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Summary 

Inhaled therapies for asthma were first developed in the 1960s and remain the preferred route of administration for 
treating the disease. They enable the topical delivery of therapeutically effective doses of drug into the airways 
eliciting local effects within the lungs whilst minimising systemic exposure. However, pre-clinical development of 
inhaled dry powder therapies presents a number of challenges. One is the alveolar macrophage (AM) response 
commonly induced in inhalation studies that is observed as an increase in the number of AM or in the appearance 
of vacuolated ‘foamy’ macrophages (FM). Amiodarone is a prototypic cationic amphiphilic drug, well-known for its 
ability to induce FM when administered systemically. This study investigated whether a foamy macrophage effect 
can be induced by amiodarone 10 mg/kg (day 1) and 30 mg/kg (days 2, 3 and 4) administered over 4 days by 
inhalation. Rat AM were obtained through bronchoalveolar lavage (BAL) on days 1 and 7 post-administration of four 
consecutive doses of aerosolised amiodarone (10, 30, 30, 30 mg/kg). Control animals were exposed to air. AM 
responses were evaluated using conventional histopathology and BAL assessment. The number of AM in the lungs 
did not increase over the course of the treatment. However, neutrophil recovery was significantly elevated at day 1 
post dosing (p<0.05) and eosinophil recovery was increased on day 7 post dosing (p<0.001). Although macrophage 

numbers were not altered, some ‘foamy’ AM were observed at both time points (p<0.01). These findings indicate 

that inhaled amiodarone elicits transient pulmonary inflammation and induces some AM vacuolisation. 

 

Introduction 

One of the difficulties in assessing the safety of inhaled drugs is the alveolar macrophage (AM) response that can 
sometimes be seen in toxicology studies and the relevance of these changes to safe dosing in the clinic [1]. One 
characteristic of certain inhaled dry powder formulations is the appearance of foamy macrophages (FM) which may 
be interpreted as an adverse finding and can prevent the further development of any compound which induces this 
response. A “foamy macrophage” is a term used to describe the vacuolated appearance of an AM, seen by light 
microscopy, due to the presence of lamellar bodies, or an accumulation of lipids or drug particles in the cytoplasm 
of macrophages [1,2]. It is unclear whether this is due to general particulate overload [3] or a pharmacologically-driven 
adverse event [1,4]. This is further complicated when subtle changes in macrophage numbers and appearance are 
observed, which may represent either an adaptive response to the dosed material, or the initial stages of an adverse 
health effect. The inability to discriminate between such responses triggers additional in vivo assessments to 

determine whether there are secondary consequences of FM appearance, such as inflammation. To improve 
inhaled drug development, a better understanding is required of FM biology, the influence of different macrophage 
phenotypes on other lung cells, and species differences in AM responses to inhaled particulates. The aim of this 
study was to assess lung macrophage responses following inhaled dry powder administration of amiodarone in 
male Wistar Han rats as this drug has previously been reported to induce the FM phenotype following systemic 
administration [5]. Macrophage responses were evaluated using conventional histopathology and bronchoalveolar 
lavage (BAL) fluid assessment.  

 

Experimental Methods 

Materials 
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Amiodarone hydrochloride, was purchased from Sigma-Aldrich (Dorset, UK) micronised and blended with 85 % 
lactose. Kwik-Diff stain kit was purchased from Fisher Scientific, Leicestershire, UK. 

Animals 

Male Wistar Han rats supplied by Charles River, 7-9 weeks of age (approximately 250-300 g) were used.  

Inhaled dosing using the Wrights Dust Feeder (WDF) 

All rats were placed in restraint cones and attached randomly to 1 of the 24 ports on the tower. Animals were dosed 
with 15 % amiodarone blend in lactose (mass median aerodynamic diameter 2.1 µm and geometric standard 
deviation 2.1 µm, ideal for inhaled dry powder delivery) with daily increasing doses of 10 mg/kg (day -3) and 30 
mg/kg (day -2, 1 and 0) on four occasions. Analysis of literature safety evidence for amiodarone indicated these 
doses will be well tolerated in rats over the time course of this study [6]. On days -3, -2, -1 and day 0, animals were 
placed in restraint cones and exposed for 30 min to a dry powder aerosol of micronised amiodarone or air using the 
Wrights Dust Feeder (WDF) mechanism. A regulated flow of compressed air (approximately 14 L/min) delivered 
the aerosol from the WDF into an inhalation chamber. A slight draw (0.5 L/min) of room air into the chamber was 
allowed to balance airflow and maintain the chamber at near ambient pressure whilst ensuring a flow of aerosol 
throughout the chamber.  

Bronchoalveolar lavage and histopathology 

Rats were killed humanely with an overdose of sodium pentobarbitone administered intra-peritoneally (i.p.) on days 
1 and 7 post dosing. Death was confirmed by exsanguination following removal of the heart and lungs. The trachea 
was isolated by a midline incision, cannulated and the lungs instilled with 3 x 5 mL BAL fluid (3.72g 
ethylenediaminetetraacetic acid /1g bovine serum albumin/L in phosphate buffered saline). Recovered aliquots 
were collected into 15 mL conical tubes. Individual aliquots from each animal were combined to form one BAL 
sample per animal and stored on wet ice. The lungs were removed and inflated with 10 % formalin. Tissue histology 
was performed on three transverse sections cut through the left lung, dehydrated through ascending grades of 
ethanol and embedded in paraffin wax. Sections were stained with hematoxylin and eosin (H&E) to assess general 
morphology. The total number of cells in the cellular fraction of the lavage was counted with a Neubauer 
haemocytometer. Differential cell counts were performed using cytospin preparations. Slides were briefly air dried 
before staining with Kwik-Diff stain kit. A total of 200 cells were evaluated to determine the proportion of neutrophils, 
eosinophils and macrophages using standard morphological criteria. The AM population was further assessed by 
evaluating 100 macrophages to subcategorise their morphology as normal, foamy or coarsely vacuolated. 

 

Results 

Lung inflammation 

Administration of amiodarone with daily increasing doses of 10 mg/kg (day -3) and 30 mg/kg (day -2, 1 and 0) on 
four occasions induced an inflammatory response in the lungs of rats (Fig. 1C and 1D). Total cell recovery of the 
macrophage population was not significantly different between amiodarone treatment and air control at days 1 and 
7 post dosing (p>0.05). The majority of the recovered total cells were AM (Fig. 1B). Neutrophils recovered by BAL 

occurred on day 1 (p<0.05) and were still elevated at day 7 although not significant (Fig. 1C). Figure 1D shows the 

recovery of eosinophils was significantly elevated at day 7 (p<0.001). 

 

Figure 1 - Total cells and differential counts in the bronchoalveolar (BAL) cellular fraction following exposure to air or amiodarone 
(Amio) at 1 and 7 days post-treatment. Columns represent mean ± S.E.M. derived from n = 3 animals per group. (*) p<0.05, (***) 
p< 0.001 vs. Respective air control.  

Histological analysis of lung tissue showed an accumulation of neutrophils/eosinophils in the lungs obtained from 
rats treated with amiodarone (Fig. 2B and 2C) in comparison to rats treated with air (Fig. 2A). Amiodarone induced 
perivascular / peribronchiolar inflammatory cell (eosinophilic) infiltrate at an increased incidence on day 1 and at an 
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increased incidence and severity on day 7 (Fig. 2D and 2E). There were no effects of amiodarone on the incidence 
or appearance of macrophages. 

 

 

 

Figure 2 - Histopathology of lung tissue exposed to amiodarone. Representative images of lung tissue harvested 
at day 1 and day 7 following treatment. 

 

Macrophage responses to amiodarone treatment 

The AM population recovered from BAL was assessed by subcategorising their morphology as normal, finely or 
coarsely vacuolated (Fig. 3A). The number of finely vacuolated macrophages following amiodarone treatment 
showed significantly elevated numbers of finely vacuolated foamy macrophages at days 1 and 7 post dosing 
(p<0.01). The number of coarsely vacuolated macrophages did not show any increase at day 1 and day 7 post 
doing. 

 

Figure 3 - Differential macrophage 
response in the bronchoalveolar (BAL) 
cellular fraction following exposure to air or 
amiodarone (Amio). A) Representative 
images showing normal macrophages, an 
enlarged macrophage with a finely 
vacuolated cytoplasm and a macrophage 
with a coarsely vacuolated cytoplasm and 
B) Macrophage response expressed as a 
percentage of the total macrophage 
population 1 and 7 days post-treatment. 
Columns represent mean ± S.E.M. derived 
from n = 3 animals per group. (**) p<0.01 
vs. Respective air control.  

 

 

 

 

Discussion 

Although amiodarone had no 
significant effect on total cell numbers 
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or macrophage numbers (Fig. 1A and 1B), there was evidence that inflammatory cells were recruited to the lungs 
after amiodarone administration. The number of neutrophils were significantly increased at day 1 post dosing and 
were slightly elevated at day 7 post dosing although not significant. Eosinophils were recruited to the lungs after 
amiodarone administration particularly at day 7 post dosing. Eosinophils are more often recruited during 
inflammatory reactions involving immunological processes, possibly implicating an immunological component to 
amiodarone induced toxicity [7]. Elevated neutrophils and eosinophils have also been reported in a similar model of 
amiodarone induced pulmonary toxicity [7,8]. The finely vacuolated macrophages which were elevated at days 1 and 
7 post dosing may be associated with apoptosis [9]. Whereas, the coarsely vacuolated macrophage phenotype is 
more indicative of autophagy [10] and may not have been detected due to a low concentration of amiodarone used.   

The most problematic scenario in drug development is when increased numbers of macrophages in the lungs and 
the predominance of a vacuolated appearance are observed in the absence of other significant lung toxicity. In this 
context the macrophage responses observed after the inhalation of a mildly inflammatory dose of amiodarone were 
less pronounced than was anticipated or desired if amiodarone inhalation is to serve as a positive control in studies 
into macrophage responses to inhaled medicines.  

 

Conclusions 

These findings indicate that the model developed exhibits transient pulmonary inflammation with little damage to 
the lungs of Wistar rats and induces some finely vacuolated AM with no change in macrophage numbers, but that 
this was not as prominent as has been reported following systemic administration of this drug. 
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