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Abstract

Acute respiratory distress syndrome (ARDS) remains a significant hazard to human health and is
clinically challenging because there are no prognostic biomarkers and no effective
pharmacotherapy. The lung compartment metabolome may detail the status of the local
environment that could be useful in ARDS biomarker discovery and the identification of drug
target opportunities. However, neither the utility of bronchoalveolar lavage fluid (BALF) as a
biofluid for metabolomics nor the optimal analytical platform for metabolite identification are
established. To address this, we undertook a study to compare metabolites in BALF samples from
patients with ARDS and healthy controls using a newly developed liquid chromatography (LC)-
mass spectroscopy (MS) platform for untargeted metabolomics. Following initial testing of three
different high performance liquid chromatography (HPLC) columns, we determined that reversed
phase (RP)-LC and hydrophilic interaction chromatography (HILIC), were the most informative
chromatographic methods because they yielded the most and highest quality data. Following
confirmation of metabolite identification, statistical analysis resulted in 37 differentiating
metabolites in the BALF of ARDS compared with health across both analytical platforms.
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Pathway analysis revealed networks associated with amino acid metabolism, glycolysis and
gluconeogenesis, fatty acid biosynthesis, phospholipids and purine metabolism in the ARDS
BALF. The complementary analytical platforms of RPLC and HILIC-LC generated informative,
insightful metabolomics data of the ARDS lung environment.

Keywords

biomarkers; critical illness; metabolomics; lung injury; bicinformatics; phospholipids; lactate;
xanthine oxidase; hippurate; pharmacotherapy

INTRODUCTION

Sepsis annually affects more than 750,000 patients in the United States and remains a
leading cause of death worldwide.: 2 Sepsis-induced acute respiratory distress syndrome
(ARDS), characterized by an exaggerated inflammatory process that leads to rapid
deterioration of respiratory function that necessitates mechanical ventilation (MV)3, is a
particularly clinically challenging problem because its onset, severity and duration are
unpredictable and it has an associated mortality of up to ~40%.3~7 The pathogenesis and risk
factors for the development and progression of ARDS and its severity remain poorly
understood and effective pharmacotherapy has not been identified. An incomplete
understanding of the complex pathophysiology of ARDS and extensive patient
heterogeneity likely contribute to this situation. As such, continued improvement in the
understanding of the mechanistic underpinnings of ARDS could lead to the identification of
clinically useful biomarkers and the discovery of much needed drug target opportunities.

The application of untargeted metabolomics for biomarker discovery lends itself well to the
complexity of ARDS because it detects as many as several hundred metabolites, depending
on the analytical platform, from a single sample with minimal bias and no preconception of
the sample composition.8-10 We have previously used untargeted 1D-*H-nuclear magnetic
resonance (NMR) metabolomics to measure and differentiate endogenous metabolites in
plasma samples collected from patients with ARDS and healthy subjects.® 11 The utilization
of plasma was based on the idea that this biofluid reflects a physiological average of the
metabolomes of different tissues and compartments, so changes in metabolites in the blood
are indicative of the metabolome of the host.10 Despite this, more detailed and timely
characterization of the distress signal of the acutely injured lungs may require the use of a
compartment specific biofluid like exhaled breath condensate or bronchoalveolar lavage
fluid (BALF).12-14 Furthermore, it is likely that metabolomics data acquired from the lung
compartment could elaborate or substantiate those acquired from the blood.

The acquisition of BALF is often routinely performed as part of the clinical care of patients
with ARDS. However, its utility as a biofluid for quantitative metabolomics may be limited
because of its high protein and salt content and low concentrations of metabolites.® The
latter hinders the utility of 1H-NMR, which is illustrated by a few studies that have been
conducted using this approach, one of which employed a high-resolution 1-D and 2-D NMR
strategy.15-18 In all cases, either no or only a few metabolites were named and to date, there
are few metabolomics data from the BALF of ARDS patients. As such, the present study
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aimed to test the ability of a newly developed novel LC-MS untargeted metabolomics
platform that was specifically designed to detect biologically relevant differentiating
metabolites in existing BALF samples acquired from ARDS patients and healthy controls.

MATERIALS AND METHODS

Study samples

The samples used for this study were acquired from healthy subjects and patients enrolled in
the Acute Lung Injury Specialized Center of Clinically Oriented Research randomized trial
of granulocyte-macrophage colony stimulating factor in the treatment of ARDS by non-
directed bronchoalveolar lavage as previously described.1! Briefly, samples from
mechanicallyventilated ARDS patients were collected between 0-72 h of the diagnosis of
ARDS but before randomization to study drug and from non-ventilated healthy controls
following informed consent and under protocols approved by the University of Michigan
Institutional Review Board. A standard technique was employed in which BALF was
collected by bronchoscopy in which 150 ml of normal saline was instilled into the right
middle lobe or lingula in 30 ml aliquots and was retrieved by gentle suctioning through the
suction port of the bronchoscope. Non-ventilated control subjects underwent bronchoscopy
with conscious sedation using the same standard technique as the study patients. At the time
of collection, BALF was clarified by centrifugation and the supernatants were frozen
(=70°C) until the time of assay.

Protein Electrophoresis

LC-MS

To characterize the heterogeneity of the ARDS BALF samples, protein concentration was
measured using a bicinchoninic acid (BCA) assay (Pierce Protein Biology Products, Thermo
Fisher Scientific, Rockford, IL USA). BALF proteins were separated by SDS-PAGE on a
12.5% acrylamide gel and stained with Coomassie blue as described in the Supporting
Information.

Chemicals and Reagents—Water, methanol, acetonitrile, formic acid, ammonium
bicarbonate, ammonium hydroxide solution, and ammonium acetate (99.999%) were
purchased from Sigma-Aldrich (St. Louis, MO) and were LC-MS grade except as noted.

Sample preparation—Before processing, samples were assigned ID numbers which de-
dentified control from ARDS subjects. At the time of assay, BALF samples were thawed on
ice. For deproteinization in preparation for LC-MS analysis, 100 uL of BALF was combined
with 400 puL of 9:1 methanol:chloroform containing 18 pg/mL of an 13C-labeled amino acid
mix (Sigma-Aldrich part 426199) which served as an internal standard. The sample was
vortexed, then centrifuged (10 min at 15,000 x g). For hydrophilic interaction
chromatography (HILIC)-, the supernatant was transferred directly to an autosampler vial
for analysis. For reversed phase (RPLC)-MS analysis, the supernatant was transferred to a
clean vial and dried under a stream of nitrogen gas. The dried sample was reconstituted in 50
uL of water and transferred to an autosampler vial for analysis. All samples were processed
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in random order and were assigned to a random LC-MS run order using a computerized
algorithm.

Chromatographic method evaluation—A preliminary analysis of six BALF samples
from ARDS patients was performed by LC-MS using three different HPLC columns: a
Waters Acquity HSS T3 1.8 (50 x 2.1 mm ID), a Phenomenex Luna NH, 3u column (150
mm x 2.1 mm ID) and a Cogent Diamond Hydride (150 x 2.1 mm ID). These columns were
selected due to their orthogonal modes of separation and their proven utility for
metabolomic analysis of other biofluids. They were initially evaluated using
chromatographic conditions described previously to determine the number of features
detected in BALF and to assess typical peak quality.1%-2! Based upon these preliminary
evaluations, chromatographic methods were further optimized for BALF analysis using the
Acquity HSS T3 and Luna NH, columns. The resulting chromatographic methods are
described below.

Optimized LC-MS methods—For RPLC-MS, samples were analyzed on an Agilent
1200 LC /6530 qTOF MS system (Agilent Technologies, Inc., Santa Clara, CA USA) using
the Waters Acquity HSS T3 1.8 u column (Waters Corporation, Milford, MA). Each sample
was analyzed twice, once in positive and once in negative ion mode. For positive ion mode
runs, mobile phase A was 100% water with 0.1% formic acid and mobile phase B was 100%
methanol with 0.1% formic acid. For negative ion mode runs, the formic acid was replaced
with 0.1% (m/v) ammonium bicarbonate. The gradient for both positive and negative ion
modes was as follows: 0-0.5 min 1%B, 0.5-2 min 1-99%B, 2—6 min 99%B, 6-6.1 min
99-1%B, hold 1%B until 9 min. The flow rate was 0.35 mL/min and the column temperature
was 40°C. The injection volume for positive and negative mode was 5 pL and 8 pL,
respectively. Mass spectrometry was performed by electrospray ionization with an Agilent
Jetstream ion source, with full-scan mass spectra acquired over the m/z range 50-1500 Da.
Source parameters were: drying gas temperature 350°C, drying gas flow rate 10 L/min,
nebulizer pressure 30 psig, sheath gas temp 350°C and flow 11 I/min, and capillary voltage
3500V, with internal reference mass correction enabled.

For HILIC-MS, samples were analyzed on an Agilent 1200 LC / 6520 qTOF MS with the
Phenomenex Luna NH, column. Mobile phase A was acetonitrile. Mobile phase B was 5
mM ammonium acetate in water, adjusted to pH 9.9 with ammonium hydroxide. The
gradient was 0-15 min 20-100%B, 15-18 min 100%B, 18-18.1min 100-20%B, 18.1-30
min 20%B. The flow rate was 0.25 mL/min and the column temperature was 25°C. The
injection volume was 10 pL. Mass spectrometry was performed in negative ion mode using
source parameters identical to the RPLC method, except that a standard electrospray source
was used in place of the Jetstream source and sheath gas was not used.

Data analysis workflow—Scheme 1 shows the details of the LC-MS data analysis
workflow. Chromatographic peaks that represent metabolites — which are henceforth termed
“features” — were detected in the data using the automated “Find by Feature” algorithm in
Agilent Masshunter Qualitative Analysis Software. Feature alignment between samples was
performed using an in-house written software package, which matched features with the
same mass and retention time between samples. The software was configured to allow up to
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a 0.5 min RT shift and/or a 20 ppm mass shift between LC-MS runs. To reduce gaps in the
data, recursive feature identification was then performed by searching the data a second time
with the list of aligned features using the “Find by Formula” algorithm. Then, features that
were present in over 70% of ARDS and control samples were analyzed by partial least
squares-discriminant analysis (PLS-DA) as described below in Statistical Analysis section
and ranked by loading scores. The lists of features obtained from positive and negative
modes were ranked separately. The top 200 features from each mode were selected for
further analysis. This threshold was chosen to allow a manageable number of features to be
validated in a timely manner, while still retaining the vast majority of the features
responsible for differentiating BALF from control and ARDS patients. To improve data
quality, these top 200 features were re-quantitated and all peaks were visually inspected
using Agilent MassHunter Quantitative Analysis software, with the analyst blinded to the
identity of the subjects.

Once the list of features was generated, in order to identify metabolites present in the BALF
samples, the features were searched against an in-house library of 800 known metabolite
standards which had been previously analyzed under identical LC-MS conditions. Features
not identified by standards were searched for possible matches using the online Metlin
database (http://metlin.scripps.edu) and Human Metabolome Database (HMDB; http://
www.hmdb.ca). In many cases, the database searches resulted in multiple possible matches
for each feature within a 10 ppm mass error window. Metabolite matches were ranked in
order of ascending mass error, and among matches with equivalent mass error, in order of
ascending Metlin or HMDB identification (ID) number. At this point, remaining features
which did not match any database entries were not considered for further evaluation.
Putative feature IDs from the database matches were validated or rejected by co-injection of
BALF samples with authentic standards, or by acquisition of targeted MS/MS data on the g-
TOF MS followed by comparison with MS/MS spectra in the online databases. Data
generated by HILIC-MS were processed the same way.

Statistical and bioinformatics analysis—Data were auto-scaled (mean-centered and
divided by the standard deviation of each feature) and log transformed; PLS-DA of the
features present in 70% of the control and ARDS samples was performed using SIMCA-P
(version 13, UMETRICS AB, Box 7960, SE90719 Umed, Sweden). Two groups were used
as dependent () variables. The PLS-DA models were validated by random permutation of
the Y variable and comparison of the goodness of fit (R2Y and Q2).22: 23 For random
permutation tests, 100 models were calculated and the goodness of fit was compared with
the original model in a validation plot. Variable Importance in the Projection (VIP) scores
from the PLS-DA model were used to rank metabolite features. To generate a manageable
data set, the top 200 ranked features of each analytical mode were compared between ARDS
and control by an unpaired Student’s t-test with unequal variance and p-values were
corrected for false discovery.24 25 KEGG IDs were assigned when possible and metabolites
were rank ordered by ascending p value to generate a final dataset for each analytical
method. Pathway analysis was performed in Metscape.28 Metabolites with fold change Q-
values were loaded into Metscape and networks graphs were created.
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RESULTS

To accomplish the study’s goals, BALF samples were obtained from twenty patients with
ARDS from a completed clinical trial*! and eight healthy control individuals. From ARDS
patients, two samples were collected at time 0, five at 24h, two at 48h and nine at 72h. As
indicated in Table 1, there was a range of etiologies of ARDS which is typical of this
heterogeneous patient population which often undergoes broncheoalveolar lavage as a part
of their clinical care. Of the 18 ARDS patients, one had mild, six had moderate and 11 had
severe ARDS according to the Berlin definition.” Additional demographic data about these
patients has been previously reported.1! The control group had fewer patients than the
ARDS group due to limitations in the ability to recruit subjects for this relatively invasive
procedure, but the groups were not different in terms of age (p = 0.29 by unpaired Student’s
t-test) and gender (Table 1).

Protein Assay and SDS-PAGE analysis

BALF has been described as a relatively protein-rich, metabolite-poor fluid.8 The total
protein content of BALF varied as much as 10-fold between ARDS patients (Figure 1A), but
in all cases the ARDS samples had measurably higher protein concentrations than control
samples. Using the measured total protein values, a SDS-PAGE gel was loaded with a
constant amount of protein per lane for four different ARDS samples (Figure 1B). Although
some proteins were present in all samples, (e.g., serum albumin at approximately 70 kDa),
the profiles were clearly heterogeneous in the distribution of molecular weight and
abundance of proteins among patients. When samples were loaded by constant volume
(Figure 1C), heterogeneity was also evident and the total protein abundance was closely
mirrored by the total protein concentration of each sample (Figure 1A).

Chromatographic method evaluation

From the chromatographic data it was determined that a reversed phase column (Waters
HSS T3 C18) offered the best coverage, with a mixed-mode HILIC/anion-exchange column
(Phenomenex Luna NH>) next-best, while a silica-based HILIC column (Cogent Diamond
Hydride) offered the least coverage of BALF. We therefore elected to use the C18 RPLC
column as the primary method for metabolomics in this study and chose to include data from
a pilot analysis using the mixed mode HILIC/AEX column as a complementary approach.

RPLC-MS metabolomics of BALF samples

A total of over 1742 and 1314 features were detected in positive ion and negative ion modes,
respectively. Supporting Information Figure S1 shows cross-validated PLS-DA score plots
for positive and negative mode data (R2Y = 0.99 and Q2 = 0.87 for positive mode; R2Y =
0.98 and Q2 = 0.78 for negative mode). The top 200 features from each mode were selected
and processed as described in the Methods. Identified features from both positive and
negative ion modes of ARDS and healthy controls were statistically compared. This resulted
in 26 significant endogenous metabolites (Table 2) of which 23 were positively identified,
and the remaining three were assigned putative identities. Extracted ion chromatograms for
these metabolites are shown in Supporting Information Figure S2.
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The detected compounds represent a range of different endogenous metabolite classes,
including a number of amino acids, other polar metabolites, and lipids. Also present were a
number of exogenous drug metabolites, arising from the administration of compounds
associated with the lavage procedure (i.e., lidocaine) and the treatment of sepsis-induced
ARDS (i.e., penicilloic acid V and propofol glucuronide); these compounds were excluded
from the analysis. The most significantly different endogenous metabolites between healthy
control and ARDS groups were elevated in BALF samples, with fold-change values ranging
from 1.22 to 41.

HILIC-MS metabolomics of BALF samples

A subset of the BALF samples (12 of the total 26; 8 of which were from ARDS patients)
were also analyzed by HILIC-MS in negative ion mode as described in the Methods. The
same procedure for feature selection, statistical analysis and metabolite identification was
performed as for RPLC analyses. A total of 134 features were detected in the resulting data.
Of these, 18 identifiable metabolites (Table 3, Supporting Information Figure S2) were
determined to be statistically different between ARDS and control groups (p < 0.05 after
false discovery correction). These metabolites were dominated by two classes of molecules:
free fatty acids and various phosphatidylcholine species. In most cases, phosphatidylcholine
species were decreased and free fatty acids were elevated in BALF from ARDS patients.

Pathway analysis

Table 4 shows the list of metabolic pathways associated with metabolites with KEGG IDs
that were identified by both analytical methods; Metscape generated networks are shown in
Supporting Information Figure $3.28 Notably, the amino acids and their intermediates, as
well as compounds involved in carbohydrate and nucleotide metabolism were increased in
ARDS samples compared to control. This included the guanosine network (Figure 2) of
which the abundant ARDS BALF metabolites, hypoxanthine and xanthine, belong (Table 2).
A number of lipid metabolites including arachidonic, palmitoleic and linoleic acids (Table
3), were also increased. In contrast, one of the main components of pulmonary surfactant,
phosphatidylcholine, was decreased in ARDS.27

DISCUSSION

Our findings from this feasibility study indicate that BALF contains a wide range of
metabolites amenable to detection by LC-MS. One characteristic of BALF which
differentiates it from other samples typically studied using metabolomics is that BALF is a
non-endogenous fluid, which is introduced into and removed from the lungs as a part of a
medical procedure. As such, its contents are not physiologically regulated, and the recovery
of metabolites from the environment inside the lungs is widely variable. In addition, factors
such as the magnitude of lung injury, the period of time the BALF is in contact with lung
tissue, and the volume of fluid recovered from the lungs, may influence metabolite
concentration in BALF. Furthermore, alveolar epithelial and inflammatory cells28: 29,
invading pathogens as well as the microbiome30: 3 likely contribute to the pool of
metabolites in ARDS BALF. Overall, metabolite concentrations in BALF appear to be
characterized more by variation than by consistency. Nevertheless, our data show that when
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compared with BALF from healthy volunteers, this strategy yielded nearly 50 total features
that were significantly altered in ARDS patients and greater than the number of metabolites
previously identified by NMR.15-18

The two analytical methods that we used (HILIC and RPLC) yielded complementary results.
Of the 44 total identified compounds that were significantly different between control and
ARDS groups, only one compound, L-lactate, was identified by both of the two methods.
RPLC resulted in the detection of a much larger total number of features (1312 vs. 134 in
negative ion mode), as well as a greater number of significantly different features between
ARDS and control patients (26 versus 18 identified features with HILIC). The high salt
content of BALF relative to the concentration of most metabolites in the fluid is likely
partially responsible for this disparity. In the RPLC separation, the salts elute as a single
peak with the void volume of the column, reducing their interference with metabolites which
elute over the majority of the chromatogram. In HILIC, chloride anions and other salts are
retained by the column and elute over a broad retention time range (from 6-17 minutes of
the 20 minute run), thereby causing substantial ion suppression of later-eluting peaks. This
may explain the somewhat atypical observation that the majority of the analytes detected by
HILIC were relatively non-polar compounds such as phospholipids and free fatty acids,
which elute early during the separation. On the other hand, there was a relative paucity of
non-polar species such as phospholipids and free fatty acids in the RPLC separation. This
can be attributed to the process of drying and reconstituting the extracted BALF samples in
100% water, which was performed only for the RPLC and not for the HILIC analysis. This
step was necessary to ensure good retention of moderately polar species on the RPLC
column, but likely prevented non-polar species from re-dissolving and being detected. So
while our analytical approach resulted in the detection of biologically relevant metabolites
of ARDS in the BALF, we recognize that it is not a comprehensive or exhaustive read-out of
the ARDS metabolome.

Despite the certain technical limitations of our analytical approach, we identified potential
differentiating metabolites of ARDS as evidenced by the over four-fold increase in L-lactate
and changes in other metabolites associated with energy metabolism (e.g., citrate, creatine,
creatinine).32 Citrate, creatine and creatinine are three metabolites that were also found to be
increased in ARDS plasma samples by 1D-1H-NMR.% 26 The remainder of the identified
metabolites were specific to BALF. We hypothesized that the amplification of the distressed
lung may be better detected in the BALF because it is more representative of the local lung
environment.® 26 This was illustrated, as an example, by the metabolite, L-lactate. The
measurement of blood lactate is often and widely used as a biomarker of the severity of
critical illnesses, including sepsis.33 While there are multiple sources of lactate represented
in the blood during critical illness and because lactate is normally detected in the blood,
blood lactate is not a specific marker of lung injury and the precise range of lactate
concentrations associated with overall illness severity has not been defined.34 3% Like the
blood, lactate levels in the lung during normal physiology are low. However, lung damage
results in increased lactate production which has been shown to be inversely related to the
partial pressure of oxygen in arterial blood (PaO5):fraction of inspired oxygen (FiO5) ratio
which is indicative of the lung injury severity.14 36
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Despite the potential utility of BALF lactate as a marker of lung injury severity, it is unlikely
that any one metabolite can serve as a prognostic biomarker of ARDS due to the complexity
and heterogeneity of this disease. This complexity is illustrated by significant alterations in a
number of different metabolic pathways including a reduction in phosphatidylcholines (PC),
the primary phospholipid of pulmonary surfactant.2” The PC content of surfactant has been
shown to be inversely associated with inflammatory cell-mediated lung injury in ARDS.37
In addition, PC is important for the maintenance of alveolar structure and function that are
needed for effective gas exchange which is compromised in ARDS.27 As such, the reduction
in PC likely reflects a lower alveolar pool of surfactant3® which contributes to these ARDS-
induced detriments in the lungs.

Other significant metabolites included guanosine, xanthine and hypoxanthine. Levels of all
three compounds were significantly higher in ARDS BALF (Table 2). There was a nearly
four-fold increase in guanosine and 41 and 19 fold increases in hypoxantine and xanthine,
respectively. Interestingly, uric acid, which is the product of guanosine metabolism (Figure
2) has been shown to be a major “danger signal” in the lung, contributing to cell-death
induced acute inflammation.3%: 40 While we did not detect uric acid, it has previously been
detected in ARDS BALF*! and the presence of the precursor metabolites suggest that the
pathway is activated. This could be of significant consequence to the lungs given that, in
addition to uric acid production, xanthine oxidase (XO) is a known superoxide anion
producing enzyme via its conversion of xanthine to uric acid.*2 Surprisingly, little is known
about XO activity in the ARDS BALF of humans but it has been detected in the BALF of
chronic obstructive pulmonary disease patients.*3 In an experimental model of
lipopolysaccharide-induced indirect lung injury, XO activity was increased and was
augmented by hypoxia.#* In another experimental model, MV contributed to increased
enzyme activity.#> Collectively, these data suggest a role of the guanosine network in
ARDS, which could be a potential avenue for future investigation.

Another compound significantly increased in ARDS BALF, hippurate, is a known
metabolite of the gut microbiome, an abundant urine metabolite, and a uremic toxin.46: 47
Hippurate levels are influenced by diet and the microbiome of the gut because its precursor,
benzoic acid, is produced by the conversion of low molecular weight aromatic compounds
and dietary polyphenols by colon microbes.*® Hippurate is subsequently generated by the
conjugation of benzoic acid and glycine in the liver. However, recent findings from a study
of patients with colectomies showed that in humans, hippurate is derived from precursors
absorbed in the small intestine and its production may not be specific to the gut.4® The
physiological consequence of elevated levels of hippurate in the lung are not known but in
the kidney, in the setting of chronic kidney disease, hippurate overload accelerates renal
damage®? and it has been shown to stimulate reactive oxygen species production in
endothelial cells.5? Interestingly, hippurate levels in the urine have been shown to correlate
with lung function in COPD patients.>2 While it is not possible to pinpoint the exact origin
of this metabolite in BALF, its potential relationship to lung function and role in augmenting
lung injury is intriguing and merits further investigation.

We acknowledge the limitations of our study. In particular, we recognize the use of a small
sample size. These were existing samples of convenience that were used for the
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development of an LC-MS for BALF metabolomics assays. Acquisition of BALF is an
invasive procedure which is not easily accomplished, particularly in critically ill patients and
healthy volunteers. While it is often performed in patients with ARDS, it may not routinely
be performed at all centers which may limit the feasibility of BALF as a biofluid for
metabolomics studies. We also recognize, and have described, the heterogeneity of ARDS
BALF. This is not unexpected since the sample volume is not predictable, there was a broad
range of lung injury severity (as evidenced by the standard deviation of the oxygenation
index in Table 1) and there were a number of different underlying etiologies of ARDS in our
patient population (Table 1). The control samples displayed less variation than ARDS.
Variation in the ARDS BALF may be furthered by the influence of pharmacotherapy. The
onset of ARDS necessitates MV which makes it inseparable from the ARDS metabolome.
However, we acknowledge that the duration of MV likely has an impact. To minimize this
variable, we utilized BALF samples that were collected early in the course of ARDS. These
critically ill patients also received a number of drugs and we cannot, with complete
confidence, rule out the possibility that pharmacotherapy contributed to metabolite levels in
the ARDS BALF. Parodoxically, higher levels of lidocaine were found in control samples.
This is explained by the fact that healthy control subjects received more local lidocaine
anesthetic as part of the lavage procedure than the already anesthetized, mechanically
ventilated ARDS patients. Conversely, penicilloic acid V and propofol glucuronide, were
only detected in ARDS patients and represent exogenous metabolites of penicillin antibiotics
and propofol, respectively.53: 54

To the best of our knowledge, these are the most elaborate human ARDS BALF
metabolomics data to date and demonstrate the complex, multifaceted processes involved in
ARDS. We have also shown the feasibility of a complementary RPLC- and HILIC-MS
analytical platform that detects a broad range of lung metabolites. These results suggest
potential promising avenues for future research in larger scale studies but also raise the
question as to whether the lung compartment is more informative than or complementary to
the periphery for the detection of the distress signal of the lungs in ARDS. Ultimately, it is
our goal to construct a longitudinal metabolomics strategy to more fully characterize the
ARDS metabolome that will drive biomarker discovery and the identification of drug target
opportunities to improve the outcome of patients with ARDS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gel electrophoresis (12.5%) of BALF proteins illustrates heterogeneity across samples. (A)

The associated protein concentration of each sample. (B) Coomassie-stained gel of
representative ARDS BALF samples (1-4). An equal amount of protein (30ug) was loaded
for each sample. (C) Coomassie-stained gel of representative control and ARDS BALF
samples loaded by volume. MWM = molecular weight marker; A = ARDS.
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Hypoxanthine

Guanosine
[Reaction 1D |Reaction Equation
|R01769 Hypoxanthine+Oxygen+H20=Xanthine+H202
[801676 Guanine+H20=Xanthine+NH3
|R02147 Guanosine+Orthophosphate=Guanine+alpha-D-Ribose 1-phosphate
IM?GB Hypoxanthine+NAD++H20=Xanthine+NADH
R02103 Xanthine+NAD++H20=Urate+NADH Xan"EN o
|R02107 Xanthine+H20+Oxygen=Urate+H202

Figure 2.
Guanosine network generated by Metscape 2 in which the abundant metabolites of ARDS

BALF, xanthine and hypoxanthine, are components and urate (uric acid) is a product.
Metabolites are depicted by octagons, with differentiating metabolites of ARDS BALF in
dark red. Squares (grey) represent reactions with KEGG reaction identification (ID)
numbers and round cornered squares (green) are the associated enzymes.
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BALF eIltraction
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LC-MS analysis
3) 4) 9)
; {\ Recursive feature
TNl | =D — detection
(find by formula)
Peak detection Feature (peak)
(find by feature) alignment
\ 1400 features
6 Statistical ranking of
) features
7) Top 200 features
Unidentifiable features - 8) Identified feature
not considered further validation &

guantitation

9) Statistical analysis

Scheme 1.
Schematic of the data processing workflow. Following sample extraction (step 1) and either

RP- or HILIC-MS (step 2), features were identified using an in-house metabolite library. An
attempt to identify remaining unknown features was carried out by manual validation using
the “Find by Feature” algorithm in Agilent Masshunter Qualitative Analysis Software (Santa
Clara, CA), peak alignment between samples by mass and retention time and the “Find by
Formula” feature in Masshunter (steps 3-5). To minimize gaps in the data, recursive feature
identification was performed by searching the data a second time with the list of aligned
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features using the “Find by Formula” algorithm. The resulting features were statistically
ranked (step 6) and the top 200 ranked features were utilized for additional analysis (step 7).
At this point, unidentifiable features were not considered further and features with putative
identifications were analytically validated using either reference standards or MS/MS (step
8). The resulting data sets were used to statistically compare ARDS BALF to healthy control
BALF metabolites (step 9). BALF = bronchoalveolar lavage fluid; ARDS = acute
respiratory distress syndrome; RP = reverse phase; HILIC = hydrophilic interaction
chromatography.
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Table 1

Demographic characteristics of ARDS patients and healthy control subjects

Sample size (n)
Sex (%)
Female
Age (mean +S.D.)
ARDS etiology (%)
sepsis
aspiration
pneumonia

other/unknown
Pa0,/FiO, ratio? (mean + S.D.)

APSP (mean + S.D.)

ARDS Healthy
18 8
44 50
46.1+149 39.8+110
N/A
39
22
33
5
1033+49.1 N/A
623+ 13.1 N/A

aPaOz is partial pressure of oxygen in arterial blood and FiO3 is the fraction of inspired oxygen;

bAPS is the acute physiology score and is an indicator of illness severity.9 See the text for additional information about ARDS severity.
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Confirmed and putative BALF metabolites of ARDS patients compared with healthy control subjects detected

Table 3
by HILIC-MS
HILIC-MS
KEGG

Probable/Confirmed 1D ID p value q value crf;%e
Phosphatidylcholine (16:0/16:0) 4.40E-05 1.59E-03 0.13
Phosphatidylcholine (16:1/16:0) 7.90E-04 1.72E-02 0.22
Phosphatidylcholine (16:0/14:0) 1.87E-03  2.91E-02 0.26
Stearic acid C01530 2.29E-03  3.12E-02 0.44
Palmitoleic acid C08362 4.92E-03  4.87E-02 4.65
Arachidonic acid C00219 7.67E-03  6.43E-02 6.55
Palmitic acid C00249 1.92E-02 1.23E-01 0.58
Phosphatidylcholine (16:1/18:2) 2.19E-02 1.27E-01 0.47
Phosphatidylcholine (16:0/18:1) 2.21E-02  1.27E-01 0.43
Phosphatidylcholine (16:0/18:0) 2.50E-02  1.30E-01 0.38
Phosphatidylcholine (16:1/20:4) 3.34E-02 1.52E-01 0.54
L-Lactate C00186 4.37E-02  1.70E-01 3.49
D-Glucose C00267 4.75E-02  1.70E-01 451
Linoleic acid C01595 4.84E-02 1.70E-01 6.68
Putative ID only

Norethindrone acetate 3.85E-05 1.59E-03 0.27
2-Hydroxyethinylestradiol 5.82E-05  1.59E-03 0.29
2-Hydroxymestranol 474E-03  4.87E-02 0.37
Monoacylglycerol (18:0) 5.91E-03  5.37E-02 0.28
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Table 4

Metabolic ARDS pathways and associated compounds

Page 23

Pathway category

Pathway

Associated compound(s)

Amino acid metabolism

Amino acid metabolism

Amino acid metabolism

Amino acid metabolism

Amino acid metabolism
Carbohydrate metabolism
Carbohydrate metabolism
Carbohydrate metabolism
Lipid metabolism

Lipid metabolism
Lipid metabolism

Lipid metabolism

Nucleotide metabolism

Nucleotide metabolism

Aromatic amino acid metabolism

Glycine, serine, alanine and threonine
metabolism

Methionine and cysteine metabolism

Urea cycle and metabolism of arginine, proline,
glutamate, aspartate and asparagines

Valine, leucine and isoleucine degradation
Ascorbate and aldarate metabolism
Glycolysis and Gluconeogenesis

TCA cycle

Arachidonic acid metabolism

Fatty acid biosynthesis
Linoleate metabolism

Phospholipid, cell membrane

Purine metabolism

Pyrimidine metabolism

Hippurate

Creatine T

Methionine 1
L-Glutamate 1

L-Proline T
L-Leucine T
L-Threonate 1
L-Lactate
cis-Aconitate 1

Arachidonic acid 1

Palmitoleic acid 1
Linoleic acid 1

PI (36:1) 1

PC (16:0/14:0) |
PC (16:0/18:0) |
Hypoxanthine 1
Uridine T

L-Phenylalanine T

O-Acetylcarnitine 1

D-Glucose 1
Citrate T

Palmitic acid |

PC (16:0/16:0) |
PC (16:1/18:2) | PC
PC (16:1/20:4) |
Xanthine 1

L-Tyrosine 1

Creatinine 1

2-Oxoglutarate 1

Stearic acid |

PC (16:1/16:0) |

(16:0/18:1) |

Guanosine 1
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