suggests that only 2% of the inhaled BDP was directly absorbed into system (92). The 

observed difference might be to species differences or the higher doses (100 µg/kg of 

bodyweight) administered in the rat experiments.   

Based on NCA analysis, clearances of BDP and BMP were 3.6 and 0.35 L/h, 

respectively (Table 3-3). The two values are close to the rate of cardiac output (89) and 

hepatic blood flow (102), respectively. The Vdss of BDP and BMP, which were 

significantly greater than the volume of total water in the rat (89), indicate both 
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compounds were extensively distributed in the body. The half-life of BDP and BMP was 

calculated as 0.52 h and 1.1 h, respectively. The BMP half-life was close to the results 

reported (1.5h) in the literature (99). The BDP half-life was longer than the reported 

value (0.17h) (99), probably due to variability of the terminal slope. BDP was eliminated 

very fast after IV administration and terminal concentrations were close to limit of 

quantification of the analytical assay. As a result, the accuracy of BDP half-life 

estimates were compromised.   

The developed PB/PK model is the first trying to capture the fate of an inhaled 

pro-drug. During model development, several lung models, differing in the number of 

compartments but each capturing dissolution, metabolism and diffusion processes, 

were tested. The current model structure (Figure 3-1) was selected based on model 

selection criteria (e.g. AIC, BIC values, goodness-of-fit), and lung physiology 

considerations. Two pulmonary compartments with differing absorption rates were 

necessary to describe the plasma and tissue concentrations of BMP (25% were 

deposited peripherally), while the majority of BDP (99%) was deposited centrally within 

one lung compartment (Table 3-4). The terminal slopes of BDP after IV and IT 

administration differed (Figure 3-2), indicating a flip-flop situation due to a slower 

pulmonary absorption of BDP. Thus, a combined fast and slow absorption process was 

considered, especially for BMP in the model development. Similar model structures 

were used before (97,103) as they  reflect lung physiological features (42).   

 As expected, most of the drug powder was deposited centrally because drug 

was introduced directly into the tracheal region regardless of particle size distribution. 

The permeability estimates for BDP and BMP were 15 and 2.9 cm/s ×10-6, respectively 
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(Table 3-4). The estimates were in line with the permeabilities that were reported for 

corticosteroids in cell culture (0.6 – 25 cm/s ×10-6) (104). The higher permeability of 

BDP when compared with BMP agrees with its higher lipophilicity. The estimated 

dissolution rates of BDP and BMP were 0.47/h and 3.01/h, respectively (Table 3-4). The 

results are close to the absorption rates (0.34 and 2.86 /h) that were reported in 

Sharvari et al study (105) in which dissolution is assumed to be the rate-limiting step. In 

contrast, clinical studies have reported a fast absorption of BDP in the human lung (92). 

The fast absorption could be due to the commercially available MDI formulations 

dissolving faster. The current model does not include Kmuc, because it was not 

identifiable when Kmuc and kdis were estimated at the same time without additional 

information, such as particle size distribution and the use of the Noyes Whitney 

equation instead of the simple first-order process which were previously used to model 

the dissolution process (105). Furthermore, the ciliary function was inhibited in 

anesthetized animal (106,107). 

The present PBPK model considered six organs: lung, liver, gut, spleen, kidney, 

and adipose tissues (Figure 3-1). These six organs were included because either they 

are structurally necessary, or their concentrations are available. Brain was not included 

because the tissue concentration was not available. Although receptor occupancies in 

brain were measured, the data is limited to describe drug distribution in brain when 

transporters are involved. To validate the PBPK model structure and parameter 

estimates, plasma concentrations of BDP and BMP after IV and IT administration in rats 

were predicted. The prediction agreed reasonably well with the external experimental 

data (99). To further evaluate the model, AUCs that were calculated using experimental 
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data were compared with the AUCs that were calculated based on simulated plasma-

concentration time profiles using the proposed PBPK model. Based on the proposed 

model, 94.0% of BDP was converted to BMP after IV administration, which agrees with 

the NCA calculation (95.4%) using experimental data (Table 3-3). After IT administration 

of BDP, 47.1% of BDP was directly absorbed from the lung and 49.8% of pulmonary 

deposited BDP was converted to BMP. These results are also similar as the values 

(51.2% and 46.6%) that were reported in Table 3-3. Overall, the developed model 

structure (global model and pulmonary disposition) was able to describe PK data well. 

To describe receptor occupancy in tissues, an Emax model was used because 

fast equilibrium between plasma and tissues was assumed. Emax was estimated as 

85.5% (Table 3-4), which is slightly underestimated from 100%, likely to be related to 

the limited dissociation of BMP from the receptor during the ex-vivo incubation step. The 

EC50 was estimated as 1.7pg/mL (Table 3-4), which is in the same range of Kd values 

(7.1 pg/mL) reported for fluticasone propionate (FP) in an in-vivo  receptor binding 

assay (58). While we may expect BMP having slightly greater EC50 value than FP, 

because the relative receptor binding affinity (RRA) of BMP is smaller than that  of FP 

(RRABMP = 1345 and RRAFP = 1800 (101,108)). Differences in FP’s and BMP’s protein 

binding might explain this result .  

To validate our PD model, receptor occupancy-time profiles for all scenarios (IV 

and IT administration of BDP and BMP) were predicted from PD parameters resulting 

from fitting only data related to the IV administration of BMP (Figure 3-6). While  a good 

agreement between predicted and observed receptor binding data was obtained, we 

compared also the AUCE (area under the receptor occupancy-time curves) that were 
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calculated from NCA analysis using experimental data (AUCE,lung = 332 %*h and 

AUCE,kidney = 252 %*h) with those calculated from predicted occupancy-time profiles 

(AUCE,lung = 389 %*h and AUCE,kidney = 336 %*h). Pulmonary targeting that was 

estimated using the proposed PBPK/PD model was only about 30% less than the 

estimates obtained directly from experimental data. Considering the complexity of the 

model, the variability and sample size of the data, the model is able to capture the key 

features in the observations and well explained the PK/PD relationship.  

Simulations have shown that a concentration gradient, achieved by slow 

dissolution or low permeability, was obtained to achieve pulmonary targeting (Figure 3-

7). Our previous results show that prolonged pulmonary residence time could improve 

pulmonary targeting (41). As expected, the slow dissolution and low permeability result 

in a relative higher concentration in the lung than in systemic circulation, as a result, 

pulmonary targeting was improved. The simulation exercise on low permeability was 

theoretically explored to investigate the impact of drug properties on pulmonary 

targeting. Overall, this study demonstrated the value of mechanistically based approach 

to describe pulmonary disposition within physiologically relevant condition and 

reinforced the importance of dissolution and permeability for the permeance of an 

inhaled corticosteroid. 

Summary 

We reported for the first time a physiologically based PK/PD model with lung 

disposition for a corticosteroid prodrug and its active metabolite. The model can 

describe plasma concentrations, tissue concentrations and receptor occupancies 

reasonably well after two administration routes of the prodrug and its active metabolite. 

The simulated PK/PD profiles agreed well with the observed external concentrations 
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and experimental receptor occupancy data. Simulations have revealed the relationship 

between drug properties (e.g. dissolution and permeability) and pulmonary targeting. 

Thus, the model can facilitate drug development of inhaled corticosteroids, also have 

applications in the assessment of pulmonary targeting. 
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Table 3-1.  Physiological parameters for modeling in rats 

Tissue Volume (fraction of BW) Blood flow (fraction of Q
co

) 

Lung 0.005
a 0.021/1

a,
 
e 

Gut 0.027
b 0.14

b 
Spleen 0.002

a 0.0715
d 

Liver 0.040
a 0.183

a 
Kidney 0.0073

a 0.14
a 

Adipose tissue 0.16
a 0.09

c 
Rapidly perfused tissue 0.039

c 0.3096
c 

Slowly perfused tissue 1-remainder 1-remainder 

Arterial blood 0.02
a NA 

Venous blood 0.04
a NA 

Note: NA, not available; Qco = cardiac output, 26.5 L/h/kg (89), ref c. (109); a: ref (89); b: ref (43); d: ref 
(90) 
Rapidly perfused tissues include richly perfused + heart; Slowly perfused tissues = 1- remainder; e blood 
flow of central and peripheral region
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Table 3-2.  Tissue-plasma partition coefficients for tissues in the model a 

Tissue / Compound BDP BMP 

Lung   3.88 1.87
d 

Gut   4.65 1.71 

Spleen   1.86 1.18 

Liver   3.41 3.51
d 

Kidney   3.10 1.45
d 

Adipose tissue 38.9 4.27 

Rapidly perfused tissue b   5.30 2.03 

Slowly perfused tissue c   3.02 1.20 

Note: a Kp was calculated by Rodger & Rowland method (91) except for lung, liver, and kidney for BMP; 
b kp of richly perfused tissue is the kp in heart; c kp of poorly perfused tissue is the mean kp of muscle 
and bone marrow; d kp was estimated by fitting plasma and concentration after IV of BMP  
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Table 3-3.  The estimates of PK parameters for BDP and BMP in rats using 
noncompartmental analysis  

IV BDP 
87.0 µg/kg 

IT BDP 
100 µg/kg 

IV BMP 
78.3 µg/kg 

IT BMP 
100 µg/kg 

BDP BMP BDP BMP BMP BMP 

PK  
Parameter 

Units Mean ± SD 

C
max

  µg/L 2.2 21.2    0.6   9.6  26.5  11.6 

T
max

  h 0.6    0.6   1.3   1.3    0.5   2.0 

AUC
0-∞

 µg*h/L 6.0  49.3   3.5 32.2   51.7  47.2 

F % --- 95.4 a 51.2 b 46.6 c 100 71.5 

CL L/h 3.6  ---   3.4  ---     0.35   0.36  

V
dss

 L 4.4  --- --- ---     0.36 --- 

Note: a 95.4% of BDP was converted to BMP after IV administration of BDP; b 51.2% of BDP was directly 
absorbed and c 46.6% of BDP was absorbed as BMP after IT administration of BDP.   
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Table 3-4.  The estimates of PK/PD parameters for BDP and BMP in rats using the 
proposed model 

PK Parameter Units Values RSE (%) 

Kp, lung, BMP 
 

    1.87 17.8 

Kp, liver, BMP 
 

    3.51 17.7 

Kp, kidney, BMP 
 

    1.45 17.4 

BMP clearance L/h     0.44 17.8 

Metabolic clearance (BDP -> BMP) L/h     1.6 18.0 

Papp, central lung, BDP cm/s (x10
-6

)   15 55.4 

Papp, peripheral lung, BDP cm/s (x10
-6

) 509 38.4 

Papp, central lung, BMP cm/s (x10
-6

)    2.92 27.3 

Papp, peripheral lung, BDP cm/s (x10
-6

)  98.8 26.3 

Dissolution rate of BDP 1/h    0.47 19.1 

Dissolution rate of BMP 1/h    3.01 45.1 

Fraction deposition to central region for 
BDP 

 
   0.99   3.6 

Fraction deposition to central region for 
BMP 

 
   0.76   5.99 

PD Parameters Units Value RSE (%) 

E
max

 %  85.5 17.7 

EC
50
 ng/mL    0.0017 33.5 

Note: Kp is the tissue partition coefficient; Papp is the permeability, calculated based on permeability of the 
central lung 
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Figure 3-1.  Schematic representation of a physiologically based pharmacokinetic model 

for BDP and BMP after intravenous (IV) or intratracheal (IT) administration 
(A), compartmental representation of lung disposition (B), and PD model to 
describe the relationship between receptor occupancy and free drug 
concentration in tissues (C).  

Note: Fc: fraction of the pulmonary dose that is deposited in the central region of the lung; Qbr and Qco: 
bronchial blood flow and cardiac output, respectively; Qg, Qli, Qsp, Qkid, Qadi: blood flow in gut, liver, 
spleen, kidney, adipose tissues, respectively; Qra: blood flow in rapidly perfused tissues (mainly brain and 
heart); Qsl: blood flow in slowly perfused tissues (mainly skin, muscle, and bone); CLmet: intrinsic 
clearance for BDP conversion to BMP; CL total clearance of BMP; Solid: BDP or BMP undissolved 
particles that deposited in the lung; Kdis: first order dissolution rate  ELF: epithelial lining fluid; Papp: 
permeability; S: surface area; C: concentration between ELF and lung tissue; Rmax: the maximum 
observed receptor occupancy; E0: receptor occupancy when no tested drug present; EC50: free drug 
concentration corresponding to the half-maximal difference between Rmax and E0; Cu: free drug 
concentration at the site of action.   
Process 1 represents the dissolution of solid BDP; process 2 represents the diffusion of dissolved BDP 
between ELF and lung tissue; process 3 presents perfusion between lung tissue and bloodstream.  
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Figure 3-2.  BDP and BMP concentration in plasma (A, D, G, J), BMP concentration in 
tissues (B,E, H, K), and receptor occupancy in tissues (C, F, I, L) after IV 
administration of BDP (A-C), IT administration of BDP (D-F), IV administration  
of BMP (G-I), and IT administration of BMP (J-L).  

Each point and vertical bar represent the mean and SD of the observations at a given time point (n=3), 
respectively.  *data were not included in the model development but used for model validation.  
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Figure 3-3.  Observed (dots) and predicted (lines) concentrations (Conc.) and receptor 

occupancies (Occ.) in plasma and various tissues in rats.  

Note: Each dot represents the mean data of three independent animals. Solid lines are the fit predictions 
based on the proposed PBPK/PD model.   
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Figure 3-4.  Sensitivity analysis. The total effect on lung receptor occupancy (A) and 

kidney receptor occupancy (B) with ten different parameters given as a 
proportion of variance when IT administration of BDP was given.  

Note: The following parameters were included in the analysis: Kp_lung_BMP: lung-to-plasma partition 
coefficient of BMP; CL: total clearance of BMP; Kdis: dissolution rate of BDP; BW: body weight; CLmet: 
metabolic clearance of BDP conversion to BMP; Papp: permeability of BDP; Kp_kid_BMP: kidney-to-
plasma partition coefficient of BMP; Kp_lung_BDP: lung-to-plasma partition coefficient of BDP; 
Kp_kid_BDP: kidney-to-plasma partition coefficient of BDP; Fc: fraction of the pulmonary dose that is 
deposited in the central region of the lung. 
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Figure 3-5.  Observed (dots) and PBPK model-predicted (lines) plasma concentrations 

of BDP and BMP after IV (A) and IT (B) administration of BDP in rats.  

Measured BDP and BMP concentrations were digitized from Chanoine et al. (99)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

90 

 

 
 
Figure 3-6.  Observed (dots) and PBPK/PD model-predicted (lines) receptor 

occupancies (lines) after IV administration of BDP (A-C), IT administration of 
BDP (D-F), and IT administration of BMP (G-I).  

Observed receptor occupancies in the tissues were measured in this study (see Method section).  
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Figure 3-7.  Simulation of receptor occupancy in the lung and kidney with different 

dissolution rate (0.4 and 4 /h) and permeability (0.15 and 15 *10-6 cm/s)  after 
IT of BDP in rats.  
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CHAPTER 4 
CONCLUSION 

The goal of inhalation therapy is to achieve distinct pulmonary effects without 

inducing systemic side effects (pulmonary targeting). Assessing pulmonary targeting is 

therefore vital during drug candidate selection in early drug development. 

Within the first part of this thesis, we evaluated pulmonary targeting of a series of 

commercially available corticosteroids: BDP, BMP, BUD, CIC, desCIC, FP, and TA.   

After IV and IT administration the receptor occupancies in tissues differ and are affected 

by transporters, organ specific metabolic events, and cell trafficking. The present study 

provides a quantitative assessment of pulmonary targeting of inhaled corticosteroids 

and demonstrates differences across commercially available corticosteroids for both 

pulmonary as well as systemic drug exposure.  

Furthermore, we reported for the first time a physiologically based PK/PD model 

with lung disposition for a corticosteroid prodrug and its active metabolite. The model 

can describe plasma concentrations, tissue concentrations and receptor occupancies 

reasonably well after two administration routes of the prodrug and its active metabolite. 

The simulated PK/PD profiles agreed well with the observed external concentrations 

and experimental receptor occupancy data. Simulations have revealed the relationship 

between drug properties (e.g. dissolution and permeability) and pulmonary targeting.  

Overall, this work reveals favorable drug properties of inhaled corticosteroids. 

And the developed model can be used for drug design and assessment of pulmonary 

targeting.  
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APPENDIX A 
TABLES AND FIGURES FOR RECETPR OCCUPANCY ANALYSIS 

 
Receptor Occupancy after Intravenous (IV) Administration of Tested Inhaled 

Corticosteroids in Rats. The Mean ± SD Is Given. 

ICSs Receptor occupancy (% *h) 

 AUCE,lung AUCE,kidney AUCE,liver AUCE,spleen AUCE,brain 

BDP 
(n=3) 

309 ± 77 339 ± 35 405 ± 58 --- 123 ± 89 

BMP 
(n=3) 

444 ± 15 443 ± 25 474 ± 13 --- 88 ± 32 

BUD 
(n=3) 

293 ± 86 316 ± 96 284 ± 101 296 ± 103 74 ± 61 

CIC 
(n=6) 

174 ± 128 111 ± 105 92 ± 95 269 ± 105 63 ± 74 

Des-
CIC 
(n=6) 

209 ± 133 166 ± 97 134 ± 97 220 ± 112 69 ± 66 

FP 
(n=6) 

339 ± 126 290 ± 60 133 ± 94 342 ± 51 75 ± 28 

TA 
(n=3) 

272 ± 107 --- 253 ± 126 --- --- 
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Receptor Occupancy after Intratracheal (IT) Administration of Tested Inhaled 
Corticosteroids in Rats. The Mean ± SD Is Given. 

ICSs Receptor occupancy (% *h) 

 AUCE,lung AUCE,kidney AUCE,liver AUCE,spleen AUCE,brain 

BDP 
(n=3) 

332 ± 99 252 ± 62 430 ± 22 --- 169 ±81 

BMP 
(n=3) 

401 ± 49 300 ± 54 345 ± 25 --- 22 ± 38 

BUD 
(n=6) 

203 ± 105 170 ± 83 154 ± 84 203 ± 72 68 ± 65 

CIC 
(n=6) 

248 ± 97 107 ± 89 83 ± 79 242 ± 88 48 ± 69 

Des-
CIC 
(n=6) 

250 ± 112 147 ± 96 90 ± 94 216 ± 104 99 ± 79 

FP 
(n=9) 

364 ± 87 221 ± 72 131 ± 46 326 ± 65 38 ± 61 

TA 
(n=9) 

455 ± 69 373 ± 52 408 ± 65 439 ± 50 34 ± 50 
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Receptor Occupancy – Time Profiles for BDP after Systemic (IV) and Pulmonary 

(IT) Administration. The Mean ± SD Is Given.  
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Receptor Occupancy – Time Profiles for BMP after Systemic (IV) and Pulmonary 

(IT) Administration. The Mean ± SD Is Given.  
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Receptor Occupancy – Time Profiles for BUD after Systemic (IV) and Pulmonary 

(IT) Administration. The Mean ± SD Is Given.  
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Receptor Occupancy – Time Profiles for CIC after Systemic (IV) and Pulmonary 
(IT) Administration. The Mean ± SD Is Given.  
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Receptor Occupancy – Time Profiles for desCIC after Systemic (IV) and 

Pulmonary (IT) Administration. The Mean ± SD Is Given. 
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Receptor Occupancy – Time Profiles for TA after Systemic (IV) and Pulmonary (IT) 

Administration. The Mean ± SD Is Given.  
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APPENDIX B 
 

MONOLIX CODE FOR PBPK MODEL AFTER IT ADMINISTRATION OF BDP 

DESCRIPTION: 

The administration is IT of BDP. 

The PK model contains lung, liver, kidney, spleen, gut, and adipose. 

 

 

[LONGITUDINAL] 

input = {Pc, kdiss, Fc} 

 

PK: 

depot(adm=1, target = APsclung,p = Fc) 

depot(adm=2, target = APsplung,p = 1-Fc) 

 

EQUATION: 

odeType = stiff 

;===== Input parameters ===== 

BW = 0.23                                      ;kg or L, average rat 230g, assume desity 1g/cm3 

Qco = 26.5 * BW                           ;cardiac output  

CLM = 0.439                                 ;L/hr 

CLmet= 1.6                                    ;L/hr, BDP convert to BMP 

R = 1                                              ;blood/plasma ratio 

fupp = 0.13                                    ;BDP, fraction unbound in plasma 

fupm = 0.016                                 ;BMP, fraction unbound in plasma 

ffu =1                                             ;fraction unbound in ELF 

;===== organ (compartment) volume ===== 

Vlung = 0.005 * BW                     ; fraction of BW, lung, L 

Vlive = 0.04 * BW                        ; fraction of BW, liver 

Vkid =0.0073 * BW                      ; fraction of BW, kidney 

Vspl = 0.002 * BW                       ; fraction of BW, spleen 

Vgut = 0.027 * BW                       ; fraction of BW 

Vadip = 0.16 * BW                        ; fraction of BW 

Vart = 0.02 * BW                          ; fraction of BW, arterial blood 

Vven = 0.04 * BW                        ; fraction of BW, venous blood 

Vrich = 0.039 * BW 

Vall = 0.005 + 0.04 + 0.0073 + 0.002 + 0.027 + 0.16 + 0.02 + 0.04 + 0.039 ; fraction of the rest 

Vpoor = (1 - Vall) * BW                ; 1- the rest, poorly perfused 

;===== blood flow between organs (compartments) ===== 

Qclung= 0.021 * Qco                      ; fraction of Q_CO 

Qplung= 1 * Qco 

Qlive = 0.183 * Qco                        ; fraction of Q_CO, liver 

Qkid = 0.14 * Qco                           ; fraction of Q_CO, kidney 

Qspl = 0.0715 * Qco                       ; fraction of Q_CO, spleen 

Qgut = 0.14 * Qco                          ; fraction of Q_CO  

Qadip = 0.09 * Qco                         ; fraction of Q_CO 
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Qrich = 0.3096 * Qco 

Qall = 0.021 + 0.183 + 0.14 + 0.0715 + 0.14 + 0.09 + 0.3096 ; fraction of all 

Qpoor =(1 - Qall) * Qco                        ; 1-the rest, poorly perfused 

;===== tissue to plasma partition coefficients ===== 

KPPlung = 3.88   

KPPlive = 3.41  

KPPkid = 3.1  

KPPspl = 1.86  

KPPgut = 4.65  

KPPadip = 38.9 

KPPrich = 5.3   

KPPpoor = 3.02 

 

KPMlung = 1.87   

KPMlive = 3.51 

KPMkid = 1.45  

KPMspl = 1.18  

KPMgut = 1.71  

KPMadip = 4.27 

KPMrich = 2.03   

KPMpoor = 1.2  

;===== rat lung related parameters ===== 

;Papp dm/hr = 10cm/3600s 

;1L = 1dm3 

Sclung = 3.27 * BW            ; surface area, dm2/kg 

Splung = 276.4 * BW          ; surface area, dm2/kg 

Vfplung= 1.636e-4 * BW    ; L, 163.6 uL/kg 

Vfclung= 1.935e-4 * BW     ; L, 193.5 uL/kg 

Vclung = 0.19 * Vlung         ; fraction of tissue volume 

Vplung = 0.81 * Vlung        ; fraction of tissue volume 

hclung = 13 

hplung = 0.38                       ;um epithelim thickness 

s = hclung/hplung  

Pp = Pc * hclung/hplung     ;Papp in peripheral 

 

;===== definition of variables in compartments ===== 

;Conc in ng/mL 

CPfplung = APfplung/Vfplung 

CPfclung = APfclung/Vfclung 

CPtplung = APtplung/ Vplung 

CPtclung = APtclung/ Vclung 

 

CPkid = APkid / Vkid  

CPadip = APadip / Vadip 

CPspl = APspl / Vspl 

CPgut = APgut / Vgut 
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CPlive = APlive / Vlive 

CPart = APart / Vart 

CPven = APven / Vven  

CPrich = APrich / Vrich 

CPpoor = APpoor / Vpoor 

 

CMtplung= AMtplung/ Vplung 

CMtclung= AMtclung/ Vclung 

CMlung = (AMtclung + AMtplung) / Vlung 

 

 

CMkid = AMkid / Vkid  

CMadip = AMadip / Vadip 

CMspl = AMspl / Vspl 

CMgut = AMgut / Vgut 

CMlive = AMlive / Vlive 

CMart = AMart / Vart 

CMven = AMven / Vven  

CMrich = AMrich / Vrich 

CMpoor = AMpoor / Vpoor 

 

;===== ODEs initial values ===== 

t_0 = 0 

APsplung_0= 0 ;AP parent drug 

APsclung_0= 0 

APfplung_0= 0 

APfclung_0= 0 

APtplung_0= 0    

APtclung_0= 0 

APart_0 = 0 

APkid_0 = 0 

APadip_0 = 0 

APrich_0 = 0 

APpoor_0 = 0 

APven_0 = 0 

APspl_0 = 0 

APgut_0 = 0 

APlive_0 = 0 

 

AMplung_0 = 0 ;AM metabolite 

AMclung_0 = 0 

AMart_0 = 0 

AMkid_0 = 0 

AMadip_0 = 0 

AMrich_0 = 0 

AMpoor_0 = 0 
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AMven_0 = 0 

AMspl_0 = 0 

AMgut_0 = 0 

AMlive_0 = 0 

 

;===== ODEs ===== 

ddt_APsclung= -kdiss * APsclung  

ddt_APsplung= -kdiss * APsplung 

ddt_APfclung= kdiss * APsclung - Pc * Sclung *(CPfclung*ffu - CPtclung*fupp/KPPlung) 

ddt_APfplung= kdiss * APsplung - Pp * Splung *(CPfplung*ffu - CPtplung*fupp/KPPlung) 

ddt_APtclung= Qclung* CPart - Qclung*R* CPtclung/KPPlung - CLmet * fupp * 

CPtclung/KPPlung + Pc * Sclung *(CPfclung*ffu - CPtclung*fupp/KPPlung) 

ddt_APtplung= Qplung* CPven - Qplung*R* CPtplung/KPPlung - CLmet * fupp * 

CPtplung/KPPlung + Pp * Splung *(CPfplung*ffu - CPtplung*fupp/KPPlung) 

 

ddt_APart = - Qplung* CPart + Qplung*R* CPtplung/KPPlung - CLmet * fupp * CPart 

ddt_APkid = Qkid * CPart - Qkid *R* CPkid / KPPkid - CLmet * fupp * CPkid / KPPkid 

ddt_APadip = Qadip * CPart - Qadip *R* CPadip / KPPadip - CLmet * fupp * CPadip / 

KPPadip 

ddt_APrich = Qrich * CPart - Qrich *R* CPrich / KPPrich - CLmet * fupp * CPrich / KPPrich 

ddt_APpoor = Qpoor * CPart - Qpoor *R* CPpoor / KPPpoor - CLmet * fupp * CPpoor / 

KPPpoor 

ddt_APven = -Qkid * CPven + Qkid *R* CPkid / KPPkid - Qadip * CPven + Qadip *R* CPadip 

/ KPPadip - Qrich * CPven + Qrich *R* CPrich / KPPrich - Qpoor * CPven + Qpoor *R* 

CPpoor / KPPpoor - Qclung * CPven + Qclung*R* CPtclung/KPPlung - Qspl*CPven - 

Qgut*CPven - Qlive*CPven +(Qlive+Qspl+Qgut)*R*CPlive/KPPlive - CLmet * fupp * CPven 

ddt_APspl = Qspl * CPart - Qspl *R* CPspl / KPPspl - CLmet * fupp * CPspl/ KPPspl 

ddt_APgut = Qgut * CPart - Qgut *R* CPgut / KPPgut - CLmet * fupp * CPgut/ KPPgut 

ddt_APlive = Qlive * CPart + Qgut *R* CPgut / KPPgut + Qspl *R* CPspl / KPPspl -

(Qlive+Qspl+Qgut)*R*CPlive/KPPlive - CLmet * fupp * CPlive/ KPPlive  

 

ddt_AMtplung= Qplung* CMven - Qplung*R* CMtplung/KPMlung + CLmet * fupp * 

CPtplung/KPPlung 

ddt_AMtclung= Qclung* CMart - Qclung*R* CMtclung/KPMlung + CLmet * fupp * 

CPtclung/KPPlung 

 

ddt_AMart = - Qplung* CMart + Qplung*R* CMtplung/KPMlung + CLmet * fupp * CPart 

ddt_AMkid = Qkid * CMart - Qkid *R* CMkid / KPMkid + CLmet * fupp * CPkid / KPPkid 

ddt_AMadip = Qadip * CMart - Qadip *R* CMadip / KPMadip + CLmet * fupp * CPadip / 

KPPadip 

ddt_AMrich = Qrich * CMart - Qrich *R* CMrich / KPMrich + CLmet * fupp * CPrich / 

KPPrich 

ddt_AMpoor = Qpoor * CMart - Qpoor *R* CMpoor / KPMpoor + CLmet * fupp * CPpoor / 

KPPpoor 

ddt_AMven = -Qkid * CMven + Qkid *R* CMkid / KPMkid - Qadip * CMven + Qadip *R* 

CMadip / KPMadip - Qrich * CMven + Qrich *R* CMrich / KPMrich - Qpoor * CMven + 
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Qpoor *R* CMpoor / KPMpoor - Qclung* CMven + Qclung*R* CMtclung/KPMlung - 

Qspl*CMven - Qgut*CMven - Qlive*CMven +(Qlive+Qspl+Qgut)*R*CMlive/KPMlive + 

CLmet * fupp * CPven - CLM*CMven  

ddt_AMspl = Qspl * CMart - Qspl *R* CMspl / KPMspl + CLmet * fupp * CPspl/ KPPspl 

ddt_AMgut = Qgut * CMart - Qgut *R* CMgut / KPMgut + CLmet * fupp * CPgut/ KPPgut 

ddt_AMlive = Qlive * CMart + Qgut *R* CMgut / KPMgut + Qspl *R* CMspl / KPMspl -

(Qlive+Qspl+Qgut)*R*CMlive/KPMlive + CLmet * fupp * CPlive/ KPPlive  

 

 

OUTPUT: 

output = {CPven, CMven, CMlung, CMlive, CMkid} 
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