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Abstract Acute respiratory distress syndrome (ARDS)

contributes substantially to mortality and morbidity in

USA and worldwide. Due to limitations in early diagnos-

tics of ARDS by classical methods, there has been need for

discovery of novel methods and biomarkers for its char-

acterization. We present here first high-resolution 1H

nuclear magnetic resonance (NMR) metabolic profiling of

serum from ARDS patients and non ARDS (NARDS)

controls to search for novel biomarkers in blood serum for

better diagnostics and prognostics. We have carried out

study with serum samples from a total of 45 subjects,

which included 26 ARDS patients and 19 NARDS controls.

Principal component analysis (PCA) and partial least

square discriminant analysis (PLS-DA) were performed on
1H NMR spectra of serum for group discrimination

between the two. PCA and PLS-DA on 1H NMR spectra of

serum clearly discriminated between NARDS control and

ARDS diseased samples. In our study, lipid resonances

showed major contribution for this separation in loading

plots. In order to highlight role of other small molecular

weight metabolites, the analysis was also carried out after

removing lipids resonances from NMR spectrum. There

was significant increase in concentrations of N-acetylgly-

coproteins (NAC) (p = 0.001), acetoacetate (p = 0.001),

lactate (p = 0.001), creatinine (p = 0.003), histidine

(p = 0.03), formate (p = 0.04) and aromatic amino acids

serum of ARDS patients. Along with small metabolites,

lipids play a very important role in this discrimination and

can differentiate between two classes. Our study has given

new avenue in the metabolic profiling of lung injuries.
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Abbreviations

ARDS Acute respiratory distress syndrome

NMR Nuclear magnetic resonance

NARDS Non ARDS

PCA Principal component analysis

PLS-DA Partial least square discriminant analysis

NAC N-Acetylglycoproteins

ALI Acute lung injury

P/F (P-partial pressure of oxygen/F-fraction of

inspired oxygen)

ICU Intensive care unit

APACHE Acute Physiology and Chronic Health

Evaluation

SOFA Sequential Organ Failure Assessment

COPD Chronic obstructive pulmonary disease

GB Guillain–Barré

CPMG Carr–Purcell–Meiboom–Gill

SDS-PAGE Sodium dodecylsulphate polyacrylamide gel

electrophoresis

LDL Low density lipoproteins
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VLDL Very low density lipoproteins

PC1 Principal component 1

BALF Bronchoalveolar lavage fluid

au Arbitrary unit

1 Introduction

Acute respiratory distress syndrome (ARDS) is a perilous

disease contributing significantly to mortality and morbidity

in USA and worldwide. Incidence of acute lung injury (ALI)

in the United States is reported to be 78.9/100,000 persons

per year, with a mortality rate of approximately 40 %

(Rubenfeld et al. 2005a). There are 190,600 new cases of ALI

every year in U.S.A. alone (Rubenfeld et al. 2005b). Acute

respiratory distress syndrome, first mentioned by Ashbaugh

et al. (1967), is categorized in three different classes based on

the P/F ratio (P- partial pressure of oxygen/F-fraction of

inspired oxygen) and mortality rate. According to the

recently accepted ‘‘Berlin definition’’(The 2012), patients

with P/F ratio between 200 and 300 and 27 % mortality

belong to class of mild ARDS, P/F ratio between 100 and 200

with 32 % mortality to moderate ARDS and P/F ratio of less

than 100 with 49 % mortality to severe ARDS. Berlin defi-

nition has eliminated the earlier class of ALI, ALI (P/F ratio

between 200 and 300) and ARDS (P/F ratio less than 200)

(Bernard et al. 1994). The etiology of ARDS is multi factorial

(Petty 1982). The causative insults, mainly severe traumatic

injury, severe head injury, injury to the chest, pneumonia and

sepsis create lung injury through release of inflammatory

mediators resulting in reduced oxygenation. Delay in diag-

nosis, thus treatment enhances the severity of ARDS

(Jean-Ralph et al. 2000). Due to limitations in early diag-

nostics by classical methods, there have been demands for

discovery of novel methods and biomarkers, which can be

helpful in its characterization and facilitate interventions to

prevent its progression to severe form. Researchers have

been trying this from past four decades without substantial

success (Bernard et al. 1994; Cribbs and Martin 2008;

Donnelly et al. 1996; Geiser et al. 2001; Matthay et al. 2003;

Tripathi et al. 2012).

Metabolomics is defined as qualitative and quantitative

measurement of the multi parametric metabolic response of

living systems to pathophysiological stimuli or genetic

modification (Nicholson and Lindon 2008). Any change at

genetic level will be reflected in cellular expression in form

of mRNA, proteins and finally as last products as small

molecular weight metabolites. In continuation of ‘‘OMICS’’

fields the study of total metabolites of cell has been chris-

tened as metabolomics by its discoverers. It is a constantly

evolving field with new developments taking place regularly

(MacKinnon et al. 2012; MacKinnon 2013; Somashekar

et al. 2011). Metabolomics studies employ some key ana-

lytical techniques such as MS, GC-MS, LC-MS and NMR.

Out of these NMR has been prominently used for discovery

of small metabolites in body fluids (Nicholson et al. 1999).

Metabolomics studies can provide a plethora of information

about processes happening inside a particular organism at a

time. A number of previous studies have elucidated role of

metabolites present in body fluids and their association with

various pathological conditions (Kaddurah-Daouk and

Krishnan 2009; Kaddurah-Daouk et al. 2008; Nicholson and

Wilson 2003). High-resolution 1H NMR metabolic profiling

is a non-invasive, powerful technique having capability to

identify a number of metabolites simultaneously with min-

imum sample processing required. This has played important

role in significant studies for tissues and bio-fluids success-

fully. Different reports on cancer tissues (Whitehead and

Kieber-Emmons 2005), liver abscess (Bharti et al. 2012),

liver grafts (Tripathi et al. 2009), human urine (Gartland et al.

1990), follicular fluid (Pinero-Sagredo et al. 2010), bile (Ijare

et al. 2005), plasma (Engan et al. 1990), and serum

(Tzouvelekis et al. 2005) have given information about small

molecular weight metabolites present in these tissues and

fluids as well as discovery of novel biomarkers for particular

pathological condition. Recently a study has utilized high-

resolution 1H metabolic profiling in bronchoalveolar lavage

fluid (BALF) for characterizing human lung injury (Rai et al.

2012). Only one effort have been made so far, for metabolic

profiling of ARDS in serum using NMR, way back in 1989

Kuo et al. (1989). ARDS needed to be studied in the light of

high-resolution 1H metabolic profiling. Here, we present first

high-resolution 1H metabolic profiling of serum from the

patients of ARDS in order to search for novel biomarkers for

better diagnostics and prognostics. Our study has helped in

identifying key metabolites such as valine, leucine and iso-

leucine, NAC, acetate, acetoacetate, glutamine, glutamate,

lactate, creatinine, lysine, arginine, urea, uridine, formate,

lipids and lipoproteins in serum responsible for separation of

ARDS from healthy control.

2 Materials and methods

2.1 Human subjects

This study was conducted in intensive care unit (ICU) of a

tertiary care medical centre and Centre of Biomedical

Magnetic Resonance in northern India. Approval from

institutes ethical committee and informed patient consent

were taken before sample collection. All subjects diagnosed

with ARDS at intensive care unit were enrolled in the study

group. Data collection includes demographic profile, clinical

characteristics and illness severity scores like Acute
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Physiology and Chronic Health Evaluation II (APACHE II)

and Sequential Organ Failure Assessment score (SOFA

score) at admission. ARDS diagnostic criteria was based on

Berlin definition (The 2012). Exclusion criteria in present

study includes patients with age less than 18 years, preg-

nancy, chronic obstructive pulmonary disease (COPD)

(McClay et al. 2010) patients, bronchial asthma, interstitial

lung disease, and other chronic respiratory ailments.

NARDS controls (n = 19) were patients with healthy

lungs, being ventilated for non-respiratory causes. We have

not taken completely healthy controls because ventilator

associated changes will dominate in the analysis. So, we

have taken ventilated patients with healthy lungs as con-

trol. In control groups 12 out of 19 were patients with

neuromuscular diseases, Guillain–Barré (GB) syndrome

and 7 were suffering from pancreatitis. In all these control

cases, lungs conditions were healthy prior to sample col-

lection reflected by the P/F ratios averaging greater than

300. In ARDS group (n = 26) 7 patients were diagnosed

with sepsis, 7 with pneumonia, 4 with malaria, 3 with

chronic alcoholic and 5 with acute pancreatitis. Average

P/F ratio for this diseased group was less than 207.

2.2 Sample collection

All serum samples were collected from blood samples of

patients suffering from different stages of ARDS and from

NARDS. Total 45 samples were collected which included

19 from NARDS controls and 26 from ARDS patients.

Amount of blood collected was 2 ml for each sample. All

samples were incubated for 30 min at room temperature

and centrifuged (at 10 k rpm, 5 �C for 5 min). Golden

yellow supernatant was collected and stored at -80 �C till

NMR experiments.

2.2.1 NMR experimentation

All NMR spectra were recorded at Bruker Biospin Avance-

III 800 MHz NMR (BrukerGmBH, Germany) spectrometer

operating at proton frequency of 800.21 MHz equipped

with CryoProbe. Serum samples were thawed just before

acquiring NMR spectra and 450 ll of serum was taken in

NMR tube. A co-axial insert containing 0.156 Mg in TSP

solution (Sodium salt of trimethylsilyl-2,2,3,3-tetra-

deuteropropionicacid) was used for deuterium lock as well

as for external standard reference.

2.2.2 One-dimensional NMR experiments

2.2.2.1 One-dimensional 1H spectra with Carr-Purcell-

Meiboom-Gill (CPMG) pulse sequence One dimensional

specta with CPMG (Carr, Purcell Carr and Purcell 1954;

Meiboom and Gill 1958) sequence with water suppression

were recorded to remove broad signals from lipids and

proteins. CPMG spectra were recorded with 64 k time

domain data points, 20.55 ppm spectral width, 128 scans,

relaxation delay of 5 s, constant receiver gain value of 203

and 400 ms echo time. CPMG experiment provides spectra

with smooth baseline, which facilitate multivariate chemo

metric analysis. NMR spectra of all samples were recorded

with constant parameters to ensure the accuracy of results.

All NMR spectra were phased and baseline-corrected using

Bruker Biospin TOPSPIN software (version 2.1).

2.2.2.2 One-dimensional spectra with water suppres-

sion One-dimensional spectra with water suppression

(zgpr in Bruker library) were recorded. This spectra con-

tained broad humps (due to resonances from lipids and

lipoproteins) in signal along with resonances from small

molecular weight metabolites. All spectra were recorded

with 64 k time domain data points, 20.55 ppm spectral

width, 128 scans, relaxation delay of 5 s, and receiver gain

value of 64. These spectra were used to get difference

spectra (zgpr-CPMG) to get resonances from lipids and

lipoproteins.

2.2.3 Two-dimensional NMR experiments

Two-dimensional homo-nuclear (1H-1H COSY and 1H-1H

TOCSY) and hetero-nuclear (1H-13C HSQC) experiments

were also performed to confirm resonance assignment.

Following are the experimental parameters: normal COSY

spectra were acquired with 2 k data points in t2 domain

with spectral width of 10,683 Hz, 256 increments in t1
were collected with 16 transients, 2 s relaxation delay and

water resonance was suppressed (Hanai 1991; Klomp et al.

2011) during the relaxation delay. Resulting data was zero-

filled to 1 k points and ‘qsine’ window function was used

in both dimensions. To record TOCSY, MLEV17 sequence

was used for mixing. Other parameters for TOCSY: t2
dimension 2 k data points, with 10,683 Hz of spectral

width and 256 t1 increments for 16 transients. 80 ms

mixing time was used. Parameters for HSQC, 2 k data

points were collected in t2 dimension over spectral width of

12019 Hz, 340 t1 increments were collected with 24 tran-

sients, relaxation delay of 2.0 s and with acquisition time

of 80 ms. The resulting data were zero filled to 512 data

points and were weighted with 90� shifted squared sine bell

window functions in both dimensions prior to Fourier

transformation.

2.2.4 Spectral assignment

1H NMR spectra of serum of both groups were assigned

using previously reported literature values and data

obtained from BMRB database (Biological Magnetic
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Resonance Data Bank http://www.bmrb.wisc.edu/). Vari-

ous overlapping resonances in 1D spectrum were identified

with the help of 2D experiments, which also elucidate the

connectivity between different spin systems. Both

homonuclear (TOCSY, COSY) and heteronuclear (HSQC)

spectra were recorded and analyzed, SI Figure 1 and 2.

Assignments of different resonances have been given with

chemical shifts in SI Table 1.

2.3 Statistical analysis

A total of 46 samples (19 NARDS controls and 26 ARDS)

were used for multivariate analysis. Principal component

analysis (PCA) and partial least square discriminant ana-

lysis (PLS-DA) analysis were performed by ‘The

Unscrambler X’ software package (Version 10.0.1, Camo

ASA, Norway). PCA was performed to transform a number

of (possibly) correlated variables into a (smaller) number

of uncorrelated variables called principal components and

PLS-DA was performed in order to sharpen the separation

between groups of observations. Samples were randomized

for all the analysis performed. Binning of NMR data was

performed using AMIX software (version 3.7.10, Bruker

BioSpin, Switzerland) for the chemical shift regions of

0.3–4.5 ppm and 5.17–9 ppm. Variable size buckets were

used to avoid small variations in chemical shifts. The

region between 4.5 ppm and 5.17 ppm has been excluded

from the study to avoid variability from water suppression.

A total 851 continuous integral segments of equal width of

0.01 ppm were collected for further analysis. The data

obtained was mean centered, scaled to total intensity.

These buckets were integrated and normalized by adjusting

the total area to unity to minimize the effect of variable

sample dilution.

2.4 Quantitative analysis of metabolites responsible

for class discrimination

Metabolites contributing for differences between NARDS

control and diseased ARDS groups by multivariate statis-

tical analysis were taken for quantitative analysis from

CPMG spectra. For calculation of absolute concentrations

from CPMG integral values previously reported method is

used (Bharti et al. 2008). Resonances from metabolites

were integrated with respect to TSP for each spectrum from

NARDS control group and diseased groups. Standard error

and p-values were calculated for each metabolite and

plotted as shown in Table 1.

2.5 Sodium dodecylsulphate polyacrylamide gel

electrophoresis (SDS-PAGE)

10 % SDS-PAGE was performed according to the method

of Laemmli (1970) and SDS-PAGE picture is shown in

Supporting Information Fig. 3.

3 Results and discussion

3.1 Metabolic profile of serum in ARDS patients

1H CPMG spectra of different groups have been shown in

Fig. 1. NARDS control group has been represented with

green and ARDS group with red color, respectively. These

spectra were calculated from the mean of different spectra

in each group. Resonances from various small metabolites

with higher and lower intensities can be seen in both

spectra. Amino acids such as leucine, isoleucine, valine,

alanine, lysine, arginine, histidine etc. are present in both

spectra. Aromatic amino acids peaks are more prominent in

Table 1 List of small

molecular weight metabolites

playing important role in

discrimination of NARDS

control group and diseased

group. The concentrations

(absolute or relative) and

statistical significance

(p-values) have also been

mentioned

S.No. Name of metabolite Concentration of

metabolite in

NARDS control group

Concentration of

metabolite in

diseased group

P value

1 Lipid 1 3.00 ± 0.34 au 4.90 ± 0.41 au 0.001

2 BCA 0.75 ± 0.05 au 0.91 ± 0.1 au NS

3 Alanine 361.05 ± 17.42 lM 348.13 ± 60.89 lM NS

4 Lipid 2 2.76 ± 0.39 au 11.89 ± 1.13 au 0.001

5 Acetate 20.45 ± 20.45 lM 48.34 ± 13.39 lM NS

6 NAC 0.81 ± 0.38 au 1.34 ± 0.55 au 0.001

7 Glutamate ? Glutamine 0.24 ± 0.07 au 0.38 ± 0.21 au NS

8 Acetoacetate 0.19 ± 0.14 au 0.37 ± 0.22 au 0.001

9 Creatinine 148.858 ± 77 lM 294.55 ± 183 lM 0.003

10 Histidine 0.0103 ± 0.005 au 0.0394 ± 0.002 au 0.03

11 Formate 27.49 ± 3.59 lM 210.37 ± 9.54 lM 0.040

12 Lactate 1632.54 ± 243 lM 2925.3 ± 304 lM 0.001

Metabolic profiling of human lung injury 169

123

http://www.bmrb.wisc.edu/


ARDS spectrum. ARDS spectrum shows many metabolites

with higher peak intensity such as lipids, 2-methylbutyrate,

acetate, acetoacetate, NAC (N-acetylglycoproteins), pyru-

vate, creatinine, urea/uridine, formate and aromatic amino

acids. However alanine shows reduced intensity compared

to control. Since visual interpretation of mean spectra of

both groups may be deceptive, we performed multivariance

analysis like PCA and PLS-DA, which explains role of

variations in relative concentrations of various metabolites.

3.2 Multivariate analysis of 1H NMR spectra of serum;

discrimination between NARDS control

and diseased (ARDS) groups

We used 1H CPMG spectra for multivariate analysis of

NARDS control and diseased (ARDS) groups for the role

of small metabolites in separation. Difference spectrum

(between 1D 1H spectrum and CPMG 1D 1H spectrum)

was taken for multivariate analysis for elucidating the role

of lipids and lipoproteins. First we performed PCA

between NARDS control and diseased ARDS groups,

Fig. 2a that shows separation between two groups in the

PCA analysis. The first principal component (PC1) sepa-

rated the sample and accounted for the 46 % of the vari-

ance within the data. The second principal component

separated the data into control and ARDS groups and

accounted for 22 % of the variance. The metabolites

responsible for this separation of diseased and NARDS

control groups have been represented in corresponding PC1

loading plot; Fig. 2b. Loading plot enables us to know how

variables are associated with principal component. This

loading plot shows dynamic change of metabolome within

human blood serum of ARDS patients. All these metabo-

lites were identified and labeled in loading plot. To sharpen

the separation between these two groups, PLS-DA was

performed which showed similar results as PCA with

R2Y = 88 % and Q2 = 70 %, Fig. 2c. The loading plot

depicting the role of small metabolites involved has been

represented in Fig. 2d. The metabolites have been identi-

fied and labeled accordingly in the figure.

If we observe carefully PCA and PLS-DA loading plots,

we observe that greater contribution comes from lipids

(shown as lipid1 and lipid2). In order to access the con-

tributions from low molecular weight metabolites, lipids

resonances (0.8–0.92, 1.21–1.32, 1.96–2.00, 2.71–2.80 and

5.2–5.38 ppm) were removed from the bucket and multi-

variate analysis was carried out (Lanza et al. 2010; Rai

et al. 2012). PCA analysis showed almost clear separation

of NARDS control verses diseased groups, as shown in

Supporting Information Fig. 4a. As we can see in PCA

loading plot, branch chain amino acids (BCA) such as

valine, leucine and isoleucine, NAC, acetate, acetoacetate,

glutamine, glutamate, lactate, creatinine, lysine, arginine,

urea, uridine, formate and aromatic amino acids have dif-

ferences in concentration between two groups and sepa-

rated diseased group patients from NARDS control as

shown in Supporting Information Fig. 4b. Further,

PLS-DA (R2Y = 85 % and Q2 = 69 %) was carried out

for this data, which enhanced the separation between dis-

eased and NARDS control groups. PLS-DA plot and cor-

responding loading plot has been shown in Supporting

Information Fig. 4c and d.

Increase in serum C18 unsaturated free fatty acids has

been reported earlier as a predictor of the development of

ARDS (Bursten et al. 1996). Based upon above study, we

analyzed our data in terms of contribution of lipid and

lipoprotein content. We created difference spectra between
1H 1D and CPMG 1H 1D which provides resonances
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arising only due to macromolecules like lipids, low density

lipoproteins (LDL), very low density lipoproteins (VLDL)

which is shown in Supporting Information Fig. 5, (Sonkar

et al. 2012).We performed multivariate analysis based

primarily on lipid content. PCA analysis of this data

showed better separation than earlier ones with first prin-

cipal component (PC1) separating both groups with

accounting 53 % variance within data, (Supporting Infor-

mation Fig. 6a, b). PLS-DA (R2Y = 93 % and

Q2 = 87 %) done for lipid spectrum also corroborated

PCA results with NARDS control and diseased groups

Supporting Information Fig. 6c and d. There was one

outlier in PCA; this may be due to the reason that this

particular patient underwent multiple surgeries.

From last 3–4 decades there has been immense need for

new methods, which can be used for early diagnosis of

ARDS. Recently (Rai et al. 2012) have showed 1H NMR

profiling of bronchoalveolar lavage fluid (BALF) can be

used as a good technique for identification of ALI from

control group as well as differentiation of ALI and ARDS

patients. In the present study we characterize ARDS based

on serum metabolites. Metabolomics analysis of serum of

ARDS diseased and NARDS control group provided us

new insights about ARDS patients in terms of unique small

metabolites present in their serum. Figure 2a and b give us

qualitative information about molecules, which are varying

in their intensities. Further quantification analysis gives

actual picture of changes of concentrations of the mole-

cules involved. Except alanine, other metabolites show

enhanced concentration in ARDS, as shown in Fig. 3;

Table 1. The change in concentration of these small mol-

ecules is the key factor for separation of ARDS from

NARDS control group; Fig. 2 and Supporting Information

Fig. 6. In rat animal system, alanine, acetate, acetoacetate,

formate, lactate have been characterized to be biomarkers

involved in sepsis, one of the leading causes of ARDS

(Lin et al. 2009). Study in rats showed increase in con-

centrations of alanine, acetate, acetoacetate and lactate (Lin

et al. 2009); in human ARDS serum we have found similar

results except decrease in alanine concentration. In exper-

imental rats, it has been demonstrated that serum alanine

levels were reduced in the postpartum period following

lung injury and external alanine administration was sug-

gested for proper healing (Karadayi et al. 2012). Increase in

concentration of lactate in ARDS has been reported earlier

in case of lung injury (De Backer et al. 1997). BCA are

product of protein breakdown which happens due to injury

and infection of lungs (Garlick and Grant 1988). This is

anticipated in case of lung injury and our results are con-

sistent with previous studies (Freund et al. 1978). Similarly
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increase in concentration of other amino acids may be due

to protein breakdown.

We have calculated and plotted concentrations of key

metabolites in NARDS and ARDS serum, which have been

represented in terms of micromoles/liter or au (concentra-

tion with respect to TSP) (Fig. 3; Table 1). Concentrations

of small metabolites present in serum of NARDS control

are in similar range as reported earlier (Psychogios et al.

2011). Concentrations of lipids (from region 1 and 2),

acetate, creatinine and histidine have become almost dou-

ble in case of ARDS serum. Branch chain amino acids

show slight increase while concentration of histidine and

formate increase drastically in ARDS serum in comparison

to serum of NARDS control (Fig. 3; Table 1). Acetoacetate

concentration is also significantly enhanced in ARDS

patients. This a type of ketone body which may be gen-

erated due to b-oxydation of fatty acids to meet the energy

demand (Lin et al. 2009). Increase in creatinine concen-

tration is associated with muscle damage (Wyss and

Kaddurah-Daouk 2000). Increase in serum C-18 unsatu-

rated free fatty acids have been proved to be an indicator of

development of ARDS (Bursten et al. 1996). Serum li-

popolysachharide binding protein level has also been cor-

related with severity and mortality of patients with severe

0
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Fig. 3 Plot showing the mean concentration of various small molecular weight metabolites present in NARDS control (green) and ARDS

patients (red) (Color figure online)

172 C. Singh et al.

123



sepsis (Opal et al. 1999; Villar et al. 2009). Sodium

dodecyl sulfate (SDS) gel picture also shows variation in

number and intensities of different proteins in serum of

healthy control, NARDS control and ARDS (Supporting

Information Fig. 3). The results are encouraging and pro-

vide us an independent biomarker without need of any

separation and purification.

4 Conclusion

Based on the above results and followed discussion, we

conclude that 1H profiling of serum is potentially important

diagnostic tool. We have shown change in serum metab-

olome of ARDS patients can be utilized to discriminate

them from respective control samples. Key metabolites

involved have been identified and their role in ARDS has

been discussed. Lipid and lipoprotein content can be taken

as independent biomarkers for assessment of ARDS in lung

injury patients. This is the first study of this kind and will

lead to better diagnostic and management method of

ARDS. This pilot study will encourage various types of

studies in ARDS i.e. infection associated changes and

related small metabolites.

5 Supporting Information

Various 2D NMR spectrum confirming the assignments,

Table of assigned metabolites and table showing patient

characteristic data sheet are given in supporting information.
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