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Abstract
Background: Repeated observations suggest that the incidence and/or severity of the Acute Respiratory Distress 

Syndrome (ARDS) is lower in mildly obese humans compared to lean subjects, phenomenon called the Obesity-ARDS 
Paradox. A reduced lung nitrosative stress could contribute to this unexplained protection. We measured levels of 
nitrate, the most oxidized nitric oxide (NO) metabolite, and other related metabolites in the exhaled breath condensate 
(EBC) of obese (composed of both overweight or mildly obese) and normal weight patients.

Methods: We studied patients without respiratory disease immediately after starting mechanical ventilation 
for elective surgery. We performed targeted metabolomics analyses of EBC and blood samples. We measured 
concentrations of arginine, asymmetrical dimethylarginine (ADMA), symmetrical dimethylarginine (SDMA), nitrite, and 
nitrate and then analyzed their relationship to body mass index (BMI). We compared patients classified as BMI<25 
(normal) or 25-34.9 (obese). 

Results: 21 patients were included in the analysis: 5 with a BMI<25 and 16 with a BMI 25-34.9. Concentrations of 
nitrate in EBC, but not in plasma, inversely correlated with BMI. EBC nitrate levels positively correlated with EBC nitrite 
but not with plasma nitrate levels. EBC nitrite levels inversely correlated with plasma nitrite levels. Patients with a BMI 
25-34.9 had significantly lower EBC nitrate levels than patients with a BMI<25. 

Conclusion: Our results suggest a lower nitrosative stress in the lungs of overweight and mildly obese patients 
compared to normal weight patients. This observation deserves further evaluation as a possible contributing factor to 
the Obesity ARDS Paradox. 
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Introduction
Obesity is generally associated with an increased incidence of 

medical problems and overall mortality [1-3]. However, several studies 
suggest better than expected outcomes associated with mild obesity, a 
phenomenon termed the “obesity paradox” [3-10]. The obesity paradox 
usually refers to the unexplained decreased overall mortality and 
decreased mortality from cardiovascular events in otherwise healthy 
mildly obese patients compared to normal weight patients [7,10,11]. 
Repeated studies report a decreased incidence and/or reduced 
mortality from the acute respiratory distress syndrome (ARDS) [12-
15] in obese patients compared to normal weight individuals, although 
a few conflicting findings exist [15,16]. In addition, obesity has been 
associated with a delayed ARDS onset during an ICU stay [15] and 
lower plasma inflammatory markers during ARDS development 
[17]. We have labeled this unexplained phenomenon as the “obesity-
ARDS paradox” [18,19]. These observations are intriguing even 
though many of these studies leading to this paradox suffer from their 
retrospective nature, exclusion of morbidly obese patients, the overall 
low incidence of ARDS and the lack of accurate information about 
possible respiratory, metabolic and cardiovascular comorbidities often 
associated with obesity. 

The absence of any known explanatory mechanisms triggers 
skepticism about the obesity-ARDS paradox. Nonetheless, the 
repeated observations suggesting that mild obesity may protect against 
ARDS deserve considerable interest due to the absence of successful 
therapies and the unchanged high fatality of the ARDS. Thus, an 
increased understanding of any possible endogenous mechanisms that 
“naturally” down-modulate ARDS could provide some novel insights 
into identifying promising pathways for ARDS prevention in non-
obese individuals.

Obesity impairs the nitric oxide (NO) metabolism. Obese patients 
have increased plasma levels of asymmetric dimethylarginine (ADMA) 
[20], a natural inhibitor of the endothelial nitric oxide synthase 
(NOS) function and nitric oxide production [20,21]. Endothelial NOS 
dysfunction decreases NO-dependent vasodilation and contributes 
to hypertension and other cardiovascular complications often seen 
with obesity [20]. Recent studies focused on obesity-related asthma 
in adults suggest that obese adult asthmatics have a reduced fractional 
NO concentration in exhaled air (FeNO) related to an impairment in 
the arginine/ADMA pathway [22,23]. Moreover, FeNO increases in 
morbidly obese patients without asthma after weight loss following 
bariatric surgery [24]. The effect of obesity on exhaled NO levels in 
mildly obese humans without diagnosed asthma is still unclear [25,26]. 
This effect may be significant since NO is involved in the pulmonary 
immune defense and repair [27,28] and NO is increased in the 
bronchoalveolar lavage (BAL) fluid and lungs of patients during ARDS 
development [29]. 
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In exhaled breath condensate (EBC), NO is usually measured as a 
combination of its water-soluble metabolites nitrite and nitrate, where 
nitrate represents the most oxidized NO metabolite that is not reducible 
by human cells [30]. Therefore, a dampened pulmonary nitrate 
concentration and nitrosative stress could confer some resistance to 
ARDS development and theoretically contribute to the obesity ARDS 
paradox. 

We hypothesized that obese adults without any respiratory disease 
would have lower concentrations of nitrate in their EBC than normal 
weight patients. In previously collected samples of EBC and plasma 
[31], we analyzed and compared nitric oxide and their related pathway 
metabolites using targeted metabolomics analyses. 

Materials and Methods
The experimental protocol was approved by the University of 

Colorado Multiple Institutional Review Board (Aurora, Colorado, US) 
before conducting the study. All patients signed and were given their 
informed written consent and the study was carried out following all 
applicable good clinical practice guidelines.

Patients and study protocol

We performed analyses of previously collected samples of 
exhaled breath condensate (EBC) and plasma obtained from surgical 
patients without any respiratory disease immediately after the start 
of mechanical ventilation [31]. These surgical patients had been 
enrolled in the previously published study on lung injury biomarkers 
during mechanical ventilation [31]. Briefly, study patients were 
subjected to general anesthesia for elective knee replacement and 
prospectively randomized to receive volume controlled ventilation 
with a tidal volume of 6 or 10 mL/kg predicted body weight (PBW) 
[32] during mechanical ventilation. Exclusion criteria included: 
American Society of Anesthesiologists (ASA) class 4; age ≥ 70 years; 
emergency procedure; status post pneumonectomy; diagnosed 
chronic obstructive pulmonary disease (COPD), emphysema, asthma, 
pulmonary hypertension, sleep apnea or any other respiratory disease; 
oxygen-therapy during last month; tobacco use in the last 5 years; Body 
Mass Index (BMI) ≥35 kg/m2; immunosupression within 3 months 
prior to the procedure; diagnosed infection; or shock. Patients were 
randomized to receive a tidal volume (VT) of either 6 (VT6) or 10 
(VT10) mL/kg predicted body weight (PBW) [32,33], the respiratory 
rate was titrated for eucapnia (end-tidal CO2 partial pressure, ETCO2, 
30-40 mmHg), and the same following ventilatory settings were used in 
all patients: inspiratory: expiratory (I:E) ratio 1:2, inspiratory pause 5%, 
inspiratory oxygen fraction (FiO2) 0.5, positive end-expiratory pressure 
(PEEP) 5 cmH2O. Anesthetic management was otherwise similar in 
all patients. Immediately after starting mechanical ventilation (0min 
time point), before the surgical incision, we initiated the collection of 
EBC and blood samples. EBC samples were collected with an RtubeTM 
breath condensate vial (Respiratory Research, Inc., Austin, TX) placed 
in the expiratory limb of the ventilatory circuit for 20 minutes. The heat 
moisture exchange filter adjacent to the Y connector was removed and 
no humidification was added to the ventilatory circuit. 20 minutes later, 
EBC samples were immediately placed in regular ice, volume measured 
and aliquoted into vials pre-washed with deionized water and frozen 
at -80C until analysis. Venous blood samples were collected in EDTA 
vials and immediately transported in regular ice to the laboratory. 
Samples were centrifuged at 2,000 rpm for 10 minutes, plasma volume 
aliquoted and frozen at -80ºC until analysis.

Samples of EBC and blood were repeated after 60 minutes in 
the original study [31], but for the current study on NO-related 

measurements only 0 minute time point samples were used to avoid 
60minute of mechanical ventilation as a potential confounder. For 
the current study we only included patients with enough remaining 
volume of EBC and plasma samples for the proposed measurements. 
Samples from 0minute time points from both ventilatory groups were 
pooled together for this study because no differences in metabolites 
concentrations were observed in the original study.

Demographics and physiology

We recorded age, gender, ASA classification, height, weight and 
medical conditions for all patients. The Body Mass Index (BMI) was 
calculated for all patients as BMI=weight (kg) x 1/height (m)2. BMI 
was used to classify the degree of obesity of patients based on accepted 
limits [33], as follows: normal weight (BMI 18.5-24.9) and obese (BMI 
25-34.9). As mentioned above, BMI ≥ 35 was an exclusion criterion in 
our original study[31]. Physiology parameters including: mean blood 
pressure, heart rate, temperature, peripheral saturation of oxygen by 
pulse-oximetry (SpO2), end-tidal partial pressure of carbon dioxide 
(ETCO2), minute volume ventilation, and peak and plateau airway 
pressures were recorded during EBC sample collections. 

Nitric oxide metabolites and related endothelial dysfunction 
biomarkers

Concentrations of NO metabolites nitrite and nitrate in EBC 
and plasma were independently measured using a dedicated HPLC 
system (ENO-20, Eicom, San Diego, CA) [34] and reported techniques 
as described in detail in the original study [31]. Concentrations of 
arginine, ADMA and SDMA were additionally measured by HPLC-
tandem mass spectrometry (LC-MS/MS). In brief: the API5500 mass 
spectrometer for EBC and API4000 mass spectrometer for plasma 
(both AB Sciex, Concord, ON) were run in the positive electrospray 
ionization mode (ESI) using multiple reaction monitoring (MRM). The 
following ion transitions were used (mass/charge, m/z=): arginine: m/
z=175.2→70.1; ADMA: 203.2→46.2; SDMA: 203.2→172.2; d7-ADMA 
(internal standard): 210.2→77.2. Briefly, to 100µL of plasma or 200 
µL of EBC, 50 µL of internal standard containing solution (50 µM d7-
ADMA in HPLC-grade water) and 40 µL of 500 mM DTT solution 
were added. For protein precipitation, 400 µL (for plasma) or 200µL 
(for EBC) of 0.05% trifluoric acid plus 0.1% formic acid containing 
acetonitrile solution were added to the sample. The sample was 
finally vortexed for 5 minutes, centrifuged for 10 minutes at 13,000g 
and transferred into an HPLC vial. 20 µL (for plasma) or 100 µL (for 
EBC) of the supernatant were injected onto a 4.6 x 12.5 mm guard/
extraction column (Eclipse XDB-C8, 5 μm, Agilent Technologies, Palo 
Alto, CA) inline with a 3.0x150 mm analytical column (RP-Amide, 
3.5 μm, Supelco, St. Louis, MO). The gradient started at 3% methanol 
and 97% 10 mM ammonium formate buffer and was maintained at a 
flow of 0.8mL/min throughout the assay. At minute 4.5, the solvent 
gradient reached 25% methanol; after this the methanol content was 
raised to 98% and held for an additional 1.5min. Hereafter the column 
was re-equilibrated to the starting conditions for 2 minutes. Figure 1 
summarizes the key metabolic pathways and the relationships between 
the measured metabolites.

Statistical analysis 

All variables were graphically depicted and summarized using 
means and standard deviations if normally distributed or median 
and interquartile range (IQR) if not normally distributed. Not 
normally distributed metabolite concentrations were logarithmically 
transformed for analyses. The statistical association between BMI and 
the log-transformed metabolite concentrations in EBC, plasma and 
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EBC/plasma ratios, and between the metabolites themselves, were 
analyzed by Pearson correlation. Patients were classified based on the 
following commonly used BMI ranges: BMI<25 (normal weight), BMI 
25-34.5 (obese). EBC and plasma concentrations as well as and EBC/
plasma ratios of measured metabolites were statistically compared 
within the BMI groups with ANOVA and Bonferroni post-hoc test 
for pair comparisons. All statistical analyses were two-tailed and 
performed with SPSS version 21 (IBM, New York, NY). Significance 
was accepted at p<0.05. 

Results
Demographics and physiology

A total of 21 patients were included in this study. To be included in 
the analysis, remaining EBC and blood samples had to have sufficient 
volume for the present additional measurements. 5 patients had a 
BMI<25, 16 patients had a BMI 25-34.9. Per study inclusion and 
exclusion criteria, no patients had any respiratory disease, respiratory 
pharmacological treatments or smoking habits. In addition, no 
significant differences were found between the two BMI groups in 
terms of age, gender, height and ASA classification (Table 1). Despite 
having a comparable height, patients in the BMI 25-34.5 group had 
significantly greater weight than patients in the BMI<25 group. The 
pre-existing diagnosis of hypertension was significantly more common 
in the BMI 25-34.9 group. Hemodynamic parameters (blood pressure, 
heart rate), temperature, oxygenation by pulse oximetry, end-tidal 
partial pressure of CO2, minute volume ventilation, peak and plateau 
airway pressures were comparable between the groups. 

Concentrations of metabolites of the nitric oxide pathway in 
EBC and plasma samples

Table 2 shows the concentrations in EBC and plasma samples of all 
patients combined as well as in patients classified in both BMI groups. 
Measurements were not normally distributed and were transformed 
logarithmically for statistical analysis. EBC nitrate levels in BMI 25-34.9 
patients were significantly lower than in the BMI<25 patients. Plasma 
concentrations of nitrate or other metabolites were not significantly 
different between both BMI groups. The EBC/plasma ratios for all 
metabolites are also shown in Table 2 for both BMI groups.

The BMI had a significant inverse association with the 
logarithmically transformed EBC nitrate concentrations and the EBC/
plasma nitrate ratios, but not with plasma nitrate concentrations 
(Figure 2). BMI did not correlate with any other metabolites in EBC or 
plasma samples, or with any EBC/plasma ratios.

Concentrations of EBC nitrate showed a positive association 

with EBC nitrite levels (Figure 3) but were not correlated with the 
concentrations of plasma nitrate, EBC arginine or EBC ADMA levels. 
Concentrations of EBC nitrite showed an inverse association with 
plasma nitrite levels. EBC arginine or ADMA levels were not associated 
with their corresponding plasma concentrations.

Distribution of EBC/plasma metabolites based on BMI

Figure 4 depicts the distribution of EBC and plasma concentrations 
of nitrate and other individual metabolites in both BMI groups. EBC 
nitrate concentrations in the BMI 25-34.9 were significantly lower than 
in the BMI<25 group. The concentrations of EBC nitrite showed a trend 
to be lower in the BMI 25-34.9 group than in BMI<25 group, but it did not 
reach statistical significance. Plasma nitrate and nitrite concentrations 
were similar in both BMI groups. The sum concentrations of nitrite and 
nitrate, traditionally labeled as NOx, showed the same trend as nitrite 
but did not reach statistical significance. No significant differences 
were observed in other studied metabolites in EBC or plasma samples. 

Discussion
Our findings suggest that the BMI inversely correlates with nitrate 

concentrations in the exhaled breath condensate (EBC) of surgical 
patients without any respiratory disease. Our obese patients (BMI 
25-34.9) had significantly lower EBC nitrate levels than patients with 
normal weights (BMI<25).  

In our study, increasing BMI was significantly and inversely 
correlated with the concentration of nitrate in EBC samples. Obese 
patients had significantly lower EBC nitrate levels and a trend toward 
lower EBC nitrite levels compared to normal weight patients. Nitrate 
constitutes the most oxidized NO metabolite (Figure 1) and while nitrite 
can be reduced to NO by different cell types, human cells cannot reduce 
nitrate to nitrite [31]. Both nitrite and nitrate have been measured 
before in EBC samples from spontaneously breathing patients, and 
our results are similar to reported levels from healthy adults [35-37]. 
The decreased NO production and nitrosative stress in EBC of obese 
patients without respiratory disease has not been previously reported. 
In a study by Holguin, et al. [26] BMI was directly associated with 
BAL leptin levels but not with the BAL NO products in humans with 
and without asthma. The difference between these findings and our 
findings may reflect the source of the samples analyzed (BAL instead of 
EBC) and/or the analytical technique for measuring nitrite and nitrate 
(the Griess reaction versus the more accurate HPLC approach used in 
the present investigation). 

Nitric oxide production, nitrosative stress and protein nitration 
increases in both human ARDS and animal models of ARDS [29,38-
42]. Although the BAL levels of nitrite and nitrate did not predict 
ARDS development in critically ill humans at risk for ARDS, high 
BAL levels in ARDS patients were associated with worse outcomes and 
increased mortality [29]. Moreover, recent findings in septic patients 
point to plasma NOS uncoupling as a feature of ARDS development 
but the responsible mechanisms remain unclear [43]. NO attenuation 
could be a protective mechanism against ARDS development. In a 
sheep model of burn and inhalation-induced ARDS, IV administration 
of an iNOS inhibitor decreased plasma levels of NO and attenuated 
acute lung injury features (lung edema, compliance, gas exchange) 
[40] . Nevertheless, it is not known if reduced NO or NO metabolites 
(nitrite and nitrate) protect against ARDS in humans.

Why is there interest in the lower nitrosative stress in the lung 
of obese patients? Severe obesity is widely accepted as a risk factor 
for increased mortality and morbidity [5,11], but being overweight 
and having mild obesity may have a paradoxical effect in lowering 

L-arginine Nitric Oxide Nitrite Nitrate

ADMA

NOS

PRMT

Citrulline

DDAH

SDMA

PRMT

Figure 1: Nitric oxide pathway. Pathway relationships of studied 
metabolites. The primary focus of this study is included in the red rectangle. 
(ADMA: Asymmetrical Dimethylarginine; DDAH: Dimethylarginine 
Dimethylaminohydrolase; NOS: Nitric Oxide Synthase; PRMT: Protein Arginine 
Residues Methyl-Transferases; SDMA: Symmetrical Dimethylarginine).
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observed overall mortality, and even in decreasing mortality after 
certain cardiovascular events, a phenomenon known as the obesity 
paradox [5,9-11,44]. In addition, obese patients have better than 
expected surgical outcomes when critically ill [45,46] and during the 

perioperative period [8,47]. Similarly, either a lower incidence and/or 
mortality from ARDS was observed in several studies of obese patients 
compared to normal weight patients [12-14]. Other studies have 
found a similar or increased incidence of ARDS with increasing BMI 

All patients BMI<25 BMI 25-34.9
Number 21 5 16

EBC
 Arginine (nM) 25.80 (21.00) 19.40 (20.00) 25.85 (24.07)
 ADMA (nM) 1.33 (1.43) 2.20 (0a) 1.17 (1.27)
 SDMA (nM) 1.69 (0.86) 1.70 (0.30) 1.68 (0.29)
 Nitrite (mcM) 0.20 (0.96) 1.11 (1.05) 0.15 (0.58)
 Nitrate (mcM) 0.62 (1.09) 1.54 (1.48) 0.54 (0.53)*

Plasma
 Arginine (mcM) 110.10 (21.60) 115.05 (11.53) 104.05 (27.70)
 ADMA (mcM) 0.68 (0.13) 0.59 (0.22) 0.70 (0.12)
 SDMA (mcM) 0.88 (0.38) 0.75 (0.29) 0.91 (0.39)
 Nitrite (mcM) 0.45 (0.48) 0.43 (0.15) 0.61 (0.67)
 Nitrate (mcM) 23.30 (26.04) 24.92 (27.80) 22.99 (21.81)

EBC/Plasma 
 Arginine (x10-3) 0.26 (0.16) 0.22 (0.20) 0.27 (0.21)
 ADMA (x10-3) 1.77 (1.61) 2.82 (0a) 1.52 (1.62)
 SDMA (x10-3) 1.95 (0.95) 2.33 (0.85) 1.86 (0.83)

 Nitrite (mcM/mcM) 0.22 (2.77) 2.07 (3.05) 0.15 (2.60)
 Nitrate (mcM/mcM) 0.03 (0.03) 0.04 (0.07) 0.02 (0.02)

(aOnly 1 EBC sample with a detectable measurement)
Table 2. Concentrations of measured metabolites in the EBC and plasma samples of study patients. Values represent median (interquartile range). Logarithmically 
transformed values were used for statistical analysis by ANOVA with Bonferroni post-hoc tests for paired comparisons. (*p<0.05 compared to BMI<25).

All BMI<25 BMI 25-34.9
Number

Age (years) 21 5 16
Gender distribution 63.3 ± 5.3 62.2 ± 7.0 63.7 ± 5.0

 Male 7(33.3%) 1(20.0%) 6(37.5%)
 Female 14(66.7%) 4(80.0%) 10(62.5%)

Height (cm) 168.7 ± 9.8 167.4 ± 15.4 169.1 ± 7.9
Weight (kg) 78.9 ± 13.7 66.5 ± 15.0 82.8 ± 11.1*

ASA classification 
 1 1(4.8%) 1(20.0%) 0(0.0%)
 2 15(71.4%) 4(80.0%) 11(68.8%)
 3 5(23.8%) 0(0.0%) 5(31.3%)

Comorbidities 
 Hypertension 9(42.9%) 0(0.0%) 9(56.3%)*

 Gastroesophageal reflux disease 4(19.0%) 0(0.0%) 4(25.0%)
 Diabetes Mellitus 4(19.0%) 0(0.0%) 4(25.0%)

Physiology
 Mean Blood Pressure (mmHg) 80.6 ± 12.1 73.0 ± 9.7 83.0 ± 12.0

 Heart rate (beats/min) 71.8 ± 11.9 76.0 ± 11.8 70.5 ± 12.0
 Temperature (C) 35.8 ± 0.5 35.6 ± 0.4 35.8 ± 0.5

 SpO2 (%) 98.3 ± 1.6 98.8 ± 1.3 98.2 ± 1.7
 ETCO2 34.1 ± 3.2 33.2 ± 5.3 34.4 ± 2.5

 Minute volume ventilation (L/min) 5.1 ± 0.8 5.0 ± 0.9 5.1 ± 0.8
 Peak Airway Pressure (cmH2O) 18.0 ± 3.1 17.6 ± 2.2 18.2 ± 3.4

 Plateau Airway Pressure (cmH2O) 16.0 ± 2.8 15.4 ± 1.5 16.1 ± 3.2

(ASA: American Society of Anesthesiologists Classification; BMI: Body Mass Index; SpO2: Peripheral Saturation of Oxygen; ETCO2: End-tidal Carbon Dioxide Partial 
Pressure)
Table 1: Demographic and physiology details of study patients. The weight of patients in the BMI 25-34.9 group was significantly higher than in the BMI<25 group. Height 
was not significantly different between both groups. Patients in the BMI 25-34.9 group had significantly greater incidence of pre-existing diagnosis of hypertension than 
those in the BMI<25 group. No other significant statistical differences were observed between groups. Data are expressed as Mean ± SD or n(%) where appropriate (* 
p<0.05 compared to BMI<25).
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BA r=-0.45
(p=0.040)

C
r=-0.50

(p=0.020)

Figure 2: Correlations of BMI with nitrate concentrations. BMI showed a significant and inverse logarithmic association with EBC nitrate (A), but not with plasma nitrate (B). 
EBC/plasma nitrate ratio also inversely correlated with the BMI (C). The BMI did not correlate with other metabolites in EBC or plasma samples. r represents the Pearson 
correlation coefficient. 

r=-0.54
(p=0.016)

A

D

r=0.46
(p=0.047)

B

E

C

Figure 3: Correlation of EBC nitrate with other pathway targeted metabolites. EBC nitrate showed a positive association with EBC nitrite levels (A) but not with plasma 
nitrate levels (B) or precursor arginine levels in the EBC samples (C). Interestingly, EBC nitrite concentrations were inversely associated with plasma nitrite levels (D). EBC 
arginine levels did not show any association with plasma arginine concentrations (E). All statistical correlations were performed with logarithmically transformed values. 
r represents the Pearson correlation coefficient. 
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A

E

B C D

F G H

Figure 4: Distribution of concentrations of arginine, ADMA, nitrite and nitrate in exhaled breath condensate (EBC) and plasma samples of patients classified based on their 
Body Mass Index (BMI). 
Graphs represent the distribution of concentrations of arginine, ADMA, nitrite and nitrate in EBC (A-D) and plasma (E-H) samples from patients in both BMI ranges. The 
EBC nitrate concentrations (D) were significantly lower in the BMI 25-34.9 patients than in the BMI<25 group. There was a trend to lower EBC nitrite concentrations (C) in 
the BMI 25-34.9 group, but it did not reach statistical significance. No significant differences were observed in other studied metabolites in EBC or plasma samples. Bars 
represent minimum, first quartile, median, third quartile, and maximum values. Outlier values are represented by full dots outside of bars. The logarithmically transformed 
values were used for statistical analysis, statistical significance accepted as p<0.050. 

that is not matched with a greater mortality [15,16]. As mentioned, 
this unexplained finding has been called the obesity-ARDS paradox 
[18,19]. Because of the increased obesity-associated comorbidities 
(sleep apnea, asthma, among others) and multiple other lifestyle 
confounders, conflicting findings or the mechanisms by which obesity 
affects outcomes are difficult to explain. The controversy nonetheless 
highlights an unanswered question. The current research trend is to 
investigate the contribution of cardiovascular fitness, glucose and 
lipid metabolic parameters and the effect of adiposity on the immune 
responses to explain this paradoxical protection regarding why certain 
mildly obese humans seem to resist ARDS [5,17,48,49]. Understanding 
the mechanisms of disease protection, be it dependent on adiposity or 
something else, would help explain this paradox and perhaps suggest 
new approaches for ARDS patients.  

Measurements of arginine, ADMA and SDMA in EBC and plasma 
samples have also been previously reported in the literature [50-52]. 
Levels of ADMA are elevated in the EBC of children with asthma 
[52]. ADMA and the ADMA/arginine balance is also being explored 
in respiratory diseases associated with chronic hypoxia (chronic 
obstructive pulmonary disease, pulmonary fibrosis) [53,54] because 
of its well-known role as endogenous inhibitor of the nitric oxide 
synthase. Increases of ADMA leads to decreased endothelial NO 
availability and the altered regulation of the vascular tone, being one of 
the proposed mechanisms linking hypoxia with impaired vasodilation. 
The lung is a source of ADMA, and its concentration is regulated 
most significantly by its conversion to NO via the dimethylarginine 
dimethylaminohydrolase (DDAH) (Figure 1) [53]. It is difficult to 
compare our ADMA concentrations in EBC to those observed by 
Carraro et al. [52] in healthy children, where EBC ADMA levels were 
normalized to tyrosine concentrations, not available in our study. 
Our measured concentrations of ADMA, SDMA and arginine in EBC 
samples are similar to those reported in healthy adolescents [51] and 

adults [55]. We did not observe significant differences in BMI-classified 
patients on concentrations of ADMA, arginine/ADMA or nitrate/
ADMA ratios in EBC or plasma samples, but these may be specific 
findings to obesity-related asthma [22]. 

The positive associations observed between EBC nitrite 
concentrations with EBC nitrate and inverse with EBC ADMA levels 
reinforce the reliability of our measurements and fits with the known 
pathway relationships described in Figure 1. The lack of association 
between EBC nitrate and plasma nitrate levels suggests some degree 
of independence of the nitrosative stress in the lung respective to the 
systemic circulation. Although obesity is known to be associated with 
increased plasma levels of ADMA, we did not observe significant 
differences between our normal weight and mildly obese patients. 
ADMA impairs endothelial NOS function and contributes to the 
cardiovascular complications often seen with obesity [20]. Moreover, 
recent findings suggest that eNOS impairment may also contribute to 
obesity by attenuating or preventing increases in metabolic activity in 
the adipose tissue [56]. Ware, et al. [43] recently found significantly 
lower citrulline plasma levels in ARDS compared to non-ARDS 
patients. These authors suggested that a reduced precursor supply 
could lead to NOS uncoupling resulting in greater formation of 
peroxynitrites and oxidative injury. In our study we did not study 
peroxynitrite or nitrosylated proteins, and thus we cannot extrapolate 
that increasing BMI is associated with lower EBC nitrate and increased 
alternative NOS pathways. 

Our study strictly excluded patients with any respiratory diagnosed 
disease or symptoms, smoking history or chronic oxygen therapy, 
or impairment of the immune system, as well as moderate or severe 
obesity [31]. The 21 patients included in this analysis showed similar 
distribution of age, gender or comorbidities except the greater incidence 
of pre-diagnosed hypertension in the obese group [5,33]. Despite the 
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reduced sample, we are confident that our patients are representative of 
otherwise healthy obese individuals. The generalization of our findings, 
however, may be limited by the fact that we analyzed metabolites with 
relatively wide variability in a small number of patient samples. Analysis 
of inflammatory or oxidative biomarkers in EBC samples is attractive 
because of its non-invasiveness and safety. However, its widespread 
use is limited by the difficulty in detecting diluted biomarkers, lack of 
information about their source within the airway anatomy, and lack 
of standardization of collection and data analysis [57,58]. We cannot 
exclude an effect of individual diets [59,60], exercise habits, lipid 
profiles or undiagnosed hyperglycemia or other conditions. However, 
tracheally collected EBC nitrate levels are less affected by a dietary 
nitrate load than oropharyngeal nitrate concentrations [60] and also 
avoids contamination with saliva and the influence that salivary bacteria 
has on NO metabolites [59,60]. Preoperative fasting or anesthesia 
medications were similar in all patients but have an unknown effect on 
EBC or plasma metabolites. 

Conclusions
We found an inverse correlation of BMI with concentrations 

of nitrate in the EBC from surgical patients without respiratory or 
immune conditions. Patients who were obese (defined in our study as 
BMI 25-34.9) had significantly lower EBC nitrate levels than patients 
with normal weights (BMI<25). Our observation of lower nitrate in the 
lung of obese patients needs to be further explored. If confirmed, this 
apparent obesity-related dampening of lung nitrosative stress could 
provide a mechanistic insight into the unexplained findings underlying 
the obesity-ARDS paradox. 
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