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ABSTRACT 
 
 

Multiple biomarkers of oxidative stress have been measured and used in human 
medicine to diagnose and monitor airway disease. The purpose of the study was to 
determine if similar relationships existed between inflammatory and oxidative stress 
biomarkers in exhaled breath condensate (EBC), bronchoalveolar lavage fluid (BALF), 
red blood cells, white blood cells, and plasma; and cytokine expression in airway 
inflammatory cells and mucosal biopsies of RAO-affected horses and their controls.  

 
Sixteen horses in pairs were used: 8 non-RAO-affected (controls) and 8 RAO-

affected horses. Samples from all horses were collected at remission (S1), during 
environmental challenge (S2) and at recovery (S3). 

 
  RAO-affected horses had significant alterations in cellular glutathione peroxidase 
(cGPx) activity, ascorbic acid and pH in a number of biological samples. Concentrations 
of 8-isoprostanes, isofurans, amino acids and mRNA expression of interleukin 4 (IL4), 
gamma interferon (INFγ), inducible nitric oxide synthase (iNOS), extracellular 
glutathione peroxidase (GPx-3), and cytosolic superoxide dismutase (SOD-1) were not 
significantly different or were at the limits of detection. Conductivity was measured and 
assessed as a potential correctional factor for respiratory fluid dilution. 
 

The alterations in biomarker concentrations demonstrate that oxidative stress is an 
important component of airway inflammation in RAO-affected horses. Further research is 
warranted into the use of biomarkers and the effects of dietary interventions.  
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Literature Review 
 
Introduction 
 

Recurrent airway obstruction (RAO) is a worldwide environmental disease of mature 
horses characterized by periods of reversible airway obstruction caused by neutrophil 
accumulation, mucous production and bronchospasm.1,2 Disease prevalence ranges from 2-80% 
3-7, with horses older than 5 years affected and prevalence increasing with age.8,9 One study 
suggested a predisposition in female horses, although previous reports have not had similar 
findings.3,8,10,11  Seasonal patterns and clinical exacerbation of summer pasture-associated-RAO 
have been associated with humidity, temperature, rainfall, and high environmental counts for 
fungal spores and pollens.12,13 Breed and heredity may be involved, with increased incidence 
reported in Pony and Thoroughbred breeds.3,4,8,10,14-17 The etiology is associated with exposure to 
respirable organic dusts which contain moulds, endotoxin and other pro-inflammatory agents, in 
addition to specific allergens.1,2,14,17-20 Bacterial infection is not a primary component of the 
disease.2  
 

RAO closely resembles human asthma, in which the three defining features are: airway 
hyper-responsiveness, reversible airway narrowing and eosinophilic airway inflammation.2 
However, luminal neutrophilic, as opposed to eosinophilic, inflammation occurs in horses, with 
submucosal infiltrates being composed of lymphocytes, mast cells, plasma cells, and 
occasionally eosinophils.2,5,19,21-25  
 
Pathophysiology of RAO 
 

Acute environmental challenge exposure may lead to surface cilia destruction and cell 
loss from the epithelium with associated submucosal and intercellular edema.23,24 Morphological 
changes are primarily located in the small airways, with no linear correlation between pulmonary 
lesion severity and functional impairment.1,2,19 Acute bronchiolar disease may lead to 
degeneration, necrosis and exfoliation of Clara cells, with chronic disease being characterized by 
irregular hyperplastic foci of proliferating progenitor cells.7,23,24  

 
Histologic changes are typically observed in the peripheral bronchioles of the 

caudodorsal pulmonary fields.23,24 Multifocal mucous cell metaplasia leads to abnormal viscous-
appearing mucin that occludes the smaller airways and in severe cases, may accumulate in large 
quantities in the peribronchiolar alveoli and mineralize.2,19,21,23,24,26 These bronchoalveolar and 
alveolar plugs are common in advance disease and probably contribute to irreversible 
progressive declines in respiratory function. 2,19 The submucosa may have fibroplasia or fibrosis, 
with enlargement and hypersecretion of submucosal glands in central airways, which is an 
inconsistent finding.2,7,19,21,23,24,26 Smooth muscle hyperplasia occurs in severely affected 
horses.2,19 In extreme cases, submucosal lymphoid follicular structures may develop.2 Despite 
submucosal metaplasia, the epithelial basement membrane structure remains unaltered in horses, 
which is the primary difference between human asthma where fibroelastosis and elastin 
fragmentation is consistently observed.2,27,28 
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Clinical signs associated with RAO 
 

RAO may be a subclinical disease with subtle signs of exercise intolerance, occasional 
cough and mildly increased respiratory effort occurring initially.1,2,18,19 Horses are usually 
afebrile.1 Clinical signs are associated with airflow resistance in the lungs due to diffuse 
bronchoconstriction.18 Disease progression manifests as increased frequency and intensity of 
coughing episodes, tachypnea, nostril flare, nasal discharge, accentuated respiratory effort and 
adventitious lung sounds.1,2,18,19 The use of a re-breathing bag to accentuate abnormal lung 
sounds will increase their detection.21  

 
The breathing pattern in horses with RAO is characterized by severe rib cage/abdominal 

asynchrony, with the rib cage motion in synchrony with flow, therefore dominating ventilation.29 
In a subset of RAO-affected horses, the abdominal compartment (diaphragm, abdominal 
muscles) has been found to be out of synchrony with flow ("abdominal paradox") despite the 
clinical appearance of "increased abdominal effort”.29 In advanced cases, significant weight loss 
and cachexia occurs in addition to hypertrophy of the external abdominal oblique and rectus 
abdominis muscles (“heave line”) associated with continued recruitment to aid expiration of air 
in terminal airways.1,18,19 Weight loss is a consequence of a significant increase in the energy 
needs of affected animals associated with the continual effort of ventilation.30 
 
Diagnosis of RAO 
 

Early diagnosis of RAO and differentiation from pneumonia and inflammatory airways 
disease (IAD), can be challenging.2,18,19 Clinical signs and history are often suggestive of RAO, 
but the presence of primary or secondary infectious pneumonia must be investigated.2,18,19 A 
complete blood count (CBC) should be normal in RAO affected horses.1,4,19 Arterial blood gas 
analysis is seldom altered except in severely affected horses.19,31 Endoscopic examination reveals 
tracheal hyperemia, mucoid exudates and increased cough sensitivity.1,19,31 Collection of 
bronchoalveolar lavage fluid (BALF) is an invaluable diagnostic tool for evaluating the lower 
airways. A diagnosis of RAO is supported with cytologic findings of neutrophilia (15-85% of 
total cells) and Curschmann’s spirals (inspissated mucous casts of small bronchioli).16,19,31,32 
Correlation between severity of BALF changes and clinical severity of disease does not always 
exist.33-36 Similarly, peripheral airway obstruction due to irreversible airway remodeling is 
present in RAO-affected horses maintained in low-dust environments but is not associated with 
cytologic evidence of airway inflammation.36  
 

Thoracic radiography may demonstrate interstitial and bronchial pattern throughout the 
lung fields, but are difficult to interpret.1,4,18 Lung biopsy is a more invasive technique which 
yields high correlation between histologic changes and disease severity.19,21 Severity of 
histological changes detected on biopsy, however, do not predict long-term disease 
progression.21 
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Cytokines and RAO 
 

Airway inflammation in humans is also monitored through the detection of cytokines, in 
particular the interleukins (IL).37,38 T-lymphocytes have been divided into type 1 (Th1) and type 
2 (Th2) helper T cell subclasses, characterized by the profile of cytokines they secrete. Interferon 
gamma (INFγ), interleukin 2 (IL2), tumor necrosis factor alpha (TNFα), tumor necrosis factor 
beta (TNFβ), and granulocyte monocyte colony stimulating factor (GM-CSF) are secreted by 
Th1 cells. Interleukins 3,4,5,6,10 and 13 (IL3, IL4, IL5, IL6, IL10, IL13) are secreted by Th2 
cells.39-42 Asthma and airway allergen exposure in humans appears to be largely characterized by 
Th1/Th2 immune dysregulation and inflammatory responses associated with down regulation of 
Th1 cells, particularly resulting in reduction of INFγ levels, and up regulation of Th2 cells and 
their associated cytokines, particularly IL4, IL13, and IL5.41-44 Other pulmonary disorders, such 
as those associated with infectious or autoimmune diseases including tuberculosis and 
sarcoidosis, appear to favor an immunologic response characteristic of Th1-cells, and its defining 
cytokine INFγ.39,40,41,45 In contrast, some studies have found concurrent elevations in levels of 
Th1 produced cytokines (INFγ, GM-CSF, IL2) implicating them in some of the mechanisms of 
airway hyper reactivity in asthma.42,46 

 
Elevations in levels of IL1, IL2, IL4, IL5, IL6, IL8, IL10, IL12, IL17, TGFβ, macrophage 

inflammatory proteins (1α and 1β) and TNFα have been detected at elevated levels in the EBC 
and BALF of human patients with chronic obstructive pulmonary disease (COPD), cystic 
fibrosis, acute lung injury and asthma, as compared to healthy volunteers.37,38,47-50 

 
Biomarkers have been detected in horses by analysis of BALF and bronchial mucosal 

biopsy tissues.51-60  Studies have focused on measurement of cytokines to determine their 
relationship to the development of disease and identify whether both Th1 and Th2 cells are 
involved.52,61‐63 Conflicting data exists regarding whether a primary Th2‐type or combined 
Th1/Th2  lymphocyte  response  initiates  and  propagates  the  inflammatory  process  of 
RAO.52,61‐63 Recent studies suggest that there is no process polarization towards Th1 or Th2 
lymphocytes being demonstrated during the acute phase of RAO,52,63,64  and that a rapid decline 
in all mRNA cytokines occurs following  corticosteroid therapy.64 Upregulation of mRNA 
cytokine expression of IL8 in both BAL cells and bronchial epithelium has been measured in 
RAO horses during crisis.65 In that study, expression of other cytokines (IL5, IL6, IL10, IL17 
and TGFβ1) were not significantly different.65 A contrasting study concluded that RAO was not 
associated with alterations in lymphocyte consistent with Th1 or Th2 cytokine expression, but 
rather with a general down-regulation in expression of cytokines in peripheral blood 
lymphocytes and BALF lymphocytes.66 

 
The significance of cytokine expression in horses has also been debated. Exposure to a 

hay dust solution for 6 or 24 hours increased expression of IL23, IL8, IL1β, IL17  and 
chemokine (C-X-C motif) ligand 2 (CXCL2) in BALF cells from both control and RAO-affected 
horses.67 Similarly, expression in BALF of mRNAs of TNFα, IL1β, IL8 and macrophage 
inflammatory protein (MIP)-2 were not different between control and RAO-affected horses after 
exposure to moldy hay.68 This suggests that the release of cytokines and chemokines by 
peripheral blood neutrophils may not be necessary for the development of heaves.68   
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Collection of biological samples for evaluation of the lungs: BALF 
 

Fluid collection by BALF is an invasive procedure that requires horses to be heavily 
sedated and therefore cannot be repeated at frequent intervals to evaluate or monitor disease in a 
clinical situation. BALF sampling can induce a significant decrease in pulmonary resistance 
lasting up to 6 hours and a significant increase in lung elastance and transpulmonary pressure at 
12 hours.69 In addition, BAL in horses has been demonstrated to induce a localized pulmonary 
neutrophil influx that persists at least 48 hours.70 This is characterized by a relative and absolute 
increase in the number of neutrophils in the lavage fluids, with the increase in neutrophil 
percentage values remaining within the range of normal for healthy horses.70 However, another 
study evaluating the effects of BAL performed at weekly intervals failed to identify an evoked 
inflammatory response in the BALF associated with exercise or the technique itself.71   

 
Percentage recovery of BALF from RAO-affected horses is less than that of control 

horses. In one report, recovery was 42-52% in the RAO-affected horses (in crisis or in remission) 
compared to 50-57% in the healthy horses.72 A larger statistically significant (p=0.001) 
difference in mean recovery was found in another study - 73% in control and 49% in  RAO-
affected horses.73 Another study, however, found BALF recovery volume averaged 75% for all 
groups.74  

 
In humans, a reduction in BALF recovery is commonly reported in patients with lung 

disease.75-77 The recovered proportion (%) of BALF has been reported to be significantly 
(p=0.001) lower in COPD groups compared to control groups.76 Furthermore, BAL recovery was 
lower in ‘‘healthy’’ smokers than in non-smokers, and in COPD patients with more severe 
emphysema compared to those with mild emphysema.76 In a similar study, recovery BALF was 
significantly greater in non-smoking controls (42.6 ± 14%) than, in ascending order of recovery 
%, smoking controls (29.3 ± 6.7%), and patients with mild (23.3 ± 6.7%), moderate (17.3 ± 
12.7%), and severe COPD (14 ± 7.3%).75 There were no significant differences in cell viability 
and total cell counts in BAL fluid between the groups. However, there was a trend towards 
greater cellularity in smoking controls and COPD patients as compared to non-smoking 
controls.75 In a study of organizing pneumonia, no significant difference in BALF recovery was 
found between controls (60.6 ± 11.4%) and patients with bronchiolitis obliterans (50.6 ± 
14.3%).77 This may reflect difference in disease processes. 

 
A reduction in BALF recovery may be difficult to interpret, as it may reflect larger 

airways rather than the alveolar compartment.76 The European Respiratory Society (ERS) Task 
Force has reviewed the problems associated with BALF recovery.78 Although introduction 
volumes can be standardized, the volume of fluid recovered cannot be controlled due to 
differences in lung collapse, drainage,  dwell time, permeability, and other factors.78 The low 
BALF recovery seen in emphysematous patients has been proposed to be associated with 
increased compliance in bronchial walls, making them collapse as negative pressure is connected 
to the bronchoscope during the BAL procedure.76 Thus concentrations of components in BALF 
may not be accurately extrapolated to the in vivo levels in epithelial lining fluid. The 
recommendation to overcome this problem of unknown dilution was to measuring two or more 
components and expressing them as proportions relative to each other.78 However, the Task 
Force emphasized that it is also essential to report the quantitative measurements per milliliter of 
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BAL fluid to indicate whether changes in relative proportions are due to an abnormal increase or 
to a decrease in one or more components, and facilitate comparison of results from different 
workers.78 It was also recommended that data on lavage fluid input and recovery volumes and 
percentage recoveries should be included in reports to confirm that quantitative differences are 
not merely a reflection of these variables.78 A recent study, however, found that recovery rate 
hardly affected the cellular and non-cellular constituents of BAL at a lower limit of 30% of the 
instilled volume.79  
  

Analysis of cell viability and total nucleated (TCC), differential (DCC) and absolute cell 
counts of cytocentrifuged preparations of 3 sequentially collected BALF aliquots and pooled 
samples has been performed in horses.80 No diagnostically significant difference in TCC, DCC, 
absolute cell counts or cell viability, was found among sequential and pooled BALF aliquots.80 It 
was concluded, therefore, that all aliquots could be considered to represent the cytology of the 
lavaged lung segment and that even if BALF recoveries are very low, cytological analysis of 
samples will be of diagnostic value.80 Recent equine literature has not incorporated measurement 
of a marker to correct for dilution prior to data analyis.52,81  
 
Collection of biological samples for evaluation of the lungs: exhaled breath condensate (EBC) 
 

EBC collection offers an easy, non-invasive and safe alternative. A large number of 
human research studies have been published evaluating biomarkers detected in EBC.82-95 A 
variety of biomarkers have been identified in EBC of human patients with a variety of 
pulmonary disorders. These include isoprostanes, nitrotyrosine, nitric oxide, carbon monoxide, 
ethane, glutathione (GSH), nitrate, nitrite, vasoactive amine, proteins and cytokines .82,85-98 The 
collection of EBC is currently used only in research, but recent reviews have identified the 
technique’s potential for clinical real-time analysis.87,89,93,95,99-101 Although simple, the EBC 
method does have several limitations including lack of standard sampling method, concentration 
artifacts and lack of evidence of primary origin of aerosol particles that carry the non-volatile 
compounds from the lower respiratory tract.82,86,100-103 Dilution of respiratory droplets by water 
vapor has been estimated by comparing concentrations of electrolyte and urea concentrations 
with plasma.104 Salivary contamination can be minimized by utilizing a trap between the mouth 
and the condenser, and judicious placement of the condenser in relation to the tubing.95,103 
Techniques for detection and measurement of EBC biomarkers are also still being developed. 

Volumes of both total exhaled water (TEW) and EBC have been shown to increase 
significantly at different target minute ventilations ( E) and tidal volumes (Vt), but these volume 
changes do not affect EBC protein, nitrite concentrations and pH. 105 Cooler and drier inspired air 
yielded less water vapor and less breath condensate than standard conditions.105 This showed that 
condensate volume can be increased by using high Vt and increased E without compromising 

the dilution of the sample.105  

The cooling temperature of exhaled breath condensate collection can also influence 
selected biomarkers and potential normalizing factors (particularly conductivity). 106 A 
progressive increase in hydrogen peroxide (H2O2), malondialdehyde (MDA) concentrations, and 
condensate conductivity has been reported as the cooling temperature increased.106 In addition, 
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total condensate volume increased as the cooling temperature decreased.106 Therefore the 
temperature of exhaled breath condensate collection should be controlled and reported.  
 
EBC in veterinary medicine 
 

The use of EBC analysis in veterinary medicine is limited, but has significant potential 
for the assessment of animal disease.88,91,107,108 The technique has been described in cats, dogs, 
pigs, cattle and horses.91,108-110 EBC in horses has been collected and analyzed comparatively 
with samples taken by BAL and tracheal wash (TW).88 Measurements were taken of H2O2 
concentration and antioxidant status, determined by ascorbic acid, dehydroascorbate, GSH, 
glutathione disulfide (GSSG), uric acid and α-tocopherol concentrations.88 The authors found a 
positive correlation between H2O2 concentration and BAL fluid neutrophil count and TW 
inflammation score, and an inverse relationship between H2O2 concentration and ascorbic acid 
concentration.88 They concluded that EBC provides a non-invasive diagnostic indicator of the 
severity of neutrophilic airway inflammation. In addition to these markers, exhaled gas analysis 
of ethane and carbon monoxide has been performed in the horse.111 Increased levels of ethane 
and carbon monoxide were detected in  RAO affected horses undergoing environmental 
challenge in this study.111 However, in contrast to the previously described study, exhaled H2O2 
concentration was unchanged.111 

 
Normal reference ranges for EBC volume have not been established. A single prior study 

has reported volumes of  0.5-2 ml over a 10-15 minute collection time.111 These horses were all 
affected by RAO and no control horses were used.111 In addition, no data was published 
regarding the environmental temperature at the time of collection. Mean EBC volume in humans 
has been reported as 5.55 +/- 0.50 µL/breath in normal subjects, 3.56 +/- 0.33 µL/breath in 
chronic obstructive pulmonary disease patients and 5.77 +/- 0.50 µL/breath in asthmatic 
subjects.112 No significant differences in the volume of EBC were reported between age, sex, 
gender, and presence of airway disease.112 Mean volume of EBC has also been reported in mls 
per duration of collection. One representative example is volumes of 1.22 ± 0.1 and 2.1 ± 0.1 ml 
during 10 and 20 minutes of tidal breathing was, respectively, with no correlation found between 
EBC volume or duration of collection and relative aldehyde concentrations.113  
 
Dilutional effects on analysis of EBC and BALF 
 
  The effect of dilution of samples with condensed water vapor and therefore the 
usefulness of both EBC and BALF to measure biomarkers is widely debated. A study evaluating 
the validity of several markers of dilution in small volume lung lavage in humans concluded that 
IgA secretory component (SC) and urea, but not protein, albumin, or sphingomyelin (SM) were 
valid dilutional markers with which to estimate fluid recovery and that urea appeared to be the 
more appropriate choice in return fluid derived from the distal tracheobronchial tree.114 In 
humans, urea is used to determine the dilution quotient and increase the value of bacterial 
thresholds in the diagnosis and therapeutic decision of ventilator-associated pneumonia.115 Urea, 
inulin and albumin have all been used to adjust for dilution in horses.116,117  
  

Measurement of conductivity is an inexpensive and reliable method of estimating the 
total concentration of ions in a fluid and can provide an estimation of the dilution of respiratory 
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fluid by water vapour.104 The volatile cation ammonium (NH4+) can represent a considerable 
proportion of condensate cations and can be removed by lyophilization to allow measurement of 
conductivity to estimate total non-volatile ionic concentrations.104 The four principle stable ions 
in respiratory condensate appear to be sodium, potassium, chloride and lactate.118 Estimation of 
dilution based on total cations, conductivity and urea have not been shown to be significantly 
different, suggesting that conductivity of lyophilized samples can be used as a reliable method to 
estimate dilution in condensates.104  After lyophilization, the conductivity closely matched the 
total non-volatile cation concentration in normal subject, and total plasma cation concentrations 
remained within a very narrow range in normal subjects.103 Therefore, the dilution (D) of 
respiratory droplets by water vapor has been estimated by the following equation103, where 
150,000 is the expected normal conductivity of lyophilized plasma. 

 
D =  _            150 000µM_          ____ 

       Conductivity (µM) lyophilized EBC
 
 Significant variability has been found in the conductivity of condensates collected in the 
same individual in consecutive thirty minute intervals and was modest between day-to-day.104 In 
contrast, plasma cation concentrations, and hence conductivity, remains within a very narrow 
range in normal subjects, it has been found not necessary to measure the cationic concentrations 
in each patient but use 150 000µM as a standard.103  
 

EBC collection offers an advantage over BALF because it does not require external fluid 
to be instilled into the airways. Some authors believe that conclusions regarding fluid 
concentrations should only be made if this dilution is estimated with a dilutional indicator.103 
Although dilution may be a factor EBC data, it is unlikely that concentrations of biomarkers can 
be completely explained by condensation and it has not been convincingly demonstrated that 
reproducibility can be improved by normalizing EBC data with a dilution factor.84  
 
ROS and oxidative stress 
 
 ROS are molecular compounds that readily react with other molecules such as proteins, 
lipids and DNA.119 ROS include free radicals, which are reactive chemical species that differ 
from other compounds in that they have at least one unpaired electrons in their outer orbits.120 
Oxygen free radicals are continuously being produced intracellularly by oxidation-reduction 
reactions.120 The sequential addition of electrons to molecular oxygen initially forms the 
superoxide anion radical, H2O2, and finally the highly reactive hydroxyl radical.119,120 ROS also 
include ozone, singlet oxygen, peroxynitrite, hypochlorous acid, and peroxyl, alkoxyl and 
hydroperoxyl radicals.119  
 

Normal cellular metabolic process are the major source of ROS, with the electron 
transport chain of mitochondria the largest contributor.119 ROS generation can also occur 
endogenously during activation of circulating inflammatory cells or phagocytes, or exogenously 
due to interactions with noxious chemicals.121  

 
All aerobic organisms possess enzymatic and non-enzymatic cellular defenses, which are 

collectively termed antioxidants, that help prevent free radical-mediated injury.119,120 The 
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enzymatic antioxidants include superoxide dismutase (SOD), catalase, glutathione peroxidase 
(GPx), glutathione S-transferase and thioredoxin.121 The non-enzymatic antioxidants include low 
molecular weight compounds (GSH, ascorbate, urate, α-tocopherol, bilirubin, lipoic acid) and 
high molecular weight compounds, such as the proteins albumin and transferrin.121 Oxidative 
stress occurs in tissues and organs when ROS are produced in excess of anti-oxidant defense 
mechanisms, resulting in harmful effects.122-124 
 
The role of oxidative stress in pulmonary disease  
 

There is a plethora of literature in human research regarding oxidative stress and 
pulmonary disease. Recently, there has been interest in the detection and use of markers of 
oxidative stress in horses as a diagnostic test for RAO.51-60,84,88,107,108,111,125-128 The airspace 
epithelial surface of the lung is particularly vulnerable to oxidant damage as it directly contacts 
the environment.122,129 Activated inflammatory and structural cells within the airways produce 
ROS and cause cell damage in a self-perpetuating process (Figure 1).123,124,130-132 Oxygen 
radicals also mediate a variety of other processes including; increased mucous production, 
decreased cilia function, fibroblast injury, increased polymorphonuclear cell infiltration, gene 
expression of pro-inflammatory mediators (TNF-α, IL-8, IL-1, NO), and diminished pulmonary 
mechanics and lung repair.122,124,131,133-135 

 
The role of oxidative stress is now widely recognized as an important component of the 

airway inflammation in asthma.136 Excessive ROS production causes structural cellular damage 
through the oxidation of proteins, lipids and DNA.136 As the accumulation of ROS overwhelms 
the protective redox mechanisms, additional cellular pathways can be triggered that compound 
the cellular injury.136 Evidence for the role of oxidative stress in asthmatic patients includes: 

 Increased reactive oxygen species production by macrophages, neutrophils and 
eosinophils 

 Increased exhaled markers of oxidative stress that correlate with airway 
inflammation 

 Increased pulmonary extracellular glutathione peroxidase and superoxide 
dismutase 

 Decreased non-enzymatic anti-oxidants in lung lining fluid 
 Increased pulmonary peroxidation and nitrotyrosine products 
 Increased serum and urinary peroxidation products.136 
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Figure 1: Examples of cellular   
interactions with ROS and 
cytokines. 
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Measurement of ROS in lung disease:  H2O2
 

H2O2 is produced after the conversion of superoxide anions by SOD in inflammatory and 
structural cells of the respiratory system.137,138  In humans and horses, there are conflicting study 
results regarding changes in H2O2 concentrations and disease. The concentration of H2O2 in EBC 
was significantly higher in patients with tuberculosis when compared to asymptomatic cigarette 
smokers and healthy non-smoker subjects.139 Elevated concentrations were also present in the 
EBC of patients with idiopathic pulmonary fibrosis (IPF)  and these were potentially correlated 
with disease severity.140 In contrast, no difference in EBC H2O2 was noted between allergic and 
non-allergic children with stable asthma.141 The measurement of H2O2 in EBC and BAL of 
human patients appears to be comparable.142  

 
Significantly higher concentrations of H2O2 have been detected in EBC of RAO-affected 

horses with marked airway inflammation compared to control horses or RAO-affected horses in 
the absence of inflammation.88 In another study, however, exhaled H2O2 in RAO-affected horses 
was not affected by organic dust inhalation or a reduced dust management regimen.36,143  
 
Antioxidants in lung disease: SOD 
 

Diminished SOD activity has been detected in lung cells of human patients with 
asthma.144 This reduction in SOD activity may play a role in the development or severity of the 
disease.144 SOD activity is also lower in serum of human asthmatic patients compared to 
controls, with activity loss significantly related to airflow limitation.145 This was considered 
consistent with greater oxidant stress leading to greater inactivation of SOD, which likely 
amplifies inflammation and progressive airflow obstruction.145  
 
Antioxidants in lung disease: glutathione redox system 
 

GSH is a tripeptide thiol which is vital intra- and extracellular protective antioxidant 
which is markedly up-regulated in oxidative stress.124,146-148 Reduced GSH acts as a substrate to 
detoxify peroxides and in conjunction with glutathione peroxidase, results in the generation of 
oxidized GSSG.146,148 The redox cycle is completed by GSSG being reduced back to GSH by 
glutathione reductase.129,146,148 Maintenance of high intracellular GSH to GSSG ratio (>90%) 
provides a reducing environment within the cell and represents one of the most important 
antioxidant defense systems in the pulmonary system.129,146,148 During oxidative stress, GSH 
concentrations are reduced or GSSG is increased, resulting in an decrease in the 
GSH:GSSG.57,58,98,149  

 
Decreased GSH concentrations have been detected in hemolysate and bronchial 

secretions from humans with asthma exacerbation and COPD.98,150-152 One study, however, has 
documented increased GSH in BALF of asthmatics.153 This is in contrast to studies of  RAO-
affected horses during crisis, in which GSH concentrations remained unchanged in hemolysate 
and BALF samples.57,58 In these equine studies, significant increases in GSSG concentration and 
glutathione redox ratio (GSSG/GSH + GSSG) were reported.57,58  
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An increase in concentrations of red blood cell glutathione peroxidase (RBC cGPx) has 
been used as an indicator of oxidative stress in non-ventilated human patients when compared to 
ventilated patients.154 Similar elevations in cGPx in lung tissue and RBC have been found in rats 
exposed to hyperbaric oxygen.155 Elevations in RBC cGPX concentrations in conjunction with a 
decrease in the lipid peroxidation product MDA have been suggested as an indicator of prognosis 
and treatment success for COPD exacerbation, and recovery of lung function in previous 
smokers.156,157 In contrast, there are numerous reports of decreases in RBC cGPx concentrations 
in humans with COPD, asthma, lung cancer, ventilator-associated pneumonia and 
smokers.149,150,156,158-164 Low cGPx activities in lung cancer patients are also associated with 
increased risk of radiation pneumonitis.165 A lack of significant differences in  RBC cGPx  has 
also been reported between stable and acute asthmatic patients, or healthy and cystic fibrosis 
patients.166,167  

 
The difference in RBC cGPx concentration and activity in humans may reflect 

differences in the pathophysiology of varying lung disorders. No difference has been found 
between RAO-affected and normal horses in RBC cGPX concentrations.168 

 
White blood cell (WBC) cGPx is elevated in humans who scuba dive, exposed to 

hyperbaric oxygen or mountain cycle, and is thought to be an adaptation to avoid oxidative 
damage.169,170 Studies analyzing cGPx activity of granulocytes, monocytes, eosinophils and 
neutrophils from patients with asthma, however, did not detect differences from healthy 
individuals, or found reduced concentrations. 171-173 Increased cGPx expression, compared to 
neutrophils, has been detected in eosinophils of asthmatic and non-asthmatic patients and was 
thought to enhance their survival at the sites of inflammation.172 Supplementation with the anti-
oxidants vitamin C, vitamin E and beta-carotene have been shown to increase WBC cGPx 
activity in human athletes.174 This effect was thought to be associated with prevention of 
substrate depletion and enabling of adaptive upregulation of cGPx in response to increased ROS 
generation during exercise.174 No equine studies have evaluated WBC cGPx.  

 
Plasma concentrations of GPx have also been measured. In a study of patients with acute 

severe asthma there were increased MDA and GPx concentrations, but no elevations in cGPx 
activity.175 These results were consistent with an adaptive up-regulation of GPx to protect against 
oxidative stress.175 Aspirin and other inhibitors of cyclooxygenases precipitate acute 
bronchospasm in about 10% of adult asthmatics, but the precise mechanism remains poorly 
understood.176 Aspirin-induced asthma patients have significantly higher cGPx activity in 
platelets and a tendency towards high cGPx activity in plasma, but not in RBC or peripheral 
blood lymphocytes.176 These results suggested that the increased cGPx activity may be an 
adaptive advantage to protect against increased free radical production by inflammatory cells and 
evidence of differential expression of cGPx activity by effector cells.176  

 
Decreases in BALF cGPx have been found following exposure to ozone, ceramic fibers, 

cigarette smoke and ventilator associated pneumonia in humans.162,177,178 Exposure to a nitrogen 
dioxide and phosgene model of lung injury in humans, rats and mice, however, resulted in 
increased mRNA expression and concentrations of cGPx in BALF.179-181 No alterations between 
BALF cGPX have been detected between normal and asthmatic human patients, although 
increased extracellular GPx was found in asthmatic lungs in another study. 182,183 In cells isolated 
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from BALF of RAO-affected horses cGPx  activity was significantly higher compared to BALF 
cells from healthy horses.168 

 
Selenium (Se) is a key component of several functional selenoproteins including GPx. 

Decreased Se concentrations have been reported in patients with childhood asthma, and this 
association is stronger in youth who smoke or had passive smoke exposure.184,185 The low 
selenium status of mothers during early pregnancy, and neonates has also been associated with 
early childhood wheezing.186 However it was not related to asthma and the association was 
absent by the age of 5 years.186 It has therefore been speculated that supplementation of selenium 
may play important roles in preventing or treating asthma. A randomized, double blind, placebo-
controlled trial of selenium supplementation, however, failed to identify any clinical benefit in 
adults with asthma.187 The confounding factor may have been the fact that the majority of the 
patients in the trial were also taking inhaled steroids.187 Evidence is also lacking that higher 
antioxidant concentrations are associated with reduced allergen responsiveness in allergic 
adults.188 In some cases, antioxidant status was actually associated with increased immune 
responsiveness.188 Se intake and allergic airway inflammation in mice were also not related in a 
simple dose-response manner.189 
 
Antioxidants in lung disease: ascorbic acid redox system 
 

The other major redox system involves ascorbic acid (AA). Quantitatively, horses have a 
greater non-enzymatic antioxidant capacity in the pulmonary epithelial lining fluid compared to 
human beings due to high AA concentrations, which reflects their ability to synthesize AA.190 A 
greater oxidative load and a more prolonged inflammatory response is probably required to 
deplete the antioxidant capacity and cause oxidative stress.190 Lower AA concentrations  in 
plasma and BALF  have been measured in RAO-affected compared to control horses.56,128,191 An 
inverse relationship between BALF concentrations of AA with EBC H2O2, a marker of severity 
of neutrophilic airway inflammation, has also been detected in RAO-affected horses.88  

 
Reduction in BALF AA and α-tocopherol concentrations are documented in patients with 

mild asthma even when blood concentrations are normal or increased.192 These changes can 
occur in conjunction with increased amounts of  GSSG indicating that patients with asthma are 
subject to increased oxidative stress.192 A significant loss of AA and increase in GSSG is also 
seen in healthy subjects after the end of an ozone challenge.193 Interestingly, corresponding 
responses were not seen in asthmatics, where basal AA concentrations were significantly lower 
and associated with elevated concentrations of GSSG.193  

 
Antioxidant supplementation 

 
The two main strategies for treating oxidative stress are: the reduction of exposure to 

ROS and augmentation of anti-oxidant defenses.119 The role of anti-oxidant supplementation has 
been investigated in humans and animals as a potential preventative or therapeutic intervention. 
Antioxidant supplementation has been shown to increase plasma AA concentrations in RAO-
affected horses to median concentrations similar to that of control horses, although increases in 
BALF AA concentrations did not reach statistical significance.191 In a related study, oral 
antioxidant supplementation significantly elevated plasma AA and α-tocopherol concentrations 
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in RAO-affected horses.128 A mixture of natural antioxidants (including vitamins E and C and 
selenium from a variety of sources) has also been demonstrated to significantly improve exercise 
tolerance and reduce endoscopic inflammatory score in horses.55 Plasma uric acid concentrations 
were significantly reduced, suggesting down regulation of the xanthine-dehydrogenase and 
xanthine-oxidase pathway and hemolysate GSH showed a non significant trend to increase.55 
Plasma 8-isoprostanes, pulmonary markers and BALF cytology, however, remained 
unchanged.55 This suggested that the antioxidant supplement tested modulated 
oxidant/antioxidant balance and airway inflammation of heaves-affected horses.55 

 
Symptomatic asthma in adults is associated with a low dietary intake of fruit, the 

antioxidant nutrients vitamin C and manganese, and low plasma vitamin C concentrations.194 
This effect is more evident in patients with severe compared to mild-moderate asthma.195 AA 
supplementation has been documented to provide a protective effect against exercise-induced 
airway narrowing in asthmatic subjects.196 In addition, vitamin C supplementation of 1g/day in a 
parallel-group, randomized, placebo-controlled, 16-week supplementation trial had modest 
corticosteroid sparing effects and hence the potential to reduce exposure to their side effects.197 
 
Lipid peroxidation 
 

Lipid peroxidation of the fatty acids and polyunsaturated fats in cell membranes is a 
major consequence of ROS production.86,122 This leads to the generation and accumulation of 
lipid peroxidation products.86 Isoprostanes are a class of compounds formed by non-enzymatic 
peroxidation of arachidonic acid, independent of cyclooxygenases.86,122,198 8 epi-prostaglandin 
F2α (8-isoprostane) is a representative example of this class. Increased concentrations of 8-
isoprostane in EBC have been detected in patients with COPD, IPF, asthma and primary ciliary 
dyskinesia, indicating increased oxidative damage.90,140,199-201 The detection of 8-isoprostane in 
EBC, however, is difficult due to its low concentrations which is close to the detection limits of 
assays.202 In addition, concentrations may be influenced by collection devices and coatings, with 
significantly higher concentrations being detected using silicone or glass coatings, compared 
with aluminum, polypropylene, Teflon, and EcoScreen.203,204 Concentrations of isoprostanes are 
significantly higher in EBC than in BALF, but there does not appear to be any significant 
correlation between them, either before or after correction for dilution.142 

 
Conflicting data exist regarding the changes in isoprostanes in RAO-affected horses 

dependant on disease status, exercise, type of fluid analyzed and analytical method. No 
significant correlation between 8-isoprostanes in venous blood and physiological variables has 
been found between healthy and RAO-affected horses after exercise.125 In BALF, concentrations 
of 8-isoprostane and prostaglandin E2 (PGE2) were elevated in RAO-affected horses compared to 
healthy horses at rest.54 Elevations in isoprostanes in BALF and plasma have also been induced 
by strenuous exercise of RAO-affected horses during remission.59 In this study during crisis, 
BALF, but not plasma, isoprostanes were increased. Interestingly, subsequent exercise in crisis 
increased plasma but not BALF isoprostanes.59 In another study of chronic airway inflammation 
and exercise during crisis, BALF 8-isoprostanes were significantly increased and correlated with 
pulmonary fluid and airway inflammation parameters.58  
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A new pathway of lipid peroxidation which forms compounds with a substituted 
tetrahydrofuran ring (isofurans) was recently discovered.205 Oxygen concentrations differentially 
modulate the formation of isoprostanes and isofurans with the formation of isofurans favored and 
formation of isoprostanes disfavored at elevated oxygen concentrations.205 Concentrations of 
isofurans were found to markedly increase early in hyperoxia-induced lung injury and it has been 
proposed that the combine measurement of isofurans and isoprostanes will provide a more 
reliable index of oxidant stress damage than each individually.206,207 This is due to opposing 
modulation of the two pathways by oxygen tension.207 
 

Arachidonic acid metabolites that have been measured in EBC include thromboxanes, 
leukotrienes and other prostaglandins.91,208-211 Thromboxane B2 (TxB2) is a biologically inactive 
hydration product and relatively stable chemical formed by rapid conversion from thromboxane 
A2.208 Thromboxane synthesis is frequently monitored utilizing TxB2 concentrations, which are 
increased in the EBC and BALF of human patients afflicted with asthma or cystic fibrosis 
(CF).208,212 Assay selection may also influence detection of thromboxanes, as a similar study did 
not detect any TxB2 in human COPD patients.213 Radioimmunoassay has been shown as a more 
sensitive TxB2 detection technique than enzyme immunoassay.208 Leukotriene B4 (LTB4) has 
been detected at elevated concentrations as the predominant eicosanoid in the BALF of patients 
with CF.212 Elevated concentrations of prostaglandins and leukotrienes are also present in human 
patients with CF and asthma compared with healthy or non-asthmatic subjects.212,201,214

 
Protein and DNA oxidation 
 

Nitric oxide (NO ) may interact with the superoxide anion (O2 ) in normal conditions as 
a protective mechanism.131 It produces many reactive intermediates and plays an important role 
in several physiological and pathophysiological conditions. Inducible nitric oxide synthase 
(iNOS) is one of three enzymes generating NO from the amino acid L-arginine following 
exposure to certain cytokines, such as IFN-g. Upregulation of iNOS associated with neutrophil 
activation has been demonstrated during acute lung injury in humans and rats.215-217 The 
production of NO under oxidative stress conditions secondarily generates strong oxidizing 
agents (reactive nitrogen species) that may amplify the inflammatory response in asthma and 
COPD.217 Interest has therefore been generated in investigating selective iNOS inhibiting 
compounds. However, recent research in human asthmatics reported that although selective 
iNOS inhibiting compounds effectively reduced NO , they did not affect airway hyper-reactivity 
or airway inflammatory cell numbers after allergen challenge.218 

  
During lung injury, cytokines can increase production of NO  and O2

 which react 
rapidly to form peroxynitrite.85,131,219,220 Nitrotyrosine is formed by the reaction of peroxynitrite 
with tyrosine residues of proteins and is an indicator of oxidative stress in airways.96,97,219,220 It 
has been detected at elevated concentrations in the EBC of asthmatic children and cystic fibrosis 
patients.97,221 In addition to protein interactions, peroxynitrite reacts with the purine and guanine 
moieties of nucleosides and DNA.222,223 This results in increased formation of deoxyguanosine 
oxidation products such as 8-hydroxy-2-dexoyguanosine (8-OHdG).222,223 
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Airway acidification 
 
The acidification of airways that may occur with inflammation can be monitored by 

measuring the pH of EBC.37,84,142,210,224 Lower pH of EBC samples has been noted in human 
patients with asthma, bronchiectasis, acute lung injury, chronic cough and COPD, when 
compared to healthy patients. 37,210,225-227 In patients with moderate-to-severe persistent asthma, 
EBC pH was significantly lower compared to those with intermittent disease.210 An inverse 
relationship between EBC pH and asthma severity has also been found.210,225  

 
Sampling technique and equipment can also influence EBC pH. Discordant results have 

been detected between collection devices and between measurement of pH in deaerated and non-
deaerated sample.210 Deaeration with a carbon dioxide free gas such as argon has been 
recommended to enhance stability of readings and enhance accuracy of measurements after 
storage (up to 2 yrs).224 pH of non-deaerated EBC has been reported as lower (range 5.19-6.33) 
or similar (mean 7.35±0.04) when compared to deaerated samples (range 7.4-8.8).142,210,224 
Deaeration is, however, costly and time consuming and other authors have debated whether it is 
necessary when high reproducibility of pH in non-deaerated samples can be achieved.210 
Coefficients of variation between days and weeks have been reported as 3.5% and 4.5%, 
respectively.224 Thus comparisons between studies and patients should only be made when 
identical methods have been utilized. EBC pH does not appear to be influenced by oral 
ammonia.228 

 
The pH of BALF (6.4±0.05) was significantly lower than that of EBC (7.35±0.04) in a 

comparative study, but no correlation was detected between them.142 The reduction in BALF pH 
when compared to EBC may  be associated with the pH of 0.9% saline (pH = 6.2) utilized during 
sampling.142 Reduction in EBC pH  in human patients with acute lung injury is not associated 
with a similar reduction in pH (bronchial pH:7.04±0.44; EBC-pH: 5.76±0.29).226 
 
  
Summary 
 

The field of biomarker evaluation and EBC analysis is an extensive emerging research 
area. The amount of literature currently in publication on this topic is expansive, a selection of 
which has been presented above. Figure 1 depicts the cellular interactions during RAO in horses 
and asthma in humans from which biomarkers can be selected. Table 1 depicts those biomarkers 
in EBC that have been detected in recent research studies. 
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Table 1: Biological compounds that have been measured in exhaled breath condensate. 

 
 

Cytokines 

 
IL1β, IL2, IL4, IL5, IL6, IL8, IL10, IL12, IL17, IFNγ, tissue growth 
factor beta (TGFβ), macrophage inflammatory proteins (1α and 1β), 
TNFα 
 

 
Glutathione Redox 

system 

 
GSH, GSSG, ratios 
 

 
 

Lipid peroxidation 

 
8-isoprostane, leukotrienes (B4, C4, D4, E4), Prostaglandin E2, 
Thromboxanes (A2, B2), Prostaglandin D2, Cys – leukotrienes (LTC4, 
LTD4, LT4), aldehydes 
 

 
Protein oxidation 

 
Adenosine, nitrotyrosine, nitrite, nitrate, nitrosthiols 
 

 
DNA oxidation 

 
8-OHdG 
 

 
 

Miscellaneous 

 
NO●, ammonia (NH4), Ethane, H2O2, Carbon monoxide (CO), pH, 
P53 mutation, DNA, hepatocyte growth factor, vitronectin, 
endothelin-1, Chemotactic activity, protein, growth related oncogene 
α, monocytes chemoattractant protein 1  
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CHAPTER 2 
 
Introduction 
 
 The determination of the relationships between pulmonary indices of inflammation and 
oxidative stress in a variety of biological samples, collected from RAO-affected horses and their 
controls, will expand the current knowledge regarding the pathophysiology of this disease in the 
equine.  This information will also validate the utility of EBC in the horse as a non-invasive 
technique in the diagnosis, assessment and monitoring of RAO, for future use in a clinical 
environment. 

 
Hypothesis and Objectives 
 
 The hypothesis of the project was that a positive correlation exists between; inflammatory 
and oxidative stress biomarkers in EBC, BALF, red blood cells, white blood cells, and plasma; 
and cytokine expression in airway inflammatory cells and mucosal biopsies. The correlations in 
these measurements can be utilized to distinguish RAO-affected horses from their paired 
controls.  
 
The specific objectives of the study were to determine: 
 
1. The pH of EBC and BALF in RAO-affected horses and their paired controls. 
 
2. Conductivity of EBC and BALF in RAO-affected horses and their paired controls. 
 
3. Activity of cGPx from red blood cells (RBCs) and white blood cells (WBCs) of RAO-

affected horses and their paired controls. 
 
4. Concentration of AA in BALF of RAO-affected horses and their paired controls. 
 
5. Concentrations of 8-isoprostanes and isofurans, measures of lipid peroxidation, in the 

plasma, EBC and BALF of RAO-affected horses and their paired controls. 
 
6. Concentrations of oxidized amino acid end products in the EBC and BALF RAO-affected 

horses and their paired controls. 
 
7. mRNA expression of IL4 and INFγ in airway inflammatory cells harvested from BALF 

from RAO-affected horses and their paired controls. 
 
8. mRNA expression of iNOS, extracellular glutathione peroxidase (GPx-3), and cytosolic 

superoxide dismutase (SOD-1) from bronchial mucosal biopsies.  
 
 These indices were chosen to represent the major cellular interactions that occur with 
airway inflammation: production of oxidative end-products, inflammatory cytokine production, 
and evaluation of the glutathione and ascorbic acid redox system.  
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Materials and Methods 
 

Horses 
 
 16 horses in pairs were used for the study: 8 non-RAO-affected (controls) and 8 RAO-
affected. The control horses were selected from donation or teaching animals that had no clinical 
signs or history of respiratory disease, normal physical examinations and did not develop RAO 
when housed in a barn. The RAO-affected horses were from the pre-existing herd housed at 
Virginia Tech and the studies were performed with ACC approvals #05-109-CVM, 05-065-
CVM, and 05-013-CVM. 
 
Management and sample collection 
 
  Control and RAO-affected horses were maintained on pasture for a minimum of 4 weeks 
to ensure clinical remission of the RAO-affected horses and minimize exposure to respirable 
debris prior to collection of sample 1 (S1, remission). In addition to pasture grazing, all horses 
received 1.8kg of Reliance® 12P HF pelleted feed twice daily. 
 

Environmental challenge was induced one week later when horses were brought into the 
barn, housed in pairs (1 control and 1 RAO horse) and bedded on dusty straw and fed dusty hay 
free choice. In addition to hay, all horses received 1.8kg of Reliance® 12P HF pelleted feed 
twice daily. This was continued until the RAO-affected horses reached a minimal clinical score 
of 5 (out of 8) or had stayed in the barn for greater than 72 hours, at which time sample 2 (S2, 
challenge) was collected from the RAO-affected horse and its pair.  

 
Sample 3 (S3, recovery) was post-environmental challenge collected after the paired 

horses were returned onto a pasture environment with examination revealing a reduction in RAO 
score by 2 points, or after 1 week on pasture. In addition to pasture grazing, all horses received 
1.8kg of Reliance® 12P HF pelleted feed twice daily. Physical examination and clinical scoring 
(Table 2) were performed on each horse twice daily. Whole blood, plasma, serum, EBC and 
BALF were collected, and pulmonary function testing was performed at each sample time. 

 
Table 2: RAO clinical score determination1 

 
Abdominal 
Respiratory 
Effort Score 

1 
 

2 
3 
4 
 

No abdominal component to 
breathing 
Slight abdominal component 
Moderate abdominal component 
Severe, marked abdominal 
component 

 
Nostril 
Flaring 
Score 

1 
2 
3 
4 
 

No flaring 
Slight, occasional flaring of nostrils 
Moderate nostril flaring 
Severe continuous flaring during each 
respiration 

 
RAO Clinical Score = 

 
Abdominal Respiratory Effort Score + Nostril Flaring 

Score 

 
2 

3-4 
5-6 
7-8 

 

 
No signs 
Mild signs 
Moderate signs 
Severe signs 
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Blood sampling 
 
 Blood was collected by jugular venipuncture from horses, prior to sedation, into glass 
vacutainers coated with lithium heparin. Samples were placed directly onto ice and taken 
immediately to the laboratory for processing (Appendix 1) prior to being snap frozen in dry ice 
and ethanol and stored at -80˚C.  
 
Procedure for collection of EBC 
 EBC was collected from horses prior to BALF collection. Sedation with acepromazine at 
0.04mg/kg by intramuscular injection was administered 20 minutes prior to EBC collection. 
After rinsing each horse’s mouth with water and cleaning both nostrils with gauze sponges, a 
mask with a tight fitting rubber shroud and a non-rebreathing valve was fitted. A flexible pipe 
was attached to the expiratory port of the mask and connected to a V-shaped stainless steel 
condensing tube surrounded by circulating ice water (Figure 2). Each horse breathed though this 
circuit for at least 15 minutes (maximum 30 mins) and the condensate recovered into a 10ml 
conical tube. The duration of collection was determined by volume of EBC production and horse 
compliance. The EBC was transferred into 1ml cryotubes, snap frozen in dry ice and ethanol, 
transported to the lab, and stored at -80°C until analysis for oxidative stress and inflammatory 
indices. The condensing tube was rinsed with alcohol, dried with cotton towels and air dried 
between each horse. The transfer pipe and face mask was washed with chlorhexidine, rinsed, 
dried with cotton towels and air dried between each horse. 
 

 
Figure 2: EBC Collection apparatus 
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Procedure for pulmonary function testing 
 

Pleural pressure changes were measured before each BALF collection on unsedated 
horses by means of an esophageal balloon (10cm long, 3.5cm perimeter, 0.06cm wall thickness) 
sealed over the end of a polypropylene catheter (3mm internal diameter, 4.4mm external 
diameter). The tubing was passed into the distal third of the esophagus and attached to a very low 
range differential pressure transducer (Validyne Model DP/45-28, Validyne Engineering Crop, 
Northridge, CA) that was calibrated before each study by means of a water manometer. The 
position of the esophageal balloon was adjusted to obtain the maximal changes in pleural 
pressure during tidal breathing (∆Pplmax). At each data collection time, values obtained over one 
minute were averaged and expressed as cm H2O. 
 
Procedure for endoscopic examination and collection of BALF 
 
 Horses were provided sedation by intravenous administration of 0.01mg/kg butorphanol 
(Fort Dodge, Fort Dodge, IA) and 0.01mg/kg detomidine (Pfizer Exton, PA). After cleaning the 
horse’s nares with gauze sponges, an endoscope was passed through the nasal passages and the 
trachea. The endoscope was then advanced until wedged, air extracted from the area by 
aspiration with a syringe, and 3 aliquots of 100ml 37°C sterile saline solution infused and 
aspirated. The aspirated fluid was pooled into a sterile specimen container and placed on iced. 
BALF was centrifuged at 200xg for 15 minutes and samples containing BALF cells and cell-free 
supernatant removed and frozen at -80°C until analysis for oxidative stress and inflammatory 
indices. 
 
Procedure for bronchial mucosa biopsy 
 
 Horses were sedated with 0.01mg/kg butorphanol (Fort Dodge, Fort Dodge, IA) and 
0.01mg/kg detomidine (Pfizer Exton, PA). A 1.8m endoscope was passed through the nares to 
the level of 3rd generation bronchi, through which a 2.4 meter biopsy instrument was passed. A 
mucosal biopsy taken at this location during challenge (S2) was placed into tubes containing 
RNAlater (Ambion Inc, Austin, TX) and stored on their side at 4˚C overnight, before storage at -
20˚C.  
 
pH measurements of EBC and BAL 
 

Samples of EBC and BALF were thawed and the pH measured utilizing a pH meter 
(Oakton  pH/Con 300 Deluxe Waterproof pH/Conductivity Meter, Oakton®  Instruments, Vernon 
Hills, IL) with custom fitted pH probes (MI-405 Standard pH and MI-409 Micro-Reference 
Electrodes, Microelectrodes Inc, Bedford, NH). 

 
Conductivity 
 

Samples of EBC and BALF were thawed. 500µl of BALF 200µl of EBC were 
lyophilized and reconstituted with 1000µl and 200µl of distilled water, respectively. A 
conductivity meter (Oakton  pH/Con 300 Deluxe Waterproof pH/Conductivity Meter, Oakton®  
Instruments, Vernon Hills, IL) with a custom fitted conductivity probe (MI-915 Conductivity 
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Electrode, Microelectrodes Inc, Bedford, NH) was utilized to measure the conductivity of 
samples in mS.  

 
Dilution (D) of respiratory fluids (EBC and BALF) was calculated from the ratio of 

plasma conductivity to that of lyophilized respiratory fluid conductivity2 i.e. 
 

     D =         Conductivity Plasma 

               Conductivity Respiratory fluids
 

Measurement of cellular glutathione peroxidase activity (cGPx) in RBCs, WBCs and BALF 
 

cGPx in RBCs and WBCs was determined using a colorimetric assay kit (Appendix 2, 
Bioxytecho GPx-340™, Oxis International, Inc., Portland, OR). The cGPx activity per ml of 
sample was determined and samples adjusted by protein determination (Appendix 3). Final cGPx 
activity was expressed as mU of cGPx per mg of protein. 
 
Measurement of AA concentration 
 
 AA standards (0.1; 0.25, 0.5, 0.75, 1, 2.5, 5 ppm) were prepared in metaphosphoric acid 
10% (MPA). 234 µl of MPA 10% was added to 100 µl of each concentration to ensure the same 
dilution factor as BALF.3 
 
 Two 100 µl aliquots of BALF (each duplicated) were used. The first aliquot was diluted 
with 234 ml of MPA 10% and analyzed by High Performance Liquid Chromatography (HPLC) 
for concentrations of free ascorbic acid ([AAfree]).4,5 The second was reduced with 67 µl of 
1.5mg/ml dithiothreitol (DTT) in NaPi 0.2M pH 7.2.3 This mixture was kept at 25 °C for 15 min 
and then quenched with 167 µl of MPA 10%.  HPLC analysis gave the total concentration of 
ascorbic acid ([AAtotal]).  
 

The concentration of dehydroascorbic acid ([DHA]) and standard deviation were 
determined by subtraction of the value of the [AAfree] from [AAtotal]. 

 
[DHA] = [AAtotal] – [AAfree] 

STDEV ([DHA]) = STDEV ([AAtotal]) + STDEV ([AAfree]) 
 
HPLC Conditions: 

 Column: Macherey-Nagel Nucleodur C18 250/4 ec-3 
 Mobile phase: NaPi buffer 0.1 M, pH 2.2, EDTA 250 mM (99%) - Methanol (1%) 
 ECD: 0.40 v, 200 nA, range 1s, 30 °C.5 
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Amino acid identification and quantitation 
 

 200µl of BALF and 200µl of EBC were prepared by vapor phase hydrolysis (Appendix 
4). The Phenomenex EZ:Faast™ Amino Acid Analysis test kit (Phenomenex Inc, Torrance, CA) 
was utilized to derivitize the amino acids prior to analysis by gas chromatography-mass 
spectrometry (GC-MS). Additional standards for nitrotyrosine (NTYR), methionine 
sulfoxide(MET-SO2) and L alanine (DOPA) not included in the assay kit, were utilized 
(Appendix 5). 

 
Measurement of isoprostanes and isofurans in plasma, EBC and BALF 
 

Samples of EBC, BALF and plasma were frozen and submitted to Vanderbilt University 
for analysis of concentrations of isoprostanes and isofurans. A stable isotope dilution gas 
chromatography negative ion chemical ionization mass spectrometry method (GC-MS) was 
utilized (Appendix 6,7).6-8 
 
Semi quantitative measurement of mRNA expression of IL4 and INFγ expression in BALF cells in 
samples collected at S1 and S2 
 

BALF cells were selected for analysis of gene expression to compare remission (S1) and 
challenge (S2). These sample times were chosen as it was considered the best potential period to 
demonstrate a difference between and within the RAO-affected and control horse groups. 
 

Analysis of cytokine expression in airway lymphocytes was performed on cells harvested 
after centrifugation of BALF and subsequently stored in stored in 1 ml RNAlater® (Ambion, 
Inc; Auston, TX) at -70o C.  These cells were thawed and prepared using iQ SYBR Green 
Supermix Reagent System (Invitrogen; Carlsbad, CA) and following manufacturer’s instructions. 
cDNA amplification was achieved using the following primers: 
 

CYTOKINE SENSE PRIMER ANTISENSE PRIMER 
IL-4 AATGCCTGAGCGGACTG  TGCTCTTCTTGGCTTCATTC
INF-γ TGAAGGTCCAGCGCAAAGC CTGACTCCTCTTCCGCTTCC

 
Real-time amplification was performed using a 170-8740 iCycler iQ Real-Time PCR 

Detection System (Bio-Rad Laboratories, Hercules, CA). Specific annealing temperatures were 
set for each cytokine based on the optimal annealing temperature determined by the temperature 
gradient analysis protocol.  The plates were set up with all the standards for one cytokine 
contained in each plate. The standards were run as triplicates and at five different concentrations 
with a 10 fold dilution starting at 5 pcgs. Data was log transformed and expressed in relation to 
housekeeping genes. 
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RNA isolation and quantitative polymerase chain reaction (qPCR) of  iNOS, GPx-3 and SOD-1 
from bronchial mucosa biopsy samples collected at S2 
 

Bronchial mucosal biopsies were only taken during challenge for analysis of enzyme 
expression. This sample time was chosen as it was considered the best potential sample time to 
demonstrated difference between RAO-affected and control horses. 

 
Individual samples of bronchial mucosa were thawed, homogenized and RNA was 

isolated from tissue using the Qiagen Mini Kit (Qiagen GmbH, Hilden, Germany) according to 
manufacturer’s instructions. RNA was quantitated in a fluorescent plate reader (Tecan Genios, 
MTX Lab Systems Inc, Vienna, VA) using RiboGreen (Quant-iT RiboGreen, Invitrogen, 
Carlsbad, California) at excitation wavelength 485nm, emission wavelength 535nm. cDNA was 
generated with iScript (Bio-Rad, Hercules, California) according to manufacturer’s instructions 
using 100ng total RNA per reaction. Reaction mixture was incubated at 25oC for 5 minutes, then 
420C for 30 minutes and finally at 85oC for 5 minutes.  Primers for iNOS, GPX-3 and SOD-1 
were designed using primer3 software (Whitehead Institute for Biomedical Research, 
Cambridge, MD, USA).  

 
PCR product was generated using Platinum PCR SuperMix High Fidelity (Invitrogen, 

Carlsbad, CA) according to manufacturer’s instructions. In brief, 0.5ul forward primer (200ng), 
0.5ul reverse primer (200ng) and 4ul cDNA were added to 45ul Supermix and the reaction was 
run as follows: 95C for 30 seconds, 55C for 30 seconds, 68C for 1 minute per kb for a total of 30 
cycles. PCR product was evaluated via gel electrophoresis and purified using QIAquick PCR 
purification kit (Qiagen GmbH, Hilden, Germany). Purified PCR product was then cloned using 
Transforming One Shot TOP10 kit (Invitrogen, Calrsbad, CA) according to manufacturer’s 
recommendations. Plasmid DNA was purified with QIAprep Miniprep Kit (Qiagen GmbH, 
Hilden, Germany) and quantified using Hoechst 33258 (Invitrogen, Carlsbad, CA) at excitation 
wavelength 360nm, emission wavelength 465nm (Tecan Genios, MTX Lab Systems Inc, Vienna, 
VA) and submitted to the Virginia Bioinformatics Institute (Virginia Tech, Blacksburg, VA) for 
sequencing to ensure correct product. 

 
cDNA was then generated as previously described and the product of the reverse 

transcriptase reaction was used for qPCR to determine expression of iNOS, GPX-3 and SOD-1. 
qPCR was performed using SybrGreen (SYBR-490, Invitrogen, Carlsbad, CA) in a Bio-Rad 
iCycler (Certified GeneTool, Milpitas, CA) with 18s as the housekeeping gene.  mRNA 
expression of the genes of interest was expressed in relation to a randomly chosen  control horse 
within the group. 
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Statistical Analysis 
 

Graphical methods were used to assess if each of the pulmonary indices of inflammation 
and oxidative stress in biological samples followed an approximate Gaussian distribution 
followed by a Box-Cox transformation where appropriate. Where results were below limits of 
detection for the test, the final data value, if available, was utilized or the limit of detection 
divided by the square root of 2 was used as the value.  

 
Data were subsequently analyzed using a mixed-model repeated measures analysis of 

variance (ANOVA) to test if disease status (RAO positive or negative) and sample time (S1 
remission, S2 challenge, S3 recovery), as well as their interactions, had any effect on each of the 
indices.  Each pair of horses constituted a random block in the model. Data for BALF cGPx, 
BALF and plasma isoprostane and isofuran concentrations, BALF neutrophil percentage and 
EBC conductivity were log transformed prior to analysis. 

 
To assess the effect of clinical score on a selected number of indices (∆Pplmax, pH, BALF 

recovery, EBC volume, conductivity, AA, iNOS, SOD, GPx-3, IFNγ, IL4, isoprostanes, 
isofurans) the mixed-model repeated measures ANOVA was modified to include clinical score 
as a covariate. Adequacy of each of the models was assessed using residual plots. For outcomes 
where an approximate Gaussian distribution could not be attained by variable transformation, 
hypothesis testing was achieved using nonparametric statistics such as the Wilcoxon signed rank 
test (for measurements at one time period) or the Friedman’s Chi-square test followed by the a 
series of Wilcoxon signed rank tests. All analyses were performed using the SAS system (ver. 
9.1.3, SAS Institute Inc., Cary, NC 27513).   

 
Post-hoc testing of BALF and EBC pH, and plasma conductivity data, utilizing t-tests 

and correlation, was performed using Microsoft Excel (ver. 2007, Microsoft Inc., Redmond, WA 
98052). 

 
Significance was associated with p <0.05. 
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Results 
 
Horse data 
 

The identification and signalment of all horses used in the study are presented in Table 3. 
 

Table 3: Identification and signalment of horses used in the study 
Horse 
Name Block 

RAO-
Affected 

Age 
(yrs) Breed Sex 

Bodyweight 
(kg) 

Imp 1 YES 17 Pony Gelding 384 
Lips 2 YES 19 Warmblood Gelding 659 
Autumn 3 YES 25 Tennessee Walking Horse  Mare 506 
Thunder 4 YES 20 Appaloosa Cross Mare 530 
Saran 5 YES 18 Quarter Horse Mare 477 
Baroness 6 YES 12 Tennessee Walking Horse  Mare 449 
Rusty 7 YES 18 Appaloosa Gelding 545 
Doc 8 YES 10 Paint Horse Gelding 500 
Fancy 1 NO 17 Quarter Horse Mare 625 
Zoe 2 NO 19 Thoroughbred Mare 560 
Flicka 3 NO 20 Quarter Horse Mare 430 
Sugar 4 NO 24 Standardbred Mare 527 
Holly 5 NO 8 Thoroughbred Mare 560 
Boggie 6 NO 10 Quarter Horse Gelding 498 
Slew 7 NO 9 Thoroughbred Gelding 532 
Sandy 8 NO 7 Quarter Horse Gelding 625 

 
Clinical score, ∆Pplmax and BALF cell composition 
 
 The clinical data collected from each horse and the BALF cell composition is presented 
in Table 4-6. Data for ∆Pplmax was unavailable for all sample times for control horse 8 (Sandy) 
due to lack of animal compliance with this procedure. Data for BALF cell composition was 
unavailable for RAO-affected horse 8 (Doc) at S2 (challenge) due to inadequate BALF recovery.  
 

The clinical data was used to evaluate effects of these parameters on biological markers 
and interactions with disease status and sample time. 
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Table 4: Clinical score, ∆Pplmax and BALF cell composition in horses at remission (S1) 

Horse ∆Pplmax Clinical BALF 
total cells Neutrophils Lymphocytes Macrophages Eosinophils

Name (cm H2O) Score (cells x 
105/ml) 

(% of total 
cells) 

(% of total 
cells) 

(% of total 
cells) 

(% of total 
cells) 

Imp 1.9 2 3.49 9 48 43 0 
Lips 5.3 2 4.22 8 56 36 0 
Autumn 5.6 2 1.96 26 33 41 0 
Thunder 5.6 2.5 6.97 1 53 46 0 
Saran 7.6 2.5 5.04 5 60 35 0 
Baroness 13.4 2.5 5.90 5 51 44 0 
Rusty 8.3 3 0.99 5 50 45 0 
Doc 8.8 2 4.97 10 44 45 1 
Fancy 2.6 2 8.55 1 66 33 0 
Zoe 2.7 2 5.24 1 52 47 0 
Flicka 4.5 2 2.37 4 43 52 0 
Sugar 3.8 2 6.76 1 57 42 0 
Holly 4.0 2 5.70 2 43 55 0 
Boggie 5.2 2 10.55 0 47 53 0 
Slew 4.2 2 8.94 1 38 61 0 
Sandy   2 8.10 3 37 60 0 
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Table 5: Clinical score, ∆Pplmax and BALF cell composition in horses at challenge (S2) 

Horse ∆Pplmax Clinical BALF 
total cells Neutrophils Lymphocytes Macrophages Eosinophils

Name (cm H2O) Score (cells x 
105/ml) 

(% of total 
cells) 

(% of total 
cells) 

(% of total 
cells) 

(% of total 
cells) 

Imp 20.0 7 10.50 83 7 10 0 
Lips 32.1 7 3.70 11 60 29 0 
Autumn 24.4 5 4.70 50 25 25 0 
Thunder 24.4 5 14.20 3 39 58 0 
Saran 39.7 7 5.07 24 44 32 0 
Baroness 35.2 6 7.74 42 34 24 0 
Rusty 14.7 5 1.01 10 56 34 0 
Doc 20.1 5 2.03         
Fancy 3.3 2 9.74 19 58 22 0 
Zoe 2.6 2 5.81 20 46 33 0 
Flicka 4.4 2.5 10.57 12 41 46 1 
Sugar 6.3 2 8.45 9 40 51 0 
Holly 3.6 2 5.19 25 39 36 0 
Boggie 4.7 2 11.17 7 60 33 0 
Slew 5.7 2 2.02 17 35 48 0 
Sandy   2 11.247 5 30 65 0 
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Table 6: Clinical score, ∆Pplmax and BALF cell composition in horses at recovery (S3) 

Horse ∆Pplmax Clinical BALF 
total cells Neutrophils Lymphocytes Macrophages Eosinophils

Name (cm H2O) Score (cells x 
105/ml) 

(% of total 
cells) 

(% of total 
cells) 

(% of total 
cells) 

(% of total 
cells) 

Imp 6.6 3 4.44 7 46 47 0 
Lips 25.8 5 4.26 5 73 25 0 
Autumn 5.3 2.5 3.62 6 61 33 0 
Thunder 5.3 3 10.67 3 45 52 0 
Saran 8.4 5 5.49 5 80 15 0 
Baroness 17.5 3.5 4.16 10 54 36 0 
Rusty 10.7 3 4.40 1 62 37 0 
Doc 7.9 3 1.79 16 38 46 0 
Fancy 2.1 2 12.40 4 59 37 0 
Zoe 2.3 2 5.74 5 56 39 0 
Flicka 5.5 2 12.51 3 46 51 0 
Sugar 2.5 2.5 11.79 3 35 62 0 
Holly 5.3 2 4.22 5 33 62 0 
Boggie 4.6 2 13.77 3 51 46 0 
Slew 7.7 2 11.23 2 61 36 1 
Sandy   2 6.27 1 39 60 0 

 
EBC volume 
 
 The volume of EBC collected from both groups of horses at each sample time ranged 
from 1.9mls to 11mls. The mean EBC volume per collection, range and standard deviations are 
presented in Table 7. Figure 3 depicts the least square means for EBC volume and standard 
deviation.  
 

The difference in mean EBC volume between RAO-affected and control horses 
approached significance (p=0.06). This difference was more evident and approached significance 
at remission (S1, p=0.05) than compared to challenge (S2, p=0.20) or recovery (S3, p=0.98). 
Effects of sample time (p= 0.25) and interactions between sample time and disease status were 
not significant (p=0.37).  
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Table 7: Mean EBC volume, range and standard deviation (SD) 
  EBC Volume (mls) 
Sample Time S1 S2 S3 
All horses       
Mean 4.38 5.63 4.83 
Range 1.5 - 11.0 4.5 - 11.0 3.0 - 8.0 
Standard deviation (±) 3.03 1.74 1.45 
Control horses       
Mean 3.34 4.94 4.81 
Least square mean 3.34 4.94 4.81 
Range 1.5 - 6.0 4.0 - 6.5 3.0 - 7.0 
Standard deviation (±) 1.82 1.12 1.41 
RAO-affected horses       
Mean 5.43 6.31 4.84 
Least square mean 5.43 6.31 4.84 
Range 1.9 - 11.0 4.0 - 11.0 3.25 - 8.0 
Standard deviation (±) 3.73 2.03 1.59 

 

 
Figure 3: Least square means for EBC volume ± SD 
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 During sampling at remission (S1) for 2 pairs of horses, ambient external temperature 
was 2-3˚C (36-38˚F). EBC volume for the RAO-affected horses in these pairs was reduced 
(Figure 4) compared to the remaining horses collected during environmental temperatures of 18-
22˚C (65-72˚F). With these horses excluded from the data analysis (Figure 5), the interactions 
between EBC volume at S1 decreases for horse group (p= 0.14), sample times (p= 0.65), and 
interactions between sample time and disease status (p= 0.12).  
 

When evaluating data in only horses collected at >3˚C at each individual sample time, 
RAO-affected horses appeared to have a significantly greater EBC volume at remission (p= 0.02 
at S1). This difference was not evident at challenge (p= 0.72 at S2) or recovery (p= 0.97 at S3). 
The significance of the difference at remission is questionable due to the small sample size. In 
addition the data analysis may be skewed in the RAO-affected horse group due to inclusion of a 
horse which appears to have a greater EBC collection volume compared to the remainder of the 
group and removal of the two lowest collection volumes sampled at <3˚C. However, it is 
possible that low ambient temperature may affect EBC collection in RAO-affected horses. All 
other samples (S1-3) were collected at environmental temperatures of 18-22˚C (65-72˚F) to 
avoid any discrepancies. 
 

 
Figure 4: EBC collection volumes at S1 at temperatures greater and less than 3˚C 
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Figure 5: Least square means of EBC volume in horses collected at >3˚C ± SD 

 
BALF recovery 
 
 The volume of BALF collected from both groups of horses at each sample time ranged 
from 73mls (24% recovery) to 243mls (81% recovery). The mean BALF recovery per collection 
and standard deviations are presented in Table 8 and Figure 6. The mean BALF recovery was 
significantly less in RAO-affected horses during remission (p=0.04 at S1) and approached 
significance at challenge (p=0.06) compared to control horses. It was not significantly different 
at recovery (p=0.16 at S3). Effects of sample time (p= 0.72) and interactions between sample 
time and disease status were not significant (p=0.69).  
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Table 8: Mean BALF recovery (%), range and standard deviation 
  BALF Recovery (%) 
Sample Time S1 S2 S3 
All horses       
Mean 54.65 52.65 52.77 
Range 27.67 - 81 24.33 - 77.67 34.67 - 79.33 
Standard deviation (±) 14.17 15.36 14.12 
Control horses       
Mean 61.75 59.25 57.62 
Least square mean 61.75 59.25 57.62 
Range 42.33 - 81 42.0 - 77.67 41 - 75.33 
Standard deviation (±) 11.55 12.41 23.62 
RAO-affected horses       
Mean 47.54 46.04 47.92 
Least square mean 47.54 46.04 47.92 
Range 27.67 - 64 24.33 - 63.67 34.67 - 79.33 
Standard deviation (±) 13.48 16.71 16.09 

 

 
Figure 6: Least square means for BALF volume ± SD 
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Conductivity 
 
 Mean BALF conductivity was lower than mean EBC conductivity (Table 9).  
 

Table 9: Mean conductivity, range and standard deviation 
  EBC Conductivity (mS) BALF Conductivity (mS) 
Sample Time S1 S2 S3 S1 S2 S3 
All horses             
Mean 100.48 62.51 85.66 6.48 6.70 6.76 
Range 37.7 - 188.3 34.4 - 91.9 34.8 - 223 5.63 - 7.08 6.14 - 7.95 5.92 - 9.06 
Standard deviation 
(±) 42.37 18.13 42.96 0.36 0.54 0.30 
Control horses             
Mean 104.55 62.56 88.73 6.58 6.75 7.11 
Least square mean 86.76 59.48 78.34 6.58 6.75 7.11 
Range 37.7 - 188.3 19.71 - 79.4 34.8 - 110.2 6.26 - 7.08 6.14 - 7.49 6.18 - 9.06 
Standard deviation 
(±) 35.72 18.73 55.59 0.28 0.50 0.93 
RAO-affected 
horses             
Mean 179.55 62.56 88.73 6.39 6.65 6.41 
Least square mean 123.08 61.10 80.37 6.39 6.65 6.41 
Range 47.7 - 732.5 34.4 - 91.9 47.5 - 223 5.63 - 6.8 6.36 - 7.95 5.93 - 6.96 
Standard deviation 
(±) 50.32 18.80 29.06 0.36 0.54 0.30 

 
Data for EBC conductivity was log transformed prior to analysis. EBC conductivity 

(Figure 7) was affected by sample time (p=0.01), but not by horse disease status (p=0.47). RAO 
horses had lower EBC conductivity at challenge (S2) when compared to remission (S1 vs. S2 
p=0.01) but not at other sample times (S1 vs. S3 p= 0.16, S2 vs. S3 p= 0.45). No significant 
difference was detected between sample times in control horses (S1 vs. S2 p= 0.23, S1 vs. S3 p= 
0.89, S2 vs. S3 p= 0.45). 
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Figure 7: EBC conductivity ± SD 

 
BALF conductivity (Figure 8) was affected by horse disease status (p=0.05), but not by 

sample time (p= 0.33). Control horses had greater BALF conductivity than RAO-affected horses 
during recovery (p=0.01 at S3) but not at other sample times (p=0.47 at S1, p=0.71 at S2). 

 

 
Figure 8: BALF conductivity ± SD 
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 Plasma was collected and measured for conductivity at the time of EBC collection. The 
mean plasma conductivity and standard deviations are presented in Table 10 and Figure 9.  

 
Table 10: Mean plasma conductivity and standard deviation 

  Plasma Conductivity (mS) 
Sample Time S1 S2 S3 
All horses    
Mean 9.69 9.52 10.01 
Range 8.75 - 11.4 8.11 - 11.99 8.54 - 12.52 
Standard deviation (±) 0.66 1.00 0.95 
Control horses    
Mean 9.46 9.74 10.20 
Range 8.75 - 10.33 8.11 - 11.99 9.01 - 12.52 
Standard deviation (±) 0.53 1.28 1.11 
RAO-affected horses    
Mean 9.93 9.26 9.83 
Range 9.29 - 11.4 8.45 - 9.73 8.54 - 11.33 
Standard deviation (±) 0.73 0.51 0.80 

 
Post-hoc testing plasma conductivity data utilizing t-tests was performed using Microsoft 

Excel (ver. 2007, Microsoft Inc., Redmond, WA 98052). Plasma conductivity was not 
significantly different between RAO-affected or control horses (p=0.78) or times (RAO-affected 
S1 vs. S2 p= 0.16, S1 vs. S3 p= 0.62, S2 vs. S3 p= 0.25; Control S1 vs. S2 p= 0.55, S1 vs. S3 p= 
0.15, S2 vs. S3 p= 0.46). 

 

 
Figure 9: Plasma conductivity ± SD 
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EBC dilution 
 
 Dilution (D) of EBC was calculated from the ratio of plasma conductivity to that of 
lyophilized EBC conductivity2 i.e. 
 

     D = Conductivity Plasma 
            Conductivity EBC

  
The mean EBC dilution and standard deviations are presented in Table 11 and Figure 10. 

EBC dilution was not significantly different between RAO-affected and control horses (p=0.51). 
RAO-affected horses had an increased dilution factor at remission compared to recovery (S1 vs. 
S3 p=0.02). This approached significance when remission was compared to challenge (S1 vs. S2 
p=0.06) but was not different when comparing challenge to recovery (S2 vs. S3 p=0.34). No 
significant difference was detected between sample times in control horses (S1 vs. S2 p= 0.57, 
S1 vs. S3 p= 0.51, S2 vs. S3 p= 0.71). 

 
Table 11: Mean EBC dilution, range and standard deviation 

  EBC dilution factor 
Sample Time S1 S2 S3 
All horses       
Mean 0.11 0.17 0.14 
Range 0.01 - 0.25 0.09 - 0.54 0.05 - 0.28 
Standard deviation (±) 0.06 0.11 0.06 
Control horses       
Mean 0.13 0.19 0.14 
Range 0.05 - 0.20 0.12 - 0.54 0.08 - 0.28 
Standard deviation (±) 0.07 0.14 0.07 
RAO-affected horses       
Mean 0.10 0.15 0.13 
Range 0.01 - 0.25 0.09 - 0.18 0.05 - 0.20 
Standard deviation (±) 0.05 0.04 0.05 
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Figure 10: EBC dilution factor ± SD 

 
 No correlation was found between dilution factor and EBC volume in RAO-affected and 
control horses (r=+0.40, Figure 11) or in those horses with EBC collected at >3˚C (r=+0.34). 
 

 
Figure 11: Correlation between EBC volume and dilution in all horses 
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BALF dilution 
 
 Dilution (D) of BALF was calculated from the ratio of plasma conductivity to that of 
lyophilized BALF conductivity i.e. 
 

     D = Conductivity Plasma 
            Conductivity BALF
 

The mean BALF dilution and standard deviations are presented in Table 12 and Figure 
12. BALF dilution was not significantly different between RAO-affected or control horses 
(p=0.33). RAO-affected horses had a decrease in dilution factor challenge when compared to 
remission which approached significance (S1 vs. S2 p=0.06) but was not different between other 
sample times (S1 vs. S3 p=0.73, S2 vs. S3 p=0.25). No significant difference was detected 
between sample times in control horses (S1 vs. S2 p= 0.75, S1 vs. S3 p= 0.91, S2 vs. S3 p= 
0.82). 

 
Table 12: Mean BALF dilution, range and standard deviation 

  BALF dilution factor 
Sample Time S1 S2 S3 
All horses       
Mean 1.50 1.43 1.50 
Range 1.24 - 1.72 1.09 - 1.91 1.17 - 1.99 
Standard deviation (±) 0.13 0.21 0.21 
Control horses       
Mean 1.44 1.45 1.45 
Range 1.24 - 1.59 1.12 - 1.91 1.17 - 1.99 
Standard deviation (±) 0.12 0.25 0.26 
RAO-affected horses       
Mean 1.56 1.41 1.54 
Range 1.40 - 1.72 1.09 - 1.52 1.23 - 1.78 
Standard deviation (±) 0.11 0.16 0.16 
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Figure 12: BALF dilution ± SD 

 
No correlation was found between dilution factor and BALF recovery in RAO-affected 

and control horses (r=-0.25, Figure 13) or in those horses with BALF recovery >40% (r=-0.20).  
 

 
Figure 13: Correlation between BALF recovery and dilution 
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pH 
 
Mean EBC pH was higher than mean BALF pH in control horses (p=0.0029 at S1, 

p=0.0042 at S2, p=0.0009 at S3, Table 13, Figure 14). Although mean EBC pH was higher than 
mean BALF pH in RAO-affected horses, it was only significantly different at challenge (p=0.02 
at S2) and not at remission (p=0.18 at S1) or recovery (p=0.05 at S3). 

 
Table 13: Mean pH and standard deviation 

 BALF pH EBC pH 
Sample Time S1 S2 S3 S1 S2 S3 
All horses       
Mean 6.17 6.29 6.27 7.07 7.29 7.26 
Standard deviation (±) 0.29 0.3 0.39 1.08 0.76 0.84 
Control horses       
Mean 6.02 6.09 6.05 7.74 7.33 7.51 
Least square mean 6.02 6.09 6.05 7.71 7.33 7.51 
Standard deviation (±) 0.33 0.29 0.45 1.14 0.81 0.93 
RAO-affected horses       
Mean 6.32 6.49 6.49 6.48 7.26 7.01 
Least square mean 6.32 6.49 6.49 6.48 7.26 7.01 
Standard deviation (±) 0.22 0.29 0.31 0.62 0.77 0.7 

 

 
Figure 14: BALF and EBC pH 
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In comparison to control horses, BALF pH was significantly higher (p= 0.02 at S1, p= 
0.0034 at S2, p= 0.0016 at S3) in RAO-affected horses at all sample times (Figure 15). No 
difference between sample times were detected (p=0.32).   

 

 
Figure 15: BALF pH ± SD 

 
EBC pH (Figure 16) was significantly lower in RAO-affected horses compared to control 

horses only during remission (p= 0.0029 at S1). EBC pH between the groups did not differ at 
other sample times (p=0.86 at S2, p=0.17 at S3). 

 

 
Figure 16: EBC pH ± SD 
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cGPx activity 
 

Mean WBC cGPx activity was lower than mean RBC cGPx activity (Table 14) but this 
was not significant in control horses (p= 0.82 at S1, p= 0.54 at S2, p= 0.84 at S3, Figure 17). In 
RAO-affected horses, mean WBC cGPx activity was significantly lower than mean RBC cGPx 
activity only at challenge (p= 0.02 at S2) and recovery (p= 0.0019 at S3), and approached 
significance at remission (p=0.07). 

 
Table 14: Mean WBC and RBC cGPx activity and standard deviation 

 WBC cGPx RBC cGPx 
Sample Time S1 S2 S3 S1 S2 S3 
All horses       
Mean 67.73 62.54 65.33 75.36 74.5 79.25 
Standard deviation (±) 18.44 18.03 17.42 32.1 31.7 31.89 
Control horses            
Mean 58.04 52.27 60.27 59.71 57.61 62.34 
Least square mean 58.04 52.27 60.27 59.71 57.61 62.34 
Standard deviation (±) 14.52 15.59 16.11 29.1 27.05 26.95 
RAO-affected horses            
Mean 77.42 72.81 70.39 91.01 91.4 96.16 
Least square mean 77.42 72.81 70.39 91.01 91.4 96.16 
Standard deviation (±) 17.42 14.59 18.22 28.3 27.74 28.27 

 

 
Figure 17: WBC and RBC cGPx activity 
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WBC cGPx activity was affected by horse disease status (p=0.01), but not by sample 
time (p=0.20). RAO-affected horses had significantly higher WBC cGPx activity compared to 
control horses (Figure 18) at remission (p=0.01 at S1) and challenge (p= 0.0079 at S2) but not at 
recovery (p=0.17 at S3). 

 

 
Figure 18: WBC cGPx ± SD 

 
RBC cGPx activity was affected by horse disease status (p=0.02), but not by sample time 

(p=0.21). RAO-affected horses had significantly higher RBC cGPx activity at all sample times 
(Figure 19, p= 0.03 at S1, p= 0.02 at S2, p= 0.02 at S3). 

 

 
Figure 19: RBC cGPx activity ± SD 
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Data for BALF cGPx was log transformed prior to analysis. Mean BALF cGPx activity 
and standard deviation is reported in Table 15. Data were log transformed prior to analysis. 
Interactions between sample time within each horse group (RAO-affected or control, p=0.0035), 
but not between groups (p=0.45), were detected for BALF cell cGPx activity. RAO-affected 
horses had significantly lower BALF cGPx activity (Figure 20) during remission compared to 
recovery (S1 vs. S3 p=0.0077). Control horses had significantly higher BALF cGPx activity at 
challenge compared to recovery (S2 vs. S3 p=0.0020) and this approached significance when 
remission was compared to challenge (S1 vs. S2 p=0.06). Differences between remission and 
recovery were not significant in control horses (S1 vs. S3 p=0.53) and between challenge and 
either recovery or remission in RAO-affected horses (S1vs S2 p=0.10, S2 vs. S3 p=0.57). 

 
Table 15: Mean BALF cGPx activity and standard deviation 

 BALF cGPx 
Sample Time S1 S2 S3 
All horses    
Mean 0.06 0.20 0.12 
Standard deviation (±) 0.04 0.20 0.11 
Control horses    
Mean 0.07 0.20 0.05 
Least square mean 0.06 0.16 0.15 
Standard deviation (±) 0.03 0.19 0.02 
RAO-affected horses    
Mean 0.06 0.18 0.19 
Least square mean 0.05 0.10 0.15 
Standard deviation (±) 0.05 0.24 0.13 

 

 
Figure 20: BALF cGPx activity ± SD 
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Ascorbic Acid 
 

The free ([AAfree]) and oxidized (dehydroascorbic acid [DHA]) ascorbic acid 
concentrations in BALF and standard deviations are presented in Table 16 and Figure 21-22.  

 
Table 16: BALF mean [AAfree] and [DHA], and standard deviation 

  BALF [AAFree] (mM) BALF [DHA] (mM) 
Sample Time S1 S2 S3 S1 S2 S3 
All horses             
Mean 10.58 4.1 8.59 5.55 4.71 6.11 
Standard deviation (±) 7.73 2.03 5.16 1.22 0.58 2.89 
Control horses             
Mean 8.83 5.28 7.95 5.59 4.67 5.23 
Least square mean 9.47 5.08 7.95 5.62 4.67 5.23 
Standard deviation (±) 4.33 2.08 3.48 0.9 0.37 1 
RAO-affected horses             
Mean 12.12 2.92 9.24 5.51 4.74 6.99 
Least square mean 12.12 3.33 9.24 5.51 4.72 6.99 
Standard deviation (±) 9.87 1.16 6.64 1.51 0.77 3.89 

 
BALF [AAfree] was affected by sample time (p=0.0021), but not by horse disease status 

(p=0.70). RAO-affected horses had significantly lower [AAfree] at challenge than compared to 
remission (S1 vs. S2 p=0.0023) and recovery (S2 vs. S3 p=0.04). There was no significant 
difference between remission and recovery [AAfree] in RAO-affected horses (S1 vs. S3 p=0.41). 
No significant difference was found between sample times in control horses (S1 vs. S2 p= 0.19, 
S1 vs. S3 p= 0.79, S2 vs. S3 p= 0.44). 

 

 
Figure 21: [AAfree] ± SD 
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Effects for sample time and horse disease status, as well as their interactions were not 
significant for BALF [DHA] (Figure 22, disease status p= 0.31, sample time p= 0.17, 
interactions p= 0.36). 

 

 
Figure 22: [DHA] ± SD 

 
The total ([AAtotal]) ascorbic acid concentration is the sum of [AAfree] and [DHA]. The 

means and standard deviations are presented in Table 17 and Figure 23. BALF [AAtotal] was 
affected by sample time (p=0.0009), but not by horse disease status (p=0.53). RAO-affected 
horses had significantly lower [AAtotal] at challenge than compared to remission (S1 vs. S2 
p=0.0021) and recovery (S2 vs. S3 p=0.0085). There was no significant difference between 
remission and recovery [AAtotal] in RAO-affected horses (S1 vs. S3 p=0.83).  

 
No significant difference was found between sample times in control horses (S1 vs. S2 

p= 0.12, S1 vs. S3 p= 0.73, S2 vs. S3 p= 0.37). 
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Table 17: BALF [AAtotal] and standard deviation 
  BALF [AAtotal] (mM) 
Sample Time S1 S2 S3 
All horses       
Mean 16.13 8.81 14.70 
Standard deviation (±) 7.71 2.02 6.69 
Control horses       
Mean 14.42 9.96 13.18 
Least square mean 15.07 9.77 13.18 
Standard deviation (±) 3.99 2.04 3.35 
RAO-affected horses       
Mean 17.63 7.66 16.23 
Least square mean 17.63 8.13 16.23 
Standard deviation (±) 9.99 1.26 8.91 

 

 
Figure 23: [AATotal] ± SD 
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Amino Acids 
 
The limits of detection for standard oxidized amino acid standards proline (PRO), 

phenylalanine (PHE), lysine (LYS), histidine (HIS), hydroxylysine (HLY), tyrosine (TYR), 
alanine (ALA), glycine (GLY), aspartate (ASP) and glutamic acid (GLU) were 10nmols/ml. The 
limit of detection for non-standard oxidized amino acids nitrotyrosine (NTYR), methionine 
sulfoxide (MET-SO2) and L alanine (DOPA) was 50nmols/ml.  

 
The majority of amino acids measured in EBC and BALF (Tables 18 and 19) were at or 

below the limits of detection. No non-standard oxidized amino acids were detected in the EBC. 
No significant differences between RAO-affected and control horses could be detected for ALA, 
GLY, ASP or GLU in EBC (p= 0.85 for ALA, p= 0.67 for GLY, p=0.87 for ASP, p=0.85 for 
GLU). No significant differences could be detected for PRO, PHE, LYS, HIS, HLY, TYR, ALA 
or GLU in amino acids in BALF (p=0.54 for PRO, p=0.60 for PHE, p= 0.69 for LYS, p= 0.78 
for HIS, p=0.92 for HLY, p=0.77 for TYR, p=0.82 for ALA, p= 0.73 for GLU).  
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Table 18: Mean amino acid concentrations (nmol/ml) detected in EBC in all horses 
EBC PRO PHE LYS HIS HLY TYR ALA GLY ASP GLU 
All horses S1           
Mean 1.15 1.06 3.90 0.00 0.00 0.72 2.40 19.38 4.71 7.52 
Standard deviation (±) 3.88 1.15 7.16 0.00 0.00 2.44 2.98 18.19 4.41 7.97 
Control horses S1           
Mean 1.93 1.18 5.74 0.00 0.00 1.25 2.99 18.60 5.00 7.37 
Standard deviation (±) 5.46 1.01 9.86 0.00 0.00 3.44 3.39 19.67 4.25 7.19 
RAO-affected horses S1           
Mean 0.37 0.93 2.06 0.00 0.00 0.18 1.80 20.16 4.41 7.66 
Standard deviation (±) 1.05 1.33 2.23 0.00 0.00 0.51 2.58 17.91 4.83 9.19 
All horses S2           
Mean 1.35 0.69 0.53 0.00 0.00 0.05 5.97 22.85 7.10 5.59 
Standard deviation (±) 2.64 1.22 2.14 0.00 0.00 0.19 10.10 20.50 8.05 10.26
Control horses S2           
Mean 1.06 0.76 0.00 0.00 0.00 0.00 5.54 17.24 5.49 4.95 
Standard deviation (±) 1.67 1.11 0.00 0.00 0.00 0.00 7.13 12.17 6.14 6.33 
RAO-affected horses S2           
Mean 1.64 0.61 1.07 0.00 0.00 0.09 6.41 28.45 8.72 6.22 
Standard deviation (±) 3.46 1.39 3.02 0.00 0.00 0.27 12.94 26.10 9.75 13.58
All horses S3           
Mean 0.43 0.33 0.31 0.00 0.00 0.03 21.32 29.49 1.57 2.78 
Standard deviation (±) 1.64 0.74 1.26 0.00 0.00 0.13 80.12 41.61 5.61 10.39
Control horses S3           
Mean 0.86 0.59 0.63 0.00 0.00 0.06 2.20 35.21 2.91 5.37 
Standard deviation (±) 2.32 0.99 1.77 0.00 0.00 0.18 2.86 54.69 7.94 14.68
RAO-affected horses S3           
Mean 0.00 0.08 0.00 0.00 0.00 0.00 40.44 23.77 0.22 0.18 
Standard deviation (±) 0.00 0.18 0.00 0.00 0.00 0.00 113.63 25.37 0.62 0.50 
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Table 19: Mean amino acid concentrations (nmol/ml) detected in BALF in all horses 

BALF 
MET
-SO2 

NTY
R 

DOP
A PRO PHE LYS HIS HLY TYR ALA GLY ASP GLU 

             All horses S1 
Mean 2.03 9.48 2.81 58.61 40.78 31.68 32.74 29.57 18.54 28.43 3.17 2.25 10.56
Standard 
deviation (±) 3.65 20.38 11.25 34.69 27.54 22.89 22.76 22.03 9.34 19.02 5.70 3.02 6.64 

             Control S1  
Mean 3.24 6.33 0.00 57.52 39.14 28.73 30.38 28.42 17.71 28.57 4.96 2.33 10.98
Standard 
deviation (±) 4.92 17.89 0.00 33.47 27.67 22.77 18.70 19.97 8.82 19.18 6.86 3.25 5.83 

             RAO-
affected S1 
Mean 0.81 12.64 5.63 59.70 42.42 34.63 35.11 30.71 19.37 28.29 1.38 2.17 10.14
Standard 
deviation (±) 0.97 23.40 15.91 38.16 29.22 24.19 27.35 25.25 10.38 20.19 3.91 2.99 7.75 

             All horses S2 
Mean 1.63 6.38 0.00 61.70 46.91 34.55 37.19 33.96 18.61 23.90 1.55 2.24 11.47
Standard 
deviation (±) 2.49 17.44 0.00 53.65 53.81 31.39 42.35 44.14 16.73 20.16 4.23 3.01 11.84

             Control S2 
Mean 2.26 0.00 0.00 56.25 37.36 30.59 27.80 26.04 16.07 21.06 1.59 2.20 8.33 
Standard 
deviation (±) 3.35 0.00 0.00 28.13 24.98 24.64 12.84 17.34 8.32 13.56 4.48 3.05 3.28 

             RAO-
affected S2 
Mean 1.00 12.76 0.00 67.16 56.47 38.50 46.58 41.89 21.16 26.75 1.51 2.28 14.62
Standard 
deviation (±) 1.08 23.63 0.00 72.86 73.30 38.32 58.96 61.09 22.70 25.85 4.26 3.18 16.34

             All horses S3 
Mean 1.57 9.54 0.00 74.09 58.35 42.52 41.05 32.49 21.49 35.28 1.77 1.94 14.09
Standard 
deviation (±) 1.57 20.51 0.00 51.76 50.74 39.13 33.82 31.60 15.01 30.90 4.87 3.05 11.37

             Control S3 
Mean 1.05 6.34 0.00 58.85 38.81 29.37 31.69 25.12 17.34 25.85 1.96 2.49 10.33
Standard 
deviation (±) 1.34 17.93 0.00 21.27 17.47 14.91 16.69 9.78 4.58 9.14 5.55 3.56 2.58 

             RAO-
affected S3 
Mean 2.09 12.74 0.00 89.33 77.89 55.68 50.40 39.85 25.63 44.71 1.58 1.39 17.85
Standard 
deviation (±) 1.70 23.59 0.00 68.98 65.88 51.60 44.41 43.82 20.55 41.95 4.46 2.56 15.42
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mRNA expression of iNOS, GPx-3, and SOD-1 from bronchial mucosal biopsies during 
challenge (S2) 
 

Bronchial mucosal biopsies were only taken during challenge for analysis of enzyme 
expression. This sample time was chosen as it was considered the best potential sample time to 
demonstrated difference between RAO-affected and control horses. Two horses from each group 
(Doc and Slew) were excluded from analysis due to lack of animal compliance with this 
procedure and inadequate sample recovery. An enzyme expression level was calculated by 
dividing the measured expression level of each horse by the level obtained from the randomly 
selected control horse, Zoe. The means and standard deviation of each enzyme expression level 
are presented in Table 20 and Figure 24. Effects of disease status was not significant for GPx-3 
(p=0.69), iNOS (p=1.00), or SOD-1 (p=1.00). 

 
Table 20: Mean gene expression level (subject/control) in bronchial mucosal biopsies 

  GPX-3 iNOS SOD 
All horses       
Mean 12.09 39.96 11.93 
Standard deviation (±) 13.38 51.9 15.6 
Control horses       
Mean 13.75 31.39 8.36 
Standard deviation (±) 15.96 30.75 9.91 
RAO-affected horses       
Mean 10.43 48.52 15.5 
Standard deviation (±) 11.25 68.7 19.98 

 

 
Figure 24: Gene expression in bronchial mucosal biopsy samples ± SD 
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mRNA expression of interleukin 4 (IL4) and gamma interferon (IFNγ) in airway cells harvested 
from BALF from RAO-affected horses and their paired controls 
 

BALF cells were selected for analysis of gene expression to compare remission (S1) and 
challenge (S2). These sample times were chosen as it was considered the best potential period to 
demonstrate a difference between and within the RAO-affected and control horse groups. A gene 
expression level was calculated by dividing the measured expression level of each gene by that 
of a housekeeping gene (β actin or IFNγ). The means and standard deviation of each gene 
expression level are presented in Table 21. The mean mRNA expression for both cytokines was 
greater when expressed in relation to CD3 zeta. 

 
Table 21: Cytokine expression level in BALF cells 

   IFNγ/βactin IFNγ/CD3 zeta IL4/βactin IL4/CD3 zeta 
  S1 S2 S1 S2 S1 S2 S1 S2 
All horses                     
Mean 0.0011 0.001 0.3948 0.3252 0.0053 0.0056 1.7733 1.9069 
Standard deviation (±) 0.0014 0.0008 0.661 0.2926 0.0036 0.0041 1.8626 1.7063 
Control horses                 
Mean 0.0008 0.0008 0.2455 0.2558 0.0053 0.0056 1.7133 1.8912 
Least square mean 0.0003 0.0006 0.0990 0.1972 0.0041 0.0042 1.3276 1.3237 
Standard deviation (±) 0.001 0.0006 0.3368 0.1745 0.0043 0.0045 1.4018 1.9118 
RAO-affected horses                 
Mean 0.0014 0.0012 0.5442 0.3946 0.0052 0.0055 1.8334 1.9226 
Least square mean 0.0007 0.0008 0.1758 0.2502 0.0044 0.0045 1.0430 1.3272 
Standard deviation (±) 0.0017 0.001 0.8785 0.3768 0.003 0.004 2.3368 1.6073 

 
Effect of sample time and disease status, as well as their interactions were not significant 

for mRNA expression of IL4 or IFNγ utilizing either β actin or CD3 zeta as the housekeeping 
gene (HK, Figures 25 and 26); IL4 β actin (RAO status p=0.75, sample time p=0.84, interactions 
p=0.92), IL4 CD3 zeta (RAO status p=0.55, sample time p=0.43, interactions p=0.42), IFNγ β 
actin (RAO status p=0.18, sample time p=0.16, interactions p=0.34), IFNγ CD3 zeta (RAO status 
p=0.28, sample time p=0.06, interactions p=0.57). 
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Figure 25: mRNA expression of IFNγ in BALF inflammatory cells ± SD 
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Figure 26: mRNA expression of IL4 in BALF inflammatory cells ± SD 

 
Alterations in gene expression can also be demonstrated as ratios of difference between 

sample times or horse disease status (Figures 27 and 28). The increased expression of IFNγ in 
RAO-affected horses compared to controls at remission (S1) was not significant (p=0.10 at S1) 
when using β actin as the HK gene and became less significant when using CD3 zeta (p=0.20 at 
S1). No significant difference was found when comparing IFNγ expression in RAO-affected 
horses compared to controls at challenge (S2, p=0.54 with β actin, p=0.58 with CD3 zeta). 

Using CD3 zeta as the housekeeping gene, the decrease in IFNγ approached significance 
in association with sample time (p=0.06). The increased expression of IFNγ at challenge (S2) 
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compared to remission (S1) in control horses was not significant when using β actin, but 
approached significance when using CD3 zeta (p=0.07). No significant difference in RAO-
affected horses between sample times when using either HK gene (p=0.73 with β actin, p=0.33 
with CD3 zeta). 

 

 

 
Figure 27: Ratios of gene expression in relation to sample time and disease status for IFNγ 

No significant difference was found when comparing IL4 expression in RAO-affected 
horses compared to controls at remission (S1, p=0.8054 with β actin, p=0.3311 with CD3 zeta) 
or challenge (S2, p=0.7398 with β actin, p=0.9912 with CD3 zeta). There was also no significant 
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difference in control (p=0.9414 with β actin, p=0.9984 with CD3 zeta) or RAO-affected 
(p=0.8342 with β actin, p=0.2686 with CD3 zeta) horses between sample times when using 
either HK gene. 

 

 

 
Figure 28: Ratios of gene expression in relation to sample time and disease group for IL4 
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Isoprostane and Isofuran Analysis 
 

Isofurans could only be detected in the EBC at S1 in three RAO affected and two control 
horses, at S2 in one control horse and S3 in two control horses (Table 22). One horse had 
isofurans detected at all sample times. No isoprostanes were detected in any of the EBC samples 
and data analysis was not performed due to lack of detection in the majority of horses. 

 
Table 22: Concentrations of isofurans (pg/ml) detected in samples 

EBC Isofurans  S1 S2 S3 
RAO-affected 80.00     
RAO-affected 5.00     
RAO-affected 7.00     

Control 3.00   
Control   6.00 
Control 74.00 2.00  17.00 

 
Data for BALF and plasma isoprostane and isofuran concentrations were log transformed 

prior to analysis. Mean BALF and plasma isoprostane and isofuran concentrations with standard 
deviations are presented in Table 23 and 24. In BALF and plasma, main effects for sample time 
and horse disease status, as well as their interactions were not significant for concentrations of 
isoprostanes (BALF: p=0.46, p= 0.70, p= 0.50, Plasma: p= 0.70, p= 0.92, p= 0.68) or isofurans 
(BALF: p=0.98, p= 0.11, p= 0.72, Plasma: p=0.80, p=0.28, p=0.92). Mean isoprostane and 
isofuran concentrations identified by horse group with standard error bars and are presented in 
Figures 29 and 30. 

 
Table 23: BALF isoprostane and isofuran concentrations (pg/ml) with standard deviations 

  BALF Isoprostanes (pg/ml) BALF Isofurans (pg/ml) 
Sample Time S1 S2 S3 S1 S2 S3 
All horses             
Mean 5.32 3.53 4.80 19.94 32.63 23.83 
Standard deviation (±) 7.23 3.26 8.59 37.51 58.21 47.20 
Control horses             
Mean 7.13 3.90 3.36 28.50 32.40 20.24 
Standard deviation (±) 9.51 3.13 2.97 51.88 59.91 34.72 
RAO-affected horses             
Mean 3.20 3.10 6.24 11.39 32.85 27.43 
Standard deviation (±) 2.65 3.64 2.97 51.88 59.91 34.72 
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Table 23: Plasma isoprostane and isofuran concentrations (pg/ml) with standard deviations 

  
Plasma Isoprostanes 

(pg/ml) Plasma Isofurans (pg/ml) 
Sample Time S1 S2 S3 S1 S2 S3 
All horses             
Mean 8.52 9.39 8.33 36.33 31.13 48.94 
Standard deviation (±) 4.73 7.46 5.83 23.95 18.69 42.26 
Control horses             
Mean 8.09 11.26 7.23 37.48 28.03 47.09 
Standard deviation (±) 4.75 10.28 4.09 22.58 18.45 18.32 
RAO-affected horses             
Mean 9.01 7.53 9.29 35.03 34.23 50.56 
Standard deviation (±) 5.04 2.36 7.16 27.19 19.65 57.25 

 

 
Figure 29: BALF isoprostane and isofuran concentrations ± SD 
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Figure 30: Plasma isoprostane and isofuran concentrations ± SD 

 
Effect of clinical score, ∆Pplmax and BALF cellular composition on biomarkers 
 
 Interactions between clinical score, ∆Pplmax and BALF cellular composition on 
biomarkers was investigated to determine any significant relationships that may assist diagnosis 
and monitoring of RAO-affected horses. 
 
1) Clinical score and ∆Pplmax 

 
No significant interactions in control horses were noted between clinical score and 

∆Pplmax (p=0.09). 
 

  There was a positive linear relationship between clinical score and ∆Pplmax in RAO-
affected horses (p=0.01). For each unit increase in clinical score (1CS) there was an 
associated 4.61 increase in ∆Pplmax (Figure 31): 

 RAO-affected S1: ∆Pplmax = -3.59 + 4.61*CS  
 RAO-affected S2: ∆Pplmax = -0.75 + 4.61*CS 
 RAO-affected S3: ∆Pplmax = -5.17 + 4.61*CS 

Change in ∆Pplmax associated with clinical score was highest at challenge (S2). 
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Figure 31: ∆Pplmax and clinical score 

 
2) BALF cellular composition 

 
No significant interactions in control horses were noted between clinical score and BALF 

cells/ml (p=0.27), BALF total number of cells (p= 0.75), BALF log neutrophil numbers 
(p=0.32), BALF lymphocyte numbers (p=0.25), or BALF macrophage numbers (p=0.26). 

 
No significant interactions in RAO-affected horses were noted between clinical score and 

BALF cells/ml (p=0.74), BALF total number of cells (p= 0.19), BALF log neutrophil 
numbers (p=0.32), or BALF lymphocyte numbers (p=0.75). There was an inverse linear 
relationship between clinical score and BALF macrophage percentage in RAO-affected 
horses (p=0.0104). For each unit increase in clinical score (1CS) there was an associated 7.82 
decrease in BALF macrophage % (Figure 32): 

 RAO-affected S1: BALF macrophage % = 59.97 -7.82*CS 
 RAO-affected S2: BALF macrophage % = 77.40-7.82*CS 
 RAO-affected S3: BALF macrophage % = 63.76 -7.82*CS 

BALF macrophage percentage associated with clinical score was highest at challenge (S2). 
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Figure 32: BALF macrophage percentage and clinical score 

 
3) EBC volume and BALF recovery 

 
No significant interactions in control horses were noted between clinical score and EBC 

volume (p=0.29) or BALF recovery (p=0.36). 
 
No significant interactions in RAO-affected horses were noted between clinical score and 

EBC volume (p=0.80). No significant interactions between clinical score and BALF recovery 
when evaluating all sample times (p=0.11). However, within each individual sample time for 
the RAO-affected horses, there was a positive linear relationship between clinical score and 
BALF recovery (p=0.0088). For each unit increase in clinical score (1CS) there was an 
associated 7.73% increase in BALF recovery (Figure 33): 

 RAO-affected S1: BALF recovery (%) = 29.67 + 7.73*CS 
 RAO-affected S2: BALF recovery (%) = 0.64 + 7.73*CS 
 RAO-affected S3: BALF recovery (%) = 20.87 + 7.73*CS 

BALF volume associated with clinical score was lowest at challenge (S2). 
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Figure 33: BALF recovery and clinical score 

 
4) Conductivity 

 
No significant interactions in control horses were noted between clinical score and BALF 

conductivity (p=0.39) or EBC conductivity (p=0.78). 
 
No significant interactions in RAO-affected horses were noted between clinical score and 

BALF conductivity (p=0.49) or EBC conductivity (p=0.12). 
 

5) pH 
 

No significant interactions in control horses were noted between clinical score and EBC 
pH (p=0.24) or BALF pH (p=0.32). 

 
No significant interactions in RAO-affected horses were noted between clinical score and 

EBC pH (p=0.54). There was no overall significant interactions between clinical score and 
BALF pH in RAO-affected horses when evaluating all sample times (p=0.43). However, 
within each individual sample time for the RAO-affected horses, there was an inverse linear 
relationship between clinical score and BALF pH (p= 0.0045). For each unit increase in 
clinical score (1CS) there was an associated 0.1963 decrease in BALF pH (Figure 34): 

 RAO-affected S1: BALF pH = 6.77 - 0.20*CS 
 RAO-affected S2: BALF pH = 7.64 - 0.20*CS 
 RAO-affected S3: BALF pH = 7.17 - 0.20*CS 
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Figure 34: BALF pH and clinical score 

 
6) AA 

 
No significant interactions in control or RAO-affected horses were noted between clinical 

score and [AAfree] (Control p=0.30, RAO p=0.63), [DHA]  (Control p=0.86, RAO p=0.52), 
or [AAtotal]  (Control p=0.36, RAO p=0.66). 

 
No significant interactions in RAO-affected horses were noted between ∆Pplmax and 

[AAfree]  (RAO p=0.34), [DHA]  (RAO p=0.85), or [AAtotal]  (RAO p=0.44); or in control 
horses and [DHA]  (Control p=0.08).  There was a negative linear relationship between 
∆Pplmax and [AAfree]  (Control p=0.01) and [AAtotal]  (Control p=0.03). This relationship was 
only significant, however at remission ([AAfree]  p=0.0015 at S1, p=0.22 at S2, p=0.31 at S3; 
[AAtotal]  p=0.0043 at S1, p=0.27 at S2, p=0.62 at S3). For each unit increase in ∆Pplmax (1 
∆Pplmax), there was an associated decrease in [AA]  (Figure 35): 

 Control S1: [AAfree] = 23.47 - 3.77* ∆Pplmax 
 Control S1: [AAtotal] = 27.91 - 3.48* ∆Pplmax 
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Figure 35: Correlation between ∆Pplmax (cm H2O) and [AA] in control horses at 

remission (S1) 
 

7) Bronchial mucosal biopsy gene expression 
 

Interactions between iNOS expression in bronchial mucosal biopsy and clinical score was 
significant in RAO-affected horses only (Control p=0.68, RAO p=0.04). This negative 
correlation was expressed as RAO iNOS S2 = 173.03 - 23.61*ClinicalScore. No significant 
interactions in control or RAO-affected horses were noted between iNOS expression in 
bronchial mucosal biopsy and total BALF cell count (Control p=0.51, RAO p=0.51) and 
BALF neutrophil numbers (Control p=0.27, RAO p=0.77). Interactions between iNOS 
expression in bronchial mucosal biopsy and clinical score was significant in control horses 
only (Control p=0.0055, RAO p=0.46). This positive correlation was expressed as Control 
iNOS S2 = -135.53 + 4.50*Macrophage. 
 

No significant interactions in control or RAO-affected horses were noted between GPx-3 
expression in bronchial mucosal biopsy and clinical score (Control p=0.39, RAO p=0.0868), 
total BALF cell count (Control p=0.36, RAO p=0.27), BALF macrophage numbers (Control 
p=0.11, RAO p=0.45) or BALF neutrophil numbers (Control p=0.10, RAO p=0.89).  
 
No significant interactions in control or RAO-affected horses were noted between SOD-1 
expression in bronchial mucosal biopsy and clinical score (Control p=0.39, RAO p=0.09), 
total BALF cell count (Control p=0.51, RAO p=0.23), BALF macrophage numbers (Control 
p=0.09, RAO p=0.19) or BALF neutrophil numbers (Control p=0.36, RAO p=0.51).  
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8) BALF mRNA cytokine expression 
 
No significant interactions in control or RAO-affected horses were noted between clinical 

score and IL4 β actin (p=0.96), IL4 CD3 zeta (p=0.46), Interferon γ β actin (p=0.17), or 
Interferon γ CD3 zeta (p=0.29). 

 
No significant interactions in control or RAO-affected horses were noted between 

IFNγ expression using β actin as the HK gene and total BALF cell count (Control p=0.20, 
RAO p=0.13), BALF macrophage numbers (Control p=0.24, RAO p=0.84) or BALF 
neutrophil numbers (Control p=0.24, RAO p=0.60).  

 
No significant interactions in control or RAO-affected horses were noted between IL4 

expression using β actin as the HK gene and total BALF cell count (Control p=0.19, RAO 
p=0.58), BALF macrophage numbers (Control p=0.55, RAO p=0.60) or BALF neutrophil 
numbers (Control p=0.13, RAO p=0.51).  
 

9) Isoprostanes and Isofurans 
 

No significant interactions in control or RAO-affected horses were noted between 
BALF isoprostane concentration and clinical score (Control p=0.98, RAO p=0.85), total 
BALF cell count (Control p=0.99, RAO p=0.53), BALF macrophage numbers (Control 
p=0.47, RAO p=0.86) or BALF neutrophil numbers (Control p=0.76, RAO p=0.72). 

 
No significant interactions in control or RAO-affected horses were noted between 

BALF isofuran concentration and clinical score (Control p=0.96, RAO p=0.95), total BALF 
cell count (Control p=0.97, RAO p=0.10) or BALF macrophage numbers (Control p=0.09, 
RAO p=0.75). Interactions between BALF isofuran concentration and BALF neutrophil 
numbers approached significance in control horses (Control p=0.06, RAO p=0.67). This 
positive correlation was only significant during challenge (p= 0.03 at S2, Control S2: BALF 
isofuran = -36.51 + 4.87*Neutrophil number) and not other sample times (p= 0.49 at S1, p= 
0.44 at S3).  

 
No significant interactions in control or RAO-affected horses were noted between 

plasma isoprostane concentration and clinical score (Control p=0.44, RAO p=0.14), BALF 
macrophage numbers (Control p=0.37, RAO p=0.80) or BALF neutrophil numbers (Control 
p=0.40, RAO p=0.4761). Interactions between plasma isoprostane concentration and total 
BALF cell count (Control p=0.04, RAO p=0.69) was significant in control horses. This 
negative correlation was only significant during challenge (p= 0.02 at S2, Control S2: BALF 
isofuran = 21.60 - 0.007*TotBALFcell) and not other sample times (p= 0.23 at S1, p= 0.99 at 
S3). 
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No significant interactions in control or RAO-affected horses were noted between 
plasma isofuran concentration and clinical score (Control p=0.33, RAO p=0.59), BALF 
macrophage numbers (Control p=0.29, RAO p=0.34) or BALF neutrophil numbers (Control 
p=0.23, RAO p=0.88). Interactions between plasma isofuran concentration and total BALF 
cell count (Control p=0.94, RAO p=0.02) was significant in RAO-affected horses. This 
positive correlation was only significant during challenge (p= 0.0031 at S3, RAO S3: BALF 
isofuran = -6.40 + 0.08*TotBALFcell) and not other sample times (p= 0.22 at S1, p= 0.78 at 
S2). 
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Discussion 
 

EBC volume and BALF recovery 
 

Normal reference ranges for EBC volume have not been established. In this study, 
volume was highly variable and appeared to be increased in RAO-affected horses, particularly 
during remission, although this was not statistically significant. Interestingly in some studies, the 
reverse occurs when comparing healthy humans to those with lung disease. A prior study of 6 
RAO-affected horses reported volumes of  0·5-2 ml over a 10-15 minute collection time which 
was less than the 15-30 minute interval used in this study.9 These horses were all affected by 
RAO and no control animals were collected.9 In addition, no data was published regarding the 
environmental temperature at the time of collection. Another study of 10 RAO-affected and 8 
non RAO-affected horses reported a range in volume of 2-4 mls over 10 minutes, but did not 
assess differences between horse groups.10 The lack of significant difference noted between 
sample times or environmental temperature, even though there was significant decrease in 
environmental temperature during collection for 2 pairs of horses, may have been associated with 
small sample size. Measurement of humidity, minute ventilation and tidal volume may have 
provided additional information with regard to correlations with EBC volume as these factors 
have been demonstrated to alter EBC volume in humans. 

 
The percentage recovery of BALF from RAO-affected horses was less than that of 

control horses. This finding was similar to a prior reports in which similar reductions in recovery 
was reported in the RAO-affected horses compared to healthy horses11,12 and in humans with 
lung disease.13-15 Although this difference was only significant during remission, greater sample 
numbers may have made this more evident at other sample times. 
 
Conductivity and dilution 
 

The measurement of conductivity has not been previously attempted in any respiratory 
fluid in horses. The reporting of conductivity values was to establish it as an inexpensive and 
reproducible technique which could potentially be used to correct for dilution of respiratory 
fluids. The calculation of a dilution factor for respiratory fluids using conductivity requires the 
division of plasma conductivity by respiratory fluid (EBC or BALF) conductivity.2 

 
In theory, plasma cation concentrations, and hence conductivity, should remain within a 

very narrow range in normal subjects, as it does in humans.2 Therefore, conductivity was 
measured in a single sample taken at the time of EBC collection. Analysis of plasma 
conductivity revealed no difference between horse disease status or sample time. The 
consistency in plasma conductivity is similar to that seen in human samples, and could therefore 
be used as a self-reference to correct for dilution in both EBC and BALF. Additional sampling of 
both RAO-affected and control horses is required to establish a standard value to which dilution 
can be corrected without necessitating either plasma collection from each individual horse or 
plasma collection from each horse at each respiratory fluid sampling time. 

 
Mean lyophilized BALF conductivity was lower than plasma conductivity, which implied 

that BALF had less non-volatile cations and was more dilute than plasma. The significance of 
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greater conductivity in BALF of control horses during recovery is unknown, but may be 
associated with dilution of respiratory fluids in RAO-affected horses due to hypersecretion 
associated with inflammatory disease or lung pathology. The dilution factor (D), was 
approximately 1.5 in all groups and sample time. To the author’s knowledge, no dilution factors 
have been reported using conductivity and BALF in other species. 

 
There was a subset of RAO-affected horses that had BALF recoveries of less than 40 

percent. The utility of data gained from the analysis of these samples may be questioned if the 
sample is not an accurate representation of the alveolar compartment. No significant correlation, 
however, was found between dilution factor and BALF recovery percentage with, or without this 
horse group included. This may indicate that BALF recovery percentage does not necessarily 
reflect sample quality but may be a function of a reduction in lung compliance of RAO-affected 
horses. The reduction in BALF recovery is not uncommonly seen in patients with lung disease 
and is not considered as exclusion for further analysis13 Recovery rate may also not affect the 
cellular and non-cellular constituents.16 Therefore, no further attempts were made to exclude this 
data from additional analysis. 

 
Mean lyophilized EBC conductivity was markedly greater than plasma suggesting a 

greater concentration of cations than plasma. The high conductivity was consistent and not 
significantly different between the horse disease groups. This result was very surprising and 
greatly contrasts existing reports measuring conductivity and dilution factors in humans. The 
dilution factor ranged from 0.10 to 0.19 in comparison to the 21 019 ± 2 427 reported in human 
literature.17 This difference is difficult to explain in the absence of pre-existing equine data, but 
may be a species-specific phenomenon. Other concerns include the influence of condenser 
coating and contamination with evaporated salivary or nasal fluid droplets. A saliva trap was 
incorporated into the face mask, but evaporation of fluid cannot be discounted. The coating or 
adhesive properties of the inner surface of the condenser system and of the collection container 
or the aliquot vials can influence the concentration of mediator in the collected condensate.18 The 
influence of condenser coating on conductivity has not been evaluated. At this time, it is unclear 
whether the dilution factor achieved in this study is accurate. More research is required to 
evaluate conductivity as a dilution marker. 
 
pH 
 

Comparison of mean EBC pH values and the resultant lower mean BALF pH was similar 
to a human study evaluating a number of transplant and non-transplant patients.19 Another study 
examining acute lung injury in humans reported reverse findings.20 This may indicate that the 
changes in BALF and EBC pH during RAO are comparable to an inflammation model of disease 
as opposed to acute lung injury. Alternatively, sample technique and measurement or differences 
in the pathophysiology of equine RAO may be responsible for the differences. Saline dilution 
(pH 6.2 of 0.9% saline) of BALF cannot be discounted in creating artifactual pH alterations and 
the contradictory changes in BALF and EBC mean pH. In the human studies, however, saline 
was used as the BALF lavage fluid to obtain the results previously described. 

 
BALF pH was significantly higher in RAO-affected horses compared to controls at all 

sample times, which is indicative of reduced airway acidification during airway inflammation 
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and may be due to up regulation of antioxidant mechanisms in response to airway irritants. An 
inverse relationship existed, however, between BALF pH and clinical score i.e. increased airway 
acidification was evident as disease severity increased. This may indicate that as disease severity 
increases, the local response of RAO-affected horses becomes less effective. BALF pH could 
therefore be utilized in the diagnosis and assessment of severity of airway inflammation. 

 
No correlation exists between BALF pH and EBC pH in humans19,20, and this was not 

investigated in this study as EBC pH was significantly lower only during remission in RAO-
affected horses when compared to controls. EBC pH is lower in human asthmatics and is 
inversely related to disease severity.21 The inability to differentiate between control and RAO-
affected horses during challenge and recovery, and lack of correlation between EBC pH and 
clinical score indicates that EBC pH may not be effective to monitor and diagnose disease and 
lacks accuracy compared to direct sampling of BALF. 

 
Sampling technique and equipment can also influence EBC and BALF pH. In this study, 

samples were collected, snap frozen and stored at -80˚C until analysis could be performed. 
Ideally, pH measurement should be done at time of collection if this technique is to be 
considered for use in a clinical environment. In addition, no deaeration of sample was performed 
prior to freezing or analysis. Debate exists in human literature as to whether deaeration with a 
carbon dioxide free gas such as argon enhances stability of readings and accuracy of 
measurements after storage. Deaeration is costly and time consuming, and may not be necessary 
when high reproducibility of pH in non-deaerated human samples can be achieved.21 Discordant 
results have also being reported when comparing different collection devices and between 
measurement of pH in deaerated and non-deaerated sample.19,21,22 Coefficients of variation 
between days and weeks in humans have been reported as 3.5% and 4.5%, respectively, and this 
has not been investigated in horses.22  

 
cGPx activity 
 

RAO-affected horses had significantly increased RBC cGPx activity at all times when 
compared to control horses. This is in contrast to a previous study which found no difference in 
RBC cGPx activity between 14 RAO-affected and 11 control horses.23 In this study, high 
systemic oxidative stress  associated with RAO resulted in decreased SOD concentrations but no 
change in RBC cGPx or catalase (CAT) activity.23 Elevations in GSSG and GRR with no change 
in GSH, however, have been documented in hemolysate of RAO-affected horses during 
remission and crisis when compared to controls.24,25 This increase in GSSG may potentially be 
explained by the increased RBC cGPx activity of RAO-affected horses detected in the current 
study. Although increases in RBC cGPx activity have been found in humans and rats with non-
asthma/COPD associated lung injury,26,27 the studies of human smokers or cases of COPD and 
asthma consistently document reductions in activity, with elevations predicting return to 
function.28-31 The elevations seen in RBC cGPx activity in horses may reflect differences in the 
disease process between species or an enhanced capacity to combat oxidative stress. No 
significant reduction during challenge (S2) was detected, suggesting that RAO-affected horses 
continue to have high RBC cGPx activity which does not diminish despite acute disease. The 
lack of difference in RBC cGPx activity between sample times suggests that RBC cGPx activity 
may not be correlated with disease severity, but further analysis and study is required to evaluate 
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this. If RBC cGPx activity is measured in RAO-affected horses and found to be comparable with 
control horses, this may indicate a poorer prognosis.  
 

A similar polarity in response when compared to human asthma patients was noted when 
examining WBC cGPx activity, with RAO-affected horses having significantly higher WBC 
cGPx activity at remission and challenge when compared to control horses. Increased WBC 
cGPx activity has been detected in scuba divers and cyclists as an adaptive response to avoid 
oxidative damage and is enhanced when human athletes are supplemented with antioxidants.32,33 
It is unlikely that supplementing horses with anti-oxidants will increase WBC cGPx activity if it 
is already maximally up regulated, however further studies are required to evaluate this and 
determine if supplementation during recovery will assist disease resolution. If WBC cGPx 
activity is measured in RAO-affected horses and found to be comparable with control horses, 
this may indicate a poorer prognosis or the requirement for anti-oxidant supplementation. 
 

In contrast to blood cellular components, no significant difference was noted in BALF 
cells cGPx activity between RAO-affected and control horses. This was in contrast to a previous 
study in which cGPx activity was elevated in BALF from 14 RAO-affected horses compared to 
11 control horses.23 This increase in activity of CAT and cGPx activity in phagocytes from 
BALF cells was thought to indicate a higher production of H2O2 in the RAO-affected horses due 
to oxidative stress and associated with an increased proportion of neutrophils in BALF.23  

 
Within the individual groups, RAO-affected horses had significantly higher BALF cGPx 

during recovery compared to remission. This may indicate that increased cGPx activity may be 
required for recovery and that the local response is sub maximal or ineffective in RAO, with a 
significant time lag, as opposed to the blood cellular response. In comparison, control horses had 
significantly higher BALF cGPx activity at challenge compared to recovery, indicating a more 
timely and effective response to airway irritants and inflammation. Further study at more 
extended time points is warranted to identify the extent and duration of increased BALF cGPx 
activity in RAO-affected horses. 

 
In humans, BALF cGPx is variable and dependent on the type of airway irritant.34 As 

individual airway irritants are difficult to isolate in horses, it is possible that different 
environments may induce varying results dependent on distinctive local air composition. 
 
AA concentration 
 

The horse can synthesize ascorbic acid, unlike humans, and it appears to be the primary 
antioxidant that defends against inflammatory cell–derived oxidants during an acute 
inflammatory response in the lung.35,36 BALF ascorbic acid concentration ([AAtotal], [AAfree], 
[DHA]) was not significantly different in control horses, but [AAtotal] and [AAfree] forms were 
significantly reduced during challenge in RAO-affected horses. Similar reductions have been 
reported in RAO-affected horses after environmental challenge and with airway 
inflammation.3,35 Concomitant increases in the oxidized form of ascorbic acid (dehydroascorbate, 
[DHA]) may not be seen due to uptake by epithelial cells or rapid breakdown.35,36 It is also not 
reported to be recycled back to ascorbic acid by cells within the epithelial lining fluid.35 There is 
clear evidence that ascorbic acid depletion and oxidative stress occurs in RAO-affected horses. 
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This is in contrast to the increases in cGPx seen in the variety of biological samples collected, 
which may reflect the greater capacity for the glutathione redox system to be up-regulated with 
greater rapidity or magnitude. 

 
The significance of the negative correlation between free and total ascorbic acid 

concentrations in control horses at remission only, is unknown and has not been previously 
reported. A correlation between clinical score or ∆Pplmax and ascorbic acid was not identified in 
RAO-affected horses and therefore the value of a negative correlation in normal horses is 
questionable. 
 
Amino acid concentrations 
 
 Detection of amino acids in EBC and BALF were problematic due to the very low 
concentrations which were at or below the limits of detection. No significant differences were 
found, but it is difficult to draw accurate conclusions regarding protein oxidation until more 
sensitive laboratory tests can be performed or alternatively samples can be analyzed after 
vacuum-freezing to increase concentrations.37 In addition, proteins can be absorbed by several 
plastics and coating all surfaces with bovine serum albumin and Tween 20 has been advocated.37 
 
Enzyme expression in bronchial mucosal biopsy samples 
 
 iNOS, GPx-3 and SOD-1 are enzymes that can be up-regulated during episodes of 
oxidant damage in many tissues.38 Figure 36 illustrates the role of these enzymes. Elevations in 
iNOS and GPx-3, similar to changes in human asthma, were anticipated.23,39 A reverse trend is 
usually seen with SOD-1 due to diminishing activity.40 Measurement of mRNA expression of 
these enzymes in bronchial mucosal biopsy at challenge failed to identify any significant 
difference between RAO-affected and control horses. There was also an absence of correlation 
between enzyme expression and clinical score and most of the BALF cellular composition 
parameters. mRNA expressions of the genes of interest, however, were expressed in relation to a 
randomly chosen control horse within the group and it is possible that the lack of difference was 
associated with up-regulation in both groups of horses. Comparison of mRNA expression within 
horse groups between remission and recovery would have been useful to differentiate these 
changes. The relationship between mRNA expression and either enzymatic activity or 
concentration in the local tissues is unknown. Concurrent measurements of both these factors 
may have yielded different results. The small sample size and large standard deviation is also 
likely to have limited statistical significance and interpretations.  
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Figure 36: Illustration of role of enzymes measured in bronchial mucosal biopsy samples and 

their expected direction of change (↑ increase, ↓ decrease) 
 
Cytokine expression in BALF: IFNγ and IL4 
 

Measurement of mRNA expression of cytokines from both subclasses was selected: IL4 
(Th2 cells) and IFNγ (Th1 cells). Samples were collected at remission and challenge to 
determine if there was a predisposition to either sub-type. A relative increase in IL4 and decrease 
in IFNγ was anticipated if the disease in horses mimicked human asthma.41 The housekeeping 
(HK) gene CD3 zeta was used in addition to β actin in the analysis of mRNA expression.  

 
HK genes are defined as genes constitutively expressed in all tissues to maintain essential 

cellular functions with tissue specific (TS) genes only or mainly expressed in a specific tissue or 
organ, and are responsible for specific functions and development. β actin is an abundantly 
expressed HK gene that is commonly used. CD3 zeta, however, is a specific T-cell marker as it 
represents the zeta subunit of the T-cell receptor complex. Therefore it can also be used as a 
marker of T cell numbers and used to calculate a more accurate relative gene expression.42  

 
No significant differences in gene expression were found between horse disease groups 

with either HK gene, but interactions with sample time approached significance (p=0.06) with 
IFNγ in control horses when CD3 zeta was used. The increase in IFNγ at challenge compared to 
recovery in control horses may suggest that a difference in Th1 response occurs in comparison to 
RAO-affected horses in challenge environments. The small study size and large standard 
deviation is likely to have limited the data’s significance and further study is warranted.  In 
addition, the increase in statistical significance provided when using CD3 zeta as the 
housekeeping gene warrants its further use due to its specificity as a T-cell marker. Recent 
studies of cytokines in horses suggest that alterations in lymphocyte cytokine expression may not 
be consistent with Th1 or Th2 responses or could be associated with a general down-regulation 
in expression of cytokines.43-45 This may be supported by the absence of correlation between 
cytokine expression using β actin as the HK gene and clinical score and BALF cellular 
composition parameters in this study. 
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Isoprostane and isofuran concentrations 
 

Measurement of isoprostanes and isofurans was performed to evaluate lipid peroxidation 
and damage as a consequence of ROS generation. At elevated oxygen concentrations, isofurans 
formation is favored over that of isoprostanes and their combined measurement may be more 
reliable to provide and index of oxidant damage.46 A significant increase in isoprostanes in both 
BALF and plasma of horses has been demonstrated during exercise in remission, whilst only 
plasma concentrations increased during crisis and exercise during crisis.47  

 
The levels of both these products were close to the limit of detection in all body fluids 

sampled in this study. No isoprostanes could be detected in EBC with only a few samples 
containing isofurans. Recent literature suggests that sample analysis can also be hindered by 
condenser coating, with silicone or glass superior to other material.18 The stainless steel material 
in the condenser of this study was not coated and this may have influenced substance detection. 

 
Concentrations of isofurans in BALF and plasma were greater than those of isoprostanes 

which was consistent with the hypothesis of differentially increased production of the isofurans 
at high oxygen concentrations within the lung. No significant differences were found between 
sample times or disease status within the study, which may indicate that lipid peroxidation is not 
significantly altered in RAO or that lipid peroxidative damage may have been prevented by other 
anti-oxidant mechanisms such as ascorbic acid. The small sample size and large standard 
deviation is also likely to have limited statistical significance and interpretations.  

 
There was also absence of correlation between isoprostanes or isofurans in BALF or 

plasma and clinical score and most of the BALF cellular composition parameters. The minor 
correlations identified were difficult to interpret due to small sample size, large standard 
deviation, lack of consistent significance and direction of correlations across all sample times. 
Further investigation with greater horse numbers is required. The technique for measurement of 
isofurans is relatively recent and minimal literature exists regarding their concentrations in 
different species and lung diseases.  
 
Effect of clinical score, ∆Pplmax and BALF cellular composition on biomarkers 
 

The majority of biomarkers had no interaction with clinical score. There was a linear 
correlation over all sample times between ∆Pplmax and macrophage percentage in RAO-affected 
horses. An increase in ∆Pplmax during tidal breathing occurs in COPD-affected horses48 and it 
was not unexpected to see that there was a positive linear correlation with clinical score, i.e. 
increasing disease severity. A positive correlation in RAO-affected horses with a total clinical 
score above 5 and ∆Pplmax has been documented previously with clinical scoring and ∆Pplmax 
providing valid estimates of disease severity.49,50  

 
A negative correlation was found between clinical score and BALF macrophage 

percentage. A significant reduction in macrophage numbers has been associated with challenge 
with hay dust and lipopolysaccharide in RAO-affected horses and LPS in control horses.51 In 
addition, in-vitro stimulation of alveolar macrophages from RAO-affected horses have impaired 
phagocytic efficiency.52 The reduction in macrophage numbers may be associated with a general 
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down-regulation and exhaustion of macrophage function during RAO which worsens with 
disease severity. This, in turn, may have multiple effects on different biomarkers as many ROS 
are produced by macrophages during their oxidative burst. However, no correlation was 
identified between other biomarkers and sample time, suggesting that this effect may not be 
significant or requires further investigation. 

 
Within each sample period, there was a negative correlation with clinical score and 

BALF pH. In humans, an inverse relationship between EBC pH and asthma severity has been 
found, but this finding has not been reported previously regarding BALF.53 The reduction in pH 
of EBC in humans with acute lung injury has not been associated with similar reductions in 
BALF.20 However, due to limited sample size and sample variation, this relationship was 
consistent when combining results from all sample times. 

 
A positive correlation with BALF volume and clinical score was found within each 

sample time, but also not consistent when combining data from all sample times. This is similar 
to human patients with more severe lung disease who have decreased BALF recoveries.13 
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Conclusions  
 

EBC volume is highly variable and appears to be increased in RAO-affected horses, 
particularly during remission, although this was not statistically significant. Measurement of 
humidity, minute ventilation and tidal volume may provide additional information with regard to 
correlation with EBC volume as these factors have been demonstrated to alter EBC volume in 
humans. This data would assist standardization of EBC collection procedures. 

 
The percentage recovery of BALF from RAO-affected horses was less than that of 

control horses, which was similar to prior reports in horses and in humans with lung disease. No 
significant correlation was found between dilution factor and BALF recovery percentage. 
Therefore, data from horses with low recovery percentages were not excluded from analysis 

 
The measurement of plasma conductivity can be used as a self-reference to correct for 

dilution in both EBC and BALF. Further research is required to establish a standard value to 
which dilution can be corrected without necessitating plasma collection at each respiratory fluid 
sampling. The dilution factor (D) of BALF was approximately 1.5 in all groups and sample time, 
but the very low dilution factor of EBC (range 0.10 - 0.19) is in stark contrast to human literature 
and requires further investigation. 

 
BALF pH appears more useful than EBC pH in the diagnosis of RAO with an inverse 

relationship between disease severity and BALF pH within each sample time. pH of either 
sample was not consistent in detecting alterations between remission, challenge and recovery in 
RAO-affected horses and therefore could not be recommended for the monitoring of response to 
treatment. 

 
In comparison to human asthma and COPD, RAO-affected horses appear to have 

increased activities of cGPx in RBC and WBC. In comparison, BALF cGPx activity was not 
significantly different between RAO-affected and control horses. However, on evaluation of the 
pattern of BALF cGPx activity, it appeared that the control horses had a more rapid response to 
challenge compared to RAO-affected horses. This may be indicative of a disease-induced 
defective and delayed local response in RAO-affected horses. This inefficient response in lung 
tissue may impair disease resolution and explain chronic, intermittent disease in these horses. 
Additional evaluation of BALF cGPx activity at extended time points is warranted to define the 
duration and pattern of cGPx response in RAO-affected horses during the recovery phase. 
Identification and testing of individual airway irritants may also be able to more clearly define 
BALF cGPx responses and predict disease prognosis in varying environmental situations. 

 
cGPx activity in any of the samples was not consistent in detecting alterations between 

remission, challenge and recovery in RAO-affected horses and therefore could not be 
recommended for the monitoring of response to treatment. A poor prognosis or indication for 
anti-oxidant therapy may be associated with those horses that have RBC or WBC cGPx activity 
comparable to control horses.  
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BALF ascorbic acid concentration ([AAtotal], [AAfree] and [DHA]) was not significantly 
different in control horses, but [AAtotal] and [AAfree] forms were significantly reduced during 
challenge in RAO-affected horses. The increases in cGPx activity in a variety of biological 
samples suggest a greater capacity for up-regulation of this redox system to combat oxidative 
stress as the ascorbic acid system becomes depleted in RAO-affected horses. This difference 
supports further research into antioxidant interventions that may prevent or minimize clinical 
signs of RAO. 
 
 No significant differences in amino acids, mRNA expression of enzymes (iNOS, GPx-3 
and SOD-1) in bronchial mucosal biopsy samples, or isoprostanes and isofurans was found. This 
may be associated with sampling technique, test sensitivity and small sample size. The 
measurement of isoprostanes and isofurans may be limited to BALF and plasma due to very low 
concentrations in EBC. In addition, condenser coatings of silicon and glass are recommended to 
maximize sample analysis. 
 

The use of the housekeeping gene CD3 zeta should provide better correlation to T cell 
numbers than non-specific housekeeping genes. No significant differences in gene expression of 
IL4 or IFNγ in BALF were found and this may indicate that alterations in lymphocyte cytokine 
expression are not consistent with either Th1 or Th2 responses. Additionally, the RAO-affected 
horses were not more responsive than control horses during altered disease states and cytokine 
expression may not have a predominant role in disease propagation. 
 
 Correlations between clinical score were positive for ∆Pplmax and BALF volume, and 
negative for BALF macrophage concentration and pH. These correlations could be strengthened 
by further data collection and increasing sample size, but are consistent with previous literature. 
 
 Significant methodological issues exist regarding collection and analysis of low 
concentration solutes in respiratory fluids, particularly EBC. This study highlights several 
interesting findings and potential for further research into biomarker concentrations and dietary 
anti-oxidant interventions. 
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APPENDICES 
 
Appendix 1: Procedure for processing blood samples for red and white cell preservation 
 
Procedure for processing blood samples for red and white cell preservation 
 
1. Place purple top tubes in the centrifuge and spin at 2500rpm, 5 min, 4˚C                   

(number 11 preset) 
2. Place green top tubes in rocker for 5-30mins 
3. Add 20µl saturated BHT mix (2mM) into each clear sample collection container (3  

per horse) and then add plasma into each, then freeze 
4. Remove 250µl of whole blood from the middle of the green top tube and place in  

clear sample containers 
5. Centrifuge green top tubes and clear sample containers containing red cells at 2500G,   

5 min, 4˚C   (no 11 preset) 
6. Add 35ml lysis buffer into 2 large blue tubes 
7. Aspirate plasma off top of red cells in clear sample containers and freeze 
8. Aspirate white cell layer from green top tube and mix with 35ml lysis buffer        

Rest for 10 mins 
9. Centrifuge white cells and buffer at 1500rpm, 10 min, 24˚C  
10.  Gently tip off supernatant, add 5mls of lysis buffer to resuspend and add 20ml HBSS  

(balanced salt solution). Rest for 10 mins at 24˚C 
11. Centrifuge white cells and buffer at 1500rpm, 10 min, 24˚C  
12. Gently tip off supernatant, add 5mls of HBSS to resuspend white cells, then freeze 
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Appendix 2: Colorimetric Assay for Cellular Glutathione Peroxidase 
 
OxisResearch™ 
BIOXYTECHÒ GPx-340™ 
Colorimetric Assay for Cellular Glutathione Peroxidase 
 
PROCEDURE 
Reagent Preparation 
NADPH 
Add 7.5 mls of Assay Buffer to the desired number of NADPH Reagent vial 
Bring the reagent to assay temperature (recommended 23-25°C) 
Assay Buffer 
Estimate the amount of Assay Buffer required to complete the intended number of samples for 
the day. Pour that amount of Buffer from the kit bottle into a separate container, preferably one 
with a cap, and bring to assay temperature 
Tert-Butyl Hydroperoxide 
Dilute the tert-Butyl Hydroperoxide substrate to 1/10,000 in deionized water, and set in a closed 
container at the assay temperature. The working substrate solution may be kept at assay 
temperature for an entire working day. It should be made fresh each day 
Dilution protocol: 
Step 1, 1/100 dilution of tert-Butyl Hydroperoxide:  

0.05 ml 70% tert-Butyl Hydroperoxide stock + 4.95 mls deionized water 
Step 2 (Working Substrate), 1/10,000 dilution of tert-Butyl Hydroperoxide: 

0.2 mls 1/100 dilution of tert-Butyl Hydroperoxide + 19.8 mls deionized water 
 

RBC Sample Preparation 
1. Thaw sample, and place on ice 
2. 1ml of cold water was added to RBC to cause lysis 
3. 400ul of assay buffer was added to 4ul of the lysates and briefly vortexed 
4. 50 ul of diluted sample was utilized in duplicate 
 
WBC Sample Preparation 
1. Thaw sample, and place on ice 
2. Briefly vortex sample 
3. 400ul of assay buffer was added to 4ul of sample and briefly vortexed 
4. 50ul of diluted sample was utilized in duplicate 
 
Assay 
1. Turn on spectrophotometer, set to measure absorbance at 340 nm and set the assay 
temperature (recommended 23-25°C) 
2. Zero the spectrophotometer at 340 nm using deionized water 
3. Immediately prior to assay, dilute the sample into Assay Buffer, typically 1/10 (e.g., 30 µL +  

270 µL Buffer) 
4. Pipette the following into a cuvette: 350 µL Assay Buffer, 350 µL NADPH Reagent, 70 µL  

Sample 
5. Place the cuvette in the spectrophotometer 

 
95 



6. Add to the cuvette: 350 µL of dilute tert-Butyl Hydroperoxide. Mix by pipetting up and down 
twice. Avoid bubbles by keeping tip below the liquid surface 

7. Record the change in A340 for three minutes 
The first 15 seconds of the reaction (after adding substrate) excluded from data 
analysis as the rates may not be representative of the enzyme activity due to sample 
mixing. 

Blanks: 
1) 2 samples are replaced with 200ul of water 
 
Calculations 
1. Determine the rate of decrease in A340 per minute 
2. Calculate the net rate for the sample by subtracting the rate observed for a water blank 
3. Convert the net A340/min for the sample to NADPH consumed (nmol/min/ml) using the 
    following relationship: 1 mU/ml = 1 nmol NADPH/min/ml = (A340/min)/0.00622 
4. Correct for the dilution of the sample: 

a. 16 fold dilution in the assay (70 µL to 1120 µL ) 
b. Dilution of sample prior to adding to the cuvette 

5. Express the units of activity in the original sample per ml or in relationship to the protein 
 
References 
Procedure modified from BIOXYTECHÒ GPx-340™ Colorimetric Assay for Cellular 
Glutathione Peroxidase, OXIS International, Inc. (Portland, OR) 
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Appendix 3: Protein Determination 
 
Protein Determinations 
Purpose 
To determine protein content of RBC and WBC using the Bio-Rad protein method 
 
Procedure 
A. Preparation of the standard curve 
Use Bovine Serum Albumin (BSA) (Bio-Rad Chemical Division, South Richmond, CA) to 
prepare 1ml of a 0.500 mg/ml solution using V1C1 = V2C2
For example, if stock solution = 1.42 mg/ml protein: 
V1 = X    V2 = 1.00 ml 
C1 = 1.42 mg/ml  C2 = .50 mg 
(X) (1.42) = (1.00) (.50) 
(X) = .35 ml BSA 
Adjust to 1.00 ml with .65 ml distilled water. Use this solution to prepare a range of standards. 
Storage at -70A C for 6 months 
 
Standard  Final Concentration (mg/ml)   BSA .5 mg/ml (ul)  Volume H2O (ul) 
S7   .40     400   100 
S6   .30     300   200 
S5   .20     200   300 
S4   .10     100   400 
S3   .05     50   450 
S2   .025     25   475 
S1   .0     0   0 
 
B. Preparation of Bio-Rad dye reagent 
Dilute Bio-Rad protein dye reagent (Bio-Rad Chemical Division, South Richmond, CA): 
1 part Bio-Rad protein dye and 4 parts water (Ex: 25 ml Bio-Rad + 100 ml H2O) 
Filter through #1 Whatman paper 
Protect from light; can be stored at room temperature for 12 days 
 
C. Read samples in microplate reader (Spectramax 250, Molecular Devices Corp., Sunnyvale, 
CA) 
Samples: 
Add 125 ul BioRad solution to microplate wells 
Add 10 ul sample to microplate wells 
Mix in microplate reader 
Add 250 ul BioRad solution to microplate wells 
Mix in microplate reader 
Blank: 
Add 250 ul Bio-Rad solution to microplate wells 
Add 10 ul buffer to microplate wells 
Mix in microplate reader 
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A correlation above .97 is acceptable 
 
Sample Calculations 
Example: 
Absorbance: 0.566 
Dilution Factor: 100 
Slope: 2.02 
Protein in mg/ml: 
0.566) / 2.02 x 100 = 28.01 mg/ml 
 
References 
Procedure from SOP 71-M-05, Toxicology Laboratory, Virginia-Maryland 
Regional College of Veterinary Medicine, Virginia Polytechnic Institute and State University, 
Blacksburg, VA. 
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Appendix 4: Vapor phase hydrolysis of protein samples 
 
Vapor phase hydrolysis of protein samples 
1. Transfer 200 ul of EBC or BALF into an auto sampler vial insert 
2. Lyophilize sample in a vacuum concentrator 
3. In a hydrolysis vessel add 989ul 6N constant boiling HCl, 10ul 5% phenol and 1ul 

betamercaptoethanol 
4. Add vial inserts into hydrolysis vessel and cap with minaret valve 
5. Place vessel in an ice bucket and purge with nitrogen and vacuum. Repeat this step and seal 

vessel under vacuum 
6. Hydrolyze in an oven at 100˚C for 24 hours 
7. Cool vessel and remove vial inserts 
8. Pipette 100ul of internal standard solution (Phenomenex EZ:Faast™ Amino Acid Analysis) 

to re-dissolve amino acids 
9. Proceed with Phenomenex EZ:Faast™ Amino Acid Analysis test kit (Phenomenex Inc, 

Torrance, CA) 
 
 
Appendix 5: Oxidized amino acid standards preparation 
 
Oxidized amino acid standards preparation 
 
Dry standards utilized             g/mol 
Nitrotyrosine    226.2 
Methionine sulfone   181.21 
L alanine   197.19 
 
200nmol/ml solutions prepared: 
    grams of standard solution (50ml) 
Nitrotyrosine    0.002262     HCl 
Methionine sulfone   0.0018121     NaP 
L alanine   0.0019719     NaP 
 
Methionine sulfone and L alanine buffered before derivitization with Phenomenex EZ:Faast™ 
Amino Acid Analysis test kit (Phenomenex Inc, Torrance, CA) to achieve a pH between 2.0 and 
4.0 
 
Standard solution (200nmol/ml) Vol  NaP buffer Vol. HCl buffer Vol.  

200      0   25 
100      50   25 
50      75   25 
30      85   25 
10      95   25 
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