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Summary 

The development of new inhaled medicines for the treatment of airway disease is being held back by the lack of 
understanding of how the airways respond to inhaled particulate therapies.  A highly vacuolated or ‘foamy’ alveolar 
macrophage response is often observed in the lungs of rats when dosed with inhaled particulate candidate drugs 
which prevents their progression in drug discovery on the grounds of safety, despite not fully understanding if these 
responses are adverse in humans.  It is currently unknown if these alveolar macrophages responses are mediated by 
the soluble or particulate fraction of these compounds in the lung. The aim of this study was to develop methodology 
to test if cellular responses to poorly aqueous soluble compounds were caused by the pharmacology of the drug and 
the soluble fraction entering the cells, or by physicochemical interaction of the insoluble particulate material with the 
alveolar macrophages.  Amiodarone was selected as a model drug as it is a cationic amphiphilic compound 
established for inducing phospholipidosis in the airways.  Concentrations between 1-100 µM  amiodarone were 
prepared and either left unfiltered or filtered through a 0.2 µm filter.  Solubility studies indicated that 8% of the 100 µM 
amiodarone preparation was not solubilised, however no significant differences (p>0.05) were observed for viability 

and phospholipidosis responses in the rat alveolar macrophage cell line, NR8383. Preliminary results indicate that the 
pharmacological action of amiodarone in its solubilised form primarily mediates alveolar toxicity rather than the 
interactions of the insoluble particulates with the cells.  It is anticipated that similar studies will aid a better 
understanding of the pathophysiology of airway immune responses to characterise whether the soluble or insoluble 
fraction of poorly aqueous soluble inhaled drug compounds is responsible for adverse alveolar responses.  This will 
help inform the safety assessment process for new inhaled medicines in drug discovery. 
 
Introduction 
 

The rate of emergence of new inhaled therapies for the treatment of lung diseases to the market has declined rapidly 
over the past thirty years despite huge investment into development of novel inhaled medicines.  Approximately one 
third of inhaled candidate molecules are rejected for safety reasons if pre-clinical screening indicates the production of 
a foamy alveolar macrophage phenotype in the lungs of rats in vivo in response to the compound

1
.  The term foamy 

macrophage (FM) describes a vacuolated cytoplasmic appearance which can be visualised by light microscopy
1,2

. 
The phenotype may occur in certain diseases (Niemann-Pick disease), infections (tuberculosis) or through exposure 
to xenobiotics (amiodarone, poorly soluble drugs, polymeric nanoparticles)

3,4
. As a foamy macrophage phenotype 

may be produced in different circumstances ranging from a healthy cell response to widespread inflammation and 
tissue remodelling, visual interpretation of lung tissue histology sections leads to difficulty in predicting the safety of 
the compound in humans. Caution is therefore employed so that drug candidates that produce foamy macrophage 
responses in rats in vivo are not perused further in discovery despite a full understanding of the implications of the 
response and without the knowledge that these responses are relevant in humans

1
. The mechanism of induction of 

alveolar macrophages to a foamy state induction is not well understood, but it is postulated that it could be as a result 
of cellular interactions with the insoluble fraction of the drug, or due to the pharmacology of the compound caused by 
the solubilised drug

5
. The poor aqueous solubility of many new therapeutic molecules may contribute to the 

development of a foamy macrophage phenotype and result in accumulation of undissolved medicine in the lung after 
repeated or high dosing

6
. 

 
Amiodarone is a cationic amphiphilic drug and oral administration of this antiarrhythmic agent is associated with 
pulmonary toxicity

7-10
. The pulmonary toxicity induced by amiodarone is characterised by presence of enlarged 

macrophages which infiltrate the lung and reside within the alveolar space
7
. These macrophages adopt a foamy 

appearance characterised by an increase in cytoplasmic vacuolation associated with negatively charged 
phospholipids within these regions

8-10
. Additionally amiodarone possesses very poor aqueous solubility; in water its 

solubility has been reported to be 1.1 mM at 25 °C and up to 50 mM in DMSO. At present, it is not clear if the 
solubilised fraction or the insoluble amiodarone particles are responsible for the pulmonary toxicity observed both in 
vivo and in vitro. Gaining a better understanding of which fraction of amiodarone induces phospholipidosis in the 
alveolar macrophages in vitro will help interpret if the physicochemical properties of poorly aqueous soluble drugs 
impact airway response. The aim of this work was to develop methodology to investigate if the physicochemical 
properties amiodarone hydrochloride including charge effects and size of insoluble particles had induced a different 
response in in vitro alveolar macrophage cells in comparison with the solubilised fraction. These techniques may then 
be applied to existing marketed drugs and new drug candidates with poor aqueous solubility to gain a deeper 
understanding of the mechanism of toxicity. Such knowledge may contribute to future designing of novel medicines to 
increase their safety profile.  
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Materials and Methods 

 
Compound: Amiodarone hydrochloride was purchased from Sigma Aldrich (Poole, Dorset, UK). Stock solutions were 
prepared in DMSO (10 mM) or PBS (1 mM) by mixing on a vortex mixer for 5 min followed by sonification in a water 
bath for 5 min. This protocol was repeated twice more to solubilise as much of the amiodarone in the stock solution as 
possible. Working concentrations of 1, 10, 50 and 100 µM amiodarone were then prepared from these stock using 
complete culture medium. Solutions were prepared unfiltered and filtered through a 0.2 µm filter to remove any 
undissolved amiodarone particulates. 
 
Analysis of amiodarone solutions: An RP=HPLC method was developed and used for separation and determination of 
amiodarone concentrations in the filtered and unfiltered working solutions. A Perkin Elmer liquid chromatographic 
system (Coventry, West Midlands, UK) equipped with a Flexar UV/VIS Detector. C18 column: chemically bonded 
porous silica, particle size 5 μm, length 3.9mm x 75mm (Waters, Dublin, Ireland) was used for separation. The mobile 
phase consisted of solvent A: 100% v/v acetonitrile and solvent B: 0.5% v/v triethylamine (pH 6.55) in a 4:1 ratio. A 
flow rate of 1 mL per min and a detection wavelength were 244 nm employed. The particle size and charge of 
amiodarone solutions was measured using a ZetaSizer (Malvern Instruments, Worcestershire, UK).  
 
Cell culture: The NR8383 rat macrophage cell line was purchased from LCG Standards (Teddington, Middlesex, UK). 
Cells were cultured in Kaighn’s modified Ham’s F12 (K-F12) medium with 15 %v/v fetal bovine serum (FBS) and 
supplemented with 1% v/v penicillin/streptomycin and 2 mM L-glutamine. Cells were cultured in a humidified 
atmosphere at 37 °C with 5 %v/v CO2 and cell number was maintained between 1 x 10

5
 to 2 x 10

6
 cells/ml.  For 

experiments cells were seeded into 96 well plates at a density of 3 x 10
4 

cells/well in 100 µl of complete cell culture 
medium. 
 
Viability assay and staining protocol: Cell viability was assessed after 24, 48 and 72 h incubation with the prepared 
working concentrations (1, 10, 50, 100 µM) of amiodarone. Solutions were added to cells both unfiltered and filtered 
through a 0.2 µm filter to remove and undissolved amiodarone particulates. Guava ViaCount Reagent (Millipore, 
Hertfordshire, UK) was used according to manufacturer’s protocol to distinguish between viable and non-viable cells. 
The accumulation of phospholipids was determined using nile red staining technique as previously described

11
. 

 
Results 

 
Amiodarone is highly soluble in methanol and DMSO but poorly soluble in aqueous solutions of PBS and complete 
cell culture medium. The concentration of amiodarone in the filtered and unfiltered working solutions was assessed via 
HPLC (Table 1). Amiodarone concentrations below 50 µM amiodarone prepared from the DMSO stock had similar 
concentrations determined via HPLC. The deviations in reported concentration may be due to underestimating the 
amount of substrate introduced to the system. However the 100 µM concentration indicated that 8.2% of insoluble 
amiodarone had been removed by the filtration procedure. In contrast, no amiodarone was detected in any of the 
working solutions prepared from the PBS stock indicating the requirement for a solvent in the preparation of poorly 
aqueous soluble drugs. 
 
Table 1: Concentration of amiodarone hydrochloride in working solutions.  Working solutions were prepared from a 10 
mM amiodarone stock dissolved in DMSO. Working solutions were made to the theoretical concentrations with 
complete cell culture medium and left unfiltered or filtered through a 0.2 µm filter prior to analysis of the actual 
concentration of amiodarone determined using HPLC.  

Amiodarone formulation 
Theoretical 

Concentration (µM) 
Actual 

Concentration (µM) 

Unfiltered Amiodarone 
Preparation 

1 1.8 

10 8.7 

50 55.2 

100 103.8 

Filtered Amiodarone 
Preparation 

1 1.8 

10 9.3 

50 54.0 

100 95.3 
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Visible particulates were observed in the unfiltered amiodarone in PBS preparations, particularly at the 100 µM 
concentration, which is 10 times lower concentration than reported solubility data. No visible particles where found in 
amiodarone DMSO preparations and no significant difference in particle size was determined between filtered and 
unfiltered solutions using the ZetaSizer. This may suggest that the insoluble amiodarone fraction at the higher 
concentrations may be above the size limit for detection via this instrumentation. 
 
Cell viability was significantly decreased (p<0.05) when cells were exposed to concentrations of amiodarone above 50 
µM (Figure 1). No significant difference (p>0.05) was observed between unfiltered amiodarone preparations and those 
filtered through a 0.2 µm filter. For the 100 µM amiodarone preparation where an 8% reduction was observed in the 
filtered versus unfiltered sample, preliminary results suggest that cell viability may be more influenced by the soluble 
fraction of amiodarone than the insoluble, particulate fraction. 

 

Figure 1: Cell viability of the rat macrophage cell line, NR8383 treated with filtered and unfiltered preparations of 
amiodarone hydrochloride (1-100 µM) for (A) 24 h, (B) 48 h and (C) 72 h.  Viability was determined using Guava 
Viacount Reagent and analysed by flow cytometry. Data is presented as mean ± SD of cell viabiltiy relative to 
untreated cells (control) of three (n=3) experiments. Blue bars indicate amiodarone preparations filtered through a 0.2 
µm filter, red bars indicated unfiltered solutions. * indicates p<0.05 in comparison with untreated control. 

 
An increase in intracellular phospholipids and increased cell granularity were detected in NR8383 cells exposed to 
amiodarone in a concentration and time dependent manner (Table 2). Cell granularity and lipids droplets 
accumulation were assessed using flow cytometry after Nile Red staining. The more lipids present in the macrophage 
cell, the higher amount of emitted fluorescent light. Similarly, the more cell is granulated, the higher intensity of side 
scatter. No significant difference (p>0.05) was observed between filtered and unfiltered preparations of amiodarone. 

For the 100 µM concentration where an undissolved fraction was detected, preliminary results indicate that the 
increase in phospholipidosis and cell vacuolation observed in NR8383 cells is likely to be induced by the soluble 
fraction of amiodarone rather than the insoluble, particulate fraction.   
 
Table 2: Determination of phospholipidosis and extent of vacuolation in NR8383 cells treated with filtered and 
unfiltered amiodarone preparations. Results are presented as a relative to untreated cells. - indicates no change in 
granularity and phospholipid accumulation; + 3 – 5% of cells showed increase in granularity and  phospholipid 
accumulation; ++ 6 – 15% of cells showed increase in granularity and phospholipid accumulation. 
 

Amiodarone formulation Concentration (µM) 
Nile Red Staining 

24 h 48 h 72 h 

Unfiltered Amiodarone 
Preparation 

1 - - - 

10 + + + 

50 + ++ + 

100 ++ ++ ++ 

Filtered Amiodarone 
Preparation 

1 - - - 

10 - ++ + 

50 + ++ + 

100 ++ ++ ++ 
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Conclusion 

This study highlights that NR8383 cells showed no differences in cell viability or phospholipidosis between filtered and 
unfiltered preparations of amiodarone.  Whilst HPLC analysis of the concentrations of amiodarone in filtered and 
unfiltered solutions were the same in concentrations below 50 µM a difference of 8.5 µM was observed between 
filtered and unfiltered solutions suggesting that approximately 8% of the amiodarone in the unfiltered preparation was 
suspended as particulates greater than 0.2 µm in size.  These preliminary investigations suggest that amiodarone 
toxicity is primarily mediated by the drug in its solubilised form and is less related to the physicochemical properties of 
the insoluble particulate fraction.  Whilst further studies are required to quantify the physico-chemical properties of the 
insoluble particulates, these initial studies show potential in developing the understanding of how poorly soluble 
compounds interact with the lung.  It is anticipated that a better understanding of the pathophysiology of airway 
immune responses will be gained by characterising whether the soluble or insoluble fraction of poorly aqueous soluble 
compounds is responsible for adverse alveolar responses observed.  This in turn will help lead towards the improved 
safety assessment of new inhaled therapeutics for airway disease. 
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