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Introduction
Phosgene is an industrially useful but highly poisonous gas that 
was previously used as a chemical warfare agent. It is currently 
used as an intermediate in large-scale production of a wide variety 
of materials including pharmaceuticals and pesticides [1]. When 
used as a chemical weapon in the First World War, phosgene was 
reportedly the most lethal of all the chemicals used, superseding 
chlorine due to its increased lethality [2,3]. The large quantities 
of phosgene produced means that there is the potential for 
widespread accidental or intentional exposure [4]. Release into a 
densely populated urban area would likely result in mass casualties 
and in local health care provision being overwhelmed; in such 
circumstances there is a requirement for effective, evidence based 
treatment guidelines which currently do not exist. 

The effects of inhalation of phosgene gas have been well 
known since the beginning of the last century. Briefly, the 
clinical course usually consists of a minimally symptomatic 
exposure, followed by a completely asymptomatic latent phase 
that varies in duration with inhaled dose [1,5,6]. The latent 
phase is terminated by the onset of non-cardiogenic pulmonary 
oedema, usually within 24 hours of exposure; in many patients 
the pulmonary oedema leads to respiratory failure and death. 
There is currently no specific therapy for phosgene inhalation 
and treatment is usually based on supportive measures guided 
by animal studies [7-9]. Although these studies have somewhat 
improved our understanding of the treatment of the injury 
induced by inhaled phosgene, major deficiencies remain in 
our understanding of the underlying pathophysiology, limiting 
rational approaches to improving treatment. 

Previously published work by our group has demonstrated, 
in a reproducible large animal model of phosgene induced acute 
lung injury, benefit to survival from invasive ventilation using a 
lung protective strategy, or by raising the concentration of inspired 
oxygen following phosgene inhalation [7,8,10]. Inhaled salbutamol 
or inhaled or intravenous corticosteroids had no beneficial effect 
on survival, though these treatments did improve some markers 
of injury severity [9,11]. Invasive ventilation requires full critical 
care facilities and these would likely be overwhelmed following 
a large-scale chemical release; oxygen therapy, though improving 
survival significantly probably does not address the underlying 
lung injury. There remains a requirement for an effective treatment 
for acute lung injury induced by phosgene inhalation which can be 
administered easily, is widely available and addresses and improves 
the underlying lung injury. 

The drug furosemide is most commonly used in medicine 
as an oral or intravenous diuretic acting at the Na+/K+/2Cl- co-
transporter systems in the ascending limb of the loop of Henle 
in the renal tubules. For many years it has been known that 
furosemide has direct effects on the lung following inhaled, but 
not oral administration; bumetanide, which also acts at the Na+/
K+/2Cl- co-transporter, does not have the effects of furosemide in 
the lung, and it is likely that furosemide acts via other mechanisms 
when given by the inhaled route. [12,13].

In vitro work has shown that furosemide decreases levels of 
leukotriene E4 (LTE4), histamine, tumour necrosis factor alpha 
(TNFα) interleukin (IL) 6 and IL-8 as well as thromboxane 
(TX), probably by preventing mast cell degranulation. [14-
19]. In addition to effects on airway mast cells, furosemide also 
inhibits lung sensory nerve stimuli and tachykinin release as 
well as reducing airway responses to neurokinins and inhibiting 
pulmonary irritant receptors [20-23]. Furosemide also decreases 
airway mucosal permeability and blocks the eosinophil respiratory 
burst [24-26]. It may also act as an antioxidant [27,28]. 
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Although the exact pathophysological injury following 
phosgene inhalation is unknown, the non-cardiogenic pulmonary 
oedema seen is due to an increase in alveolar permeability 
following an oxidative reaction with organic molecules in the lung 
tissue; this reaction also results in the release of LTC4, D4 and E4, 
an increase in vascular permeability and neutrophil recruitment 
[1]. In light of the direct lung effects of furosemide, we postulated 
that furosemide may act as an antioxidant, and that treatment 
with inhaled furosemide following phosgene induced acute lung 
injury might be beneficial.

In order to further elucidate the underlying injury following 
phosgene inhalation over time, we took samples via a 
bronchsocope for later RNA analysis at various time points before 
and after inhalation.

Here we demonstrate that, despite furosemide having 
potent antioxidant properties, when used alone it confers 
no discernible benefits following phosgene inhalation above 
nebulised saline treatment. 

Methods
Large white juvenile female pigs (47-55 Kg) (n=18) were obtained 
from an approved commercial source. Animals were housed in 
pairs and allowed access to food and water ad libitum for 5 days, 
as previously described [10]. All experiments were carried out in 
accordance with the Animals (Scientific Procedures) Act, 1986, 
and approved after ethical review at Dstl, Porton Down.

Surgical procedures 
The full experimental procedure has been previously described 
in detail. [9]. 

Briefly, following pre-medication, animals were initially 
anaesthetised with isofluorane in 70% oxygen, intubated and 
then maintained on total intravenous anaesthesia using Fresenius 
Propoven 1% (“Propofol” Fresenius Kabi Ltd, Cheshire, UK) 
and Alfentanil Hydrochloride (Rapifen, Janssen Pharmaceuticals 
Ltd, County Cork, Ireland). Once total intravenous anaesthesia 
was established, animals were ventilated on room air. The left 
and right internal jugular veins, the left common carotid artery 
and the left femoral artery were catheterised following surgical 
exposure. A foley urinary catheter was introduced via an open 
cystotomy. Electrocardiogram, pulse oximetry, exhaled carbon 
dioxide, and central venous pressure were measured using a 
Propaq 106EL monitor (Protocol systems Inc., Beaverton, 
USA) whilst cardiac output was measured using a Pulse Contour 
Continuous Cardiac Output catheter (PiCCO, Pulsion Medical 
Systems AG, Munich, Germany).

A maintenance infusion of 0.9% sodium chloride and 4% 
glucose (2.5 ml kg-1 hr-1) was delivered to replace insensible losses. 

 Animals were exposed, whilst spontaneously breathing, to 
phosgene (target inhaled dose 0.3 mg kg-1, mean achieved inhaled 
dose 0.266 +/- 0.00825 mg.kg-1 for the control group and 0.256 
+/- 0.0159 mg.kg-1 for the treated group). Between 30 mins and 
1 hour following exposure, anaesthesia was deepened and the 
animals were established on a mechanical ventilator (Evita XL, 
Draeger Ltd) using Intermittent Positive Pressure Ventilation 
(IPPV), FiO2 0.21, tidal volume 10 ml Kg-1, frequency 20 breaths 
min-1, positive end-expiratory pressure (PEEP) 3cm water. 

Treatment regimens
Two animals were subject to a sham phosgene exposure, using 
atmospheric air and received no nebulised treatment. These 

were used for control tissues for the RT-qPCR analysis. All other 
animals were exposed to inhaled phosgene. Exposed animals were 
randomly allocated to treatment or control groups, n=8 for each 
group. Treatment consisted of 4 ml of a 10 mg ml-1 solution of 
furosemide (Antigen Pharmaceuticals LTD, Ireland) administered 
as an aerosol generated over 15 minutes using an Aeroneb Lab 
micropump nebuliser (Aerogen (Ireland) Ltd, Galway Ireland) 
placed in the inspiratory limb of the ventilator circuit. Treatments 
were given at 1, 3, 5, 7, 9, 12, 16 and 20 hours post phosgene 
exposure. Control group animals were treated with nebulised 0.9 
% w/v saline using the same protocol. 

Measurements
Physiological measurements were made every 20 minutes for 
a baseline of one hour. After this time, measurements were 
recorded every 30 minutes until the end of the experimental 
period (24 hours). Derived variables were calculated using 
standard formulae [29]. Arterial and mixed venous blood 
gas samples were taken at hourly intervals and immediately 
analysed (GEM Premier 3000, Instrumentation Laboratory). 
Haematological analysis was performed on EDTA blood 
samples using a Coulter Ac-T 5 diff CP (Beckman Coulter) 
series analyser. Differential peripheral white blood cell (WBC) 
counts were performed manually. 

At the conclusion of the 24 hour observation period or 
when the animal became moribund (defined as asystole and 
central venous oxygenation of <15 %), the animal was culled 
by an intravenous overdose of sodium pentabarbitone (200 
mg.ml-1) (Euthatal, Rhone Merieux Ltd., Harlow, Essex), and 
a post mortem examination was performed. Bronchoalveolar 
lavage (BAL) of the right middle lobe was performed using 4 
x 40 ml of sterile 0.9 % w/v saline. Lavage fluid was analysed 
for total WBC counts using a Coulter Ac-T 5 diff CP and 
for differential cell counts (Shandon Cytospin, 1800 rpm, 10 
minutes). Slides were stained with DifQuik stain and 100 cells 
counted. Protein content of BAL supernatant was determined 
using the Coomassie blue method [30]. Remaining supernatant 
was stored at -80°C for subsequent analysis of IL-1, IL-6 and 
IL-8 using commercial porcine ELISA kits (R&D Systems, 
Abingdon, Oxon, UK). 

Following lavage, the lungs were weighed, the weight of the 
remaining lavage saline taken into account, for lung wet weight 
/ body weight determinations and lung wet weight to dry weight 
ratio. Samples from each lobe, and all major organs were taken, fixed 
in neutral buffered formalin and processed for histopathological 
examination using routine techniques. Histology slides were sent 
to the Veterinary Laboratories Agency for a qualified independent 
pathologist to score the slides for pathological changes. The 
pathologist was blinded to the study design and used a previous 
developed [8] scoring system to assess the lung pathology where 
a score of zero represented no damage and a score of three 
represented severe damage. A 1cm3 sample from the distal portion 
of the left upper lobe was also taken into RNA later (Ambion / 
Applied Biosystems, Warrington, UK) which prevents degradation 
of RNA, and stored at -20°C for subsequent RNA extraction. 

Bronchoscopy
Bronchoscopy was performed according to guidelines issued 
by the British Thoracic Society using a flexible fibreoptic 
bronchoscope (Olympus BF-4B2, KeyMed Ltd, Essex) [31]. 
Single biopsies were taken from the third to fifth generation 
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carinae on the left side at time points -1, 2, 6 and 13 hours 
post exposure and multiple biopsies taken at 24 hours or 
time of death. Biopsies were stored in RNA later at -20°C for 
subsequent RNA extraction. 

RNA extraction and RT-qPCR
The full experimental protocol is given in the online supplement 
(available at www.ramcjournal.com). Briefly, RNA was extracted 
from bronchial biopsies using the Trizol reagent kit (Invitrogen, 
Paisley, United Kingdom), cDNA produced and multiple genes 
of interest examined using reverse transcription quantitative 
polymerase chain reaction. Expression of genes of interest was 
expressed using the delta delta CT method using housekeeping 
genes identified using using a geNorm housekeeping selection kit 
(PrimerDesign, Southampton, United Kingdom) and software. 
[32,33]. 

Antioxidant capacity assays
The antioxidant capacity of furosemide was measured by assays 
comparing two different known antioxidant mechanisms, 
namely hydrogen atom transfer (using the Oxygen Radical 
Absorbance assay (ORAC)) [34] and electron transfer (using the 
CUPRAC assay) [35]. Full details of these assays are given in the 
online supplement.

Statistical analysis
Clinical data
Clinical and exposure data was normally distributed, therefore 
analysis was performed using a 2-tailed Students t test for individual 
measurements e.g. bronchoalveolar lavage differentials. Analysis 
of multiple measurement recordings e.g. PaO2:FiO2 ratio, was 
performed using area under the curve (AUC) determinations in 
a 2-tailed Students t test for the following time points: -1 to 0, 
0 to 6, 7 to 12, 13 to 18, 19 to 24 hours. Results were expressed 
as mean ± (SE) and p values < 0.05 were considered significant. 

RT-qPCR analysis
RT-qPCR data were not normally distributed and therefore 
analysis was performed using Kruskall Wallis for comparison 
between all three groups, then Mann Whitney between each of 
the groups (air vs furosemide, air vs phosgene only, furosemide 
vs phosgene) at each of the time points. Results were expressed 
as mean ± (SE) and p values < 0.05 were considered significant.

Results

Exposure doses 
The achieved mean inhaled doses were 0.266 +/- 0.00825 mg.kg-1 
for the control group and 0.256 +/- 0.0159 mg.kg-1 for the treated 
group (p=ns).

Antioxidant capacity assay 
Compared to vitamin C (100%), furosemide was a less effective 
antioxidant than N-acetlycysteine (NAC) by the hydrogen atom 
transfer mechanism (NAC 76.7 ± 2.4%; furosemide 43.8 ± 2.7%, 
mean ± SE n=8 per group). The CUPRAC assay which measures 
antioxidant capacity by the electron transfer mechanism showed 
that whilst NAC had some antioxidant effect by this measure, 
furosemide did not (NAC 56.3 ± 0.4%; furosemide 0.1 ± 0.2%; 
mean ± SE n=8 per group; Figure 1). 

Survival
Three animals from the phosgene control group and one from the 
treated group died prior to the end of the 24 hour observation 
period. There was no difference in survival between the furosemide 
and saline treated groups at 24 hours. This is illustrated as a 
Kaplan-Meier plot of survival over time in Figure 2. 

Oxygenation and shunt fraction (Qs/Qt)
There were no significant differences in arterial partial pressure 
of oxygen (PaO2) between the control and treatment groups 
(data not shown). The PaO2: FiO2 ratio is a derived parameter 
used clinically as an index of hypoxaemia when assessing acute 
lung injury and acute respiratory distress syndrome. The group 
treated with furosemide had a statistically significantly (p<0.05) 
lower PaO2: FiO2 ratio between 19 and 24 hours (Figure 3). There 
were no statistically significant effects on shunt fraction (Qs:Qt) 
between groups (data not shown).

Figure 1: Antioxidant capacity of furosemide and N-acetlycysteine 
compared to vitamin C by ORAC and CUPRAC assays. Furosemide 
showed some anti-oxidant effect by the ORAC but not the CUPRAC 
assay. Bars are mean ± SE; n=8 per group

Figure 2: Percentage survival of animals exposed to phosgene (inhaled 
dose 0.266 +/- 0.00825 mg.kg-1 for the control group and 0.256 +/- 
0.0159 mg.kg-1 for the treated group) and treated with either saline (4 
ml 0.9% w/v) or furosemide (4 ml of a 10 mg ml-1 solution) given at 
1,3,5,7,9,12,16 and 20 hours following phosgene exposure. 
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Lung Wet Weight to Body Weight ratio, Lung Wet Weight 
to Dry Weight ratio and lavage fluid protein
Lung wet weight to body weight (LWW:BW) ratio and lung 
wet weight to dry weight (LWW:DW) ratio are measures of 
extravascular lung water and an indicator of the degree of alveolar 
permeability following acute lung injury. There was no significant 
difference in LWW:BW ratio or LWW:DW ratio between 
the two groups. There was also no difference in lavage protein 
concentration.

Differential White cell count.
Historically, air exposed animals show the alveolar macrophage 
to be the predominant cell in the alveoli with <5% neutrophils 
present. The phosgene control animals from this study 
demonstrated a phosgene induced influx of neutrophils into the 
alveolar space of 26%. There was no effect of furosemide on the 
inflammatory response within the lung as measured by differential 
white cell counts performed on bronchoalveolar lavage (Figure 4). 

RT qPCR
There were no differences between the phosgene control and 
treatment groups for any of the genes of interest studied (data 
not shown).

Inflammatory mediators
IL-1, IL-6, IL-8 and C-reactive protein (CRP) were all measured 
in peripheral blood and BALF (data not shown) but there were 
no differences between groups treated with furosemide and saline 
treated controls.

Discussion
This study has shown that nebulised furosemide treatment 
initiated soon after inhaled phosgene exposure has no effect on 
survival or multiple measures of acute lung injury over 24 hours 
following poisoning. 

Despite extensive investigation of potential treatments for 
phosgene induced acute lung injury, the underlying mechanism 
of the injury is not well understood [4]. The current working 
hypothesis is that an oxidant cascade is initiated following phosgene 
inhalation with subsequent release of multiple inflammatory 
mediators; this combined with a delayed neutrophil influx lead to 
the clinical findings of pulmonary oedema secondary to increased 
alveolar permeability. 

Furosemide has been shown to inhibit the release of multiple 
inflammatory mediators within the lungs when administered by 
inhalation [14-17] and also decreases alveolar permeability in 
an experimental model [25]. By an unknown mechanism it also 
decreases dyspnoea associated with both experimental conditions 
and terminal lung disease [36]. Furosemide is readily available, 
widely used, cheap and safe to be administered by nebuliser [37]. 

Despite these previously demonstrated effects and the 
hypothesised beneficial effects of furosemide following 
phosgene induced acute lung injury, we show no benefit of 
regularly administering nebulised furosemide in our large 
animal model. This pilot study used small numbers, and though 
there were fewer deaths in the furosemide treatment group, the 
experimental numbers would have had to be increased to 37 
per group to determine whether this was a real difference with 
80% power, the absence of any trend towards difference in the 
monitoring data would suggest, we feel, that the lack of a positive 
result is not due to a type II error, rather the lack of efficacy of 
furosemide in the treatment of phosgene induced acute lung 
injury. N – acetylcysteine (NAC), used here in comparison 
to furosemide in the antioxidant assay, has previously been 
administered in an isolated lung preparation to rabbit lungs 
which had been exposed to phosgene [38]. The NAC protected 
against phosgene induced rises in multiple markers of cellular 
damage. The authors postulated that the NAC acted as an 
antioxidant, maintaining levels of glutathione, reducing lipid 
peroxidation and arachidonic acid metabolites. Similar, though 
less pronounced effects were found when feeding mice a diet 

Figure 3: Changes in PaO2 : FiO2 ratio in animals exposed to phosgene 
(inhaled dose 0.266 +/- 0.00825 mg.kg-1 for the control group and 
0.256 +/- 0.0159 mg.kg-1for the treated group) and treated with either 
saline (4mls 0.9%) or furosemide (4 ml of a 10 mg ml-1 solution) 
given at 1,3,5,7,9,12,16 and 20 hours following phosgene exposure. 
Furosemide significantly decreased PaO2 : FiO2 ratio (*p<0.05) from 
19-24h. Points are means ± SE; n=8 per group.

Figure 4: Differential white cell count in bronchoalveolar lavage from 
animals exposed to phosgene (inhaled dose 0.266 +/- 0.00825 mg.kg-1 

for the control group and 0.256 +/- 0.0159 mg.kg-1for the treated 
group) and treated with either saline (4mls 0.9%) or furosemide (4 
ml of a 10 mg ml-1 solution) given at 1,3,5,7,9,12,16 and 20 hours 
following phosgene exposure. Bars are means ± SE; n=8 per group.
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rich in oral antioxidants, either butylated hydroxyanisole (BHA) 
or n – propyl gallate (nPG) [39,40]. 

Since NAC and furosemide act as antioxidants, the finding 
that furosemide fails to improve survival following phosgene 
inhalation may imply that the previous small animal and isolated 
lung work on NAC cannot be extrapolated to large animals. It 
is also possible that NAC exerts its antioxidant effects by the 
electron transfer pathway, which furosemide does not alter. 

Our group has previously demonstrated that phosgene induced 
ALI is improved by delayed administration of oxygen, and that the 
inflammatory response is improved by regular administration of 
nebulised salbutamol, but at the expense of ventilation perfusion 
matching [8,9]. The most significant improvement in survival 
following phosgene inhalation is following positive pressure 
ventilation based on ARDSnet recommendations [7, 41]. 

Despite furosemide having multiple direct lung effects, and 
acting as an antioxidant by the hydrogen atom transfer mechanism, 
nebulised administration soon after phosgene inhalation results in 
no change in survival at 24 hours. Use of furosemide as a single 
treatment following acute phosgene induced lung injury is of no 
benefit and should be avoided. 
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