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Abstract

Background: The morbidity and mortality of patients with critical illnesses remain high in pulmonary critical care
units and a poorly understood correlation between alterations of lipid elements and clinical phenomes remain
unelucidated.

Methods: In the present study, we investigated plasma lipidomic profiles of 30 patients with severe acute pneu-
monia (SAP), acute pulmonary embolism (APE), and acute exacerbation of chronic pulmonary diseases (AECOPD) or
15 healthy with the aim to compare disease specificity of lipidomic patterns. We defined the specificity of lipidomic
profiles in SAP by comparing it to both APE and AECOPD. Analysis of the correlation between altered lipid elements
and clinical phenotypes using the lipid-QTL model was then carried out.

Results: We integrated lipidomic profiles with clinical phenomes measured by score values from the digital evalua-
tion score system and found phenome-associated lipid elements to identify disease-specific lipidomic profiling. The
present study demonstrates that lipidomic profiles of patients with acute lung diseases are different from healthy
lungs, and there are also disease-specific portions of lipidomics among SAP, APE, or AECOPD. The comprehensive
profiles of clinical phenomes or lipidomics are valuable in describing the disease specificity of patient phenomes and
lipid elements. The combination of clinical phenomes with lipidomic profiles provides more detailed disease-specific
information on panels of lipid elements When compared to the use of each separately.

Conclusions: Integrating biological functions with disease specificity, we believe that clinical lipidomics may create
a new alternative way to understand lipid-associated mechanisms of critical illnesses and develop a new category of
disease-specific biomarkers and therapeutic targets.
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Background

Acute lung injury is a major challenge and cause of
patient morbidity and mortality in pulmonary critical
care units, as an early stage of acute respiratory distress
syndrome (ARDS), although molecular diagnosis and
therapy are still lacking due to the complex pathogenesis,
severity, and systemic responses [1]. Acute infection is
one of common factors that can induce the exacerbation
of chronic lung diseases. Chen et al, initially identified
disease-specific dynamic biomarkers for severe pneumo-
nia or severe pneumonia-associated-ARDS by integrating
proteomic profiles of inflammatory mediators with clini-
cal informatics as part of clinical bioinformatics [2]. They
found that specific protein-based biomarkers compar-
ing diseased tissue with healthy tissue and diseased tis-
sue and diseased tissue had a significant correlation with
clinical phenomes measured by Digital Evaluation Score
System (DESS) scores. Shi et al. identified specific immu-
nomodulatory mediators by evaluating dynamic genomic
and proteomic profiles of peripheral blood mononuclear
cells and plasma in patients with acute exacerbation of
chronic obstructive pulmonary disease (AECOPD) and
found a complex network of AECOPD- or COPD-spe-
cific immunomodulatory mediators [3]. In addition to
changes of genomic and proteomic profiles, alterations
of systemic metabolisms are also another important
factor which can influence disease severity, duration,
progression, and patient response to therapy, although
the metabolism has been ignored in understanding of
molecular mechanisms in the development of acute and
chronic pulmonary diseases.

Clinical lipidomics is a new integrative approach to
identify the disease-specific correlation and regulation
between a large scale of lipid elements measured in lig-
uid biopsies from patients with their clinical phenomes
[4]. Clinical lipidomics has been suggested as a novel
approach in discovering new categories of disease-spe-
cific biomarkers or therapeutic targets and could play a
key role in improving our understanding of molecular
mechanisms in disease metabolisms [5]. However, chal-
lenges still remain to be faced and overcome in prior
to clinical practice [6]. Lv et al. investigated regulatory
mechanisms of lipidomic profiles in lung cancer subtypes
by measuring plasma lipidomes between healthy patients
and patients with lung cancer, squamous cell carcino-
mas, adenocarcinomas, and small cell lung cancers, and
initially correct lipidomic and genomic profiles of lipid-
associated enzymes and proteins by integrating the data
of large-scale genome screening [7]. The integration of

lipidomics with genomics can be a new approach in iden-
tifying disease-specific diagnostic biomarkers and thera-
peutic targets.

In the present study, we investigated plasma lipidomic
profiles of patients with severe acute pneumonia (SAP),
acute pulmonary embolism (APE), and AECOPD with
the aim to compare disease specificity of lipidomic pat-
terns. We defined the specificity of lipidomic profiles in
SAP by comparing it to both APE and AECPOD. Analy-
sis of the correlation between altered lipid elements and
clinical phenotypes using the lipid-QTL model was then
carried out.

Methods and materials

Patient population

Patients that were selected in the study had either SAP,
APE, or AECOPD. The present study was approved by
the Ethical Evaluation Committee of Zhongshan Hos-
pital and designed using a case—control approach. The
patients gave informed consent for lipids analysis and the
ethical code is B2018-187. The study involved 30 patients
(11 SAP, 7 APE and 12 AECOPD) and 15 healthy people.
SAP was defined according to the previous description [8,
9] and APE was diagnosed as described previously [10].
Patient medical history included admittance to the hos-
pital due to an acute infection associated with AECOPD
[11]. Patients were recruited into the study between
October 2016 and March 2017. Healthy controls enrolled
were blood donors at Zhongshan Hospital. Subjects
accompanied with more than one respiratory disease, or
any family history of lung disease, were excluded. Plasma
was harvested from healthy controls (10 female/5 male)
and patients with SAP, ARE, or AECOPD on day one
when they entered the hospital. Informed consent was
given by the subjects themselves before they underwent
lung function tests, high-resolution computed tomogra-
phy and blood collection. The details of the study design
are explained in Fig. 1.

Digital evaluation score system

The Digital Evaluation Score System (DESS) is a score
index used to translate clinical descriptive information
of each phenome into clinical informatics, as described
previously [12]. Using this instrument, we considered
clinical phenomes (e.g. symptoms and signs, biochemical
analyses and clinical imaging) for patients with SAP, APE,
or AECOPD, respectively. When assessing severity each
component was assigned a score of 0, 1, 2 or 4 with the
score of 4 indicating far above normal range or a much



Radio-images

Urine-Blood

Q-Trap measure

Gao et al. J Transl Med (2019) 17:162 Page 3 of 20
Lung diseases (n=7)

Acute ling injury secondary to AECOPD

Acute airway infection, Acute pneumonia,

Acute infection in pulmonary nodules

Acute pulmonary embolism

Acute infection in interstitial pulmonary disease

Acute infection in bronchodilatation

Clinical phenomes [ \ Clinical lipidomes

Patients: Doctors: Lipid extraction: | Fatty acids:
Complaints 5'9"'5_ . Multi-freeze-thaw | Filtering lipids
Symptoms | Examinations Lipid layer Splitting ratio
Descriptions | Recording ESI mode lonization road
Imaging: Liquid biopsy: Lipid extracts: | Lipidomics:
Pathology Biochemicals Extract elation | MetaboAnalyst

Normalization

Super-sounds Body fuilds
DESS=154/600

)"

Clinical bioinformatics

443 lipids Correlations

1 Lipid elements=502/3000

Integrating pheno-lipidome
Element correlations
Phenome-specificity
Disease-specificity

¥

Disease-specific biomarkers

disease-specific biomarkers

Fig. 1 Work-flow of integration processes between clinical phenomes and lipidomic profiles using clinical bioinformatics for the identification of

severe condition, and 0 as the minimum value that indi-
cates that severity is within normal physiological range.
After compiling patient data, we added the points for
each variable. The total DESS scores ranged from 0 to 584
points, with a higher score indicating a more severe con-
dition. Patients were scored on the day when their blood
samples were collected. Of the 500 clinical phenomes
scored and collected in each of three lung diseases,
146 clinical phenomes were listed in Additional file 1:
Table S1 and the terminal data was derived from the sum
of each phenome score.

Lipid extraction for mass spectrometry analysis

A total of 200 ul plasma was taken into a glass tube and
managed, as reported previously [13]. Then, 10 pl inter-
nal standard was added into each glass tube and then
poured into 5 ml of methanol:chloroform:formic acid
(10:10:1). This mixture was shaken vigorously and incu-
bated at — 20 °C overnight. 2 ml of Hajra’s reagent (0.2 M
H;PO,, 1 M KCI) was added, mixed by vigorous shak-
ing and centrifuged at 3000 rpm for 5 min and RT. After
stratification, the lower layer of chloroform was extracted

to another glass tube and nitrogen flow was blown to
200 pl. A phase (isopropyl alcohol:hexane:100 mm
ammonium acetate at 58:40:2) was added to 1 ml. Finally,
the sample was put into a centrifuge at 14,000 rpm at 4 °C
for 20 min. We adopted normal phase liquid chromatog-
raphy and coupled triple-quadrupole mass spectrom-
eter (QTRAP® 6500, SCIEX, Framingham, MA, USA)
to extract the lipid for the positive and negative electro-
spray ionization mode, and Q-Trap in the multiple reac-
tion monitoring mode operation to scan the precursor/
product ion. Each experiment was repeated thrice. With
multiple reaction monitoring data processing Multi-
Quant ™ software (AB SCIEX), the peak area of each pair
was quantified [7]. The formic acid, acetone, acetonitrile,
dithiothreitol, iodoacetamide, ammonium bicarbonate,
and Tris base (Analytical Grade) were purchased from
Sigma-Aldrich (St. Louis, MO, USA), the internal stand-
ard cocktails from Avanti Lipids Polar (MA, USA), and
high-performance liquid chromatography (HPLC) grade
chloroform (CHCl;), methanol, isopropyl alcohol (IPA),
hexane, and ammonium acetate (NH,OAc) from Merck
Millipore (Billerica, MA, USA).
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Measurement of lipidomic profiles

Lipid samples were derived through DB-23 column (30
mx 0.25 mm x 0.25 um) (Agilent Technologies, Santa
Clara, CA, USA) with high purity helium as a carrier
gas with the flow rate of 1.5 ml/min. During the process,
2.0 pl was added, 50:1 s the split ratio, 220 °C as the igni-
tion chamber temperature, and 150 °C as the injection
port temperature. The temperature started from 150 °C
and with an increasing program, reached 250 °C at the
speed of 4 °C/min, and was maintained at 250 °C for
5 min. Working conditions of mass spectrometry mainly
included the ionization source as EI, the ionization volt-
age at 70 eV, the ion source temperature at 200 °C, solvent
delaying for 4 min, the multiplier voltage at 0.9 kV, and
the scan range was 50—650 amu. and subjected to liquid
chromatography-mass spectrometer analysis (FOCUS
DSQTM II, Thermo Fisher Scientific).

Lipid extracts were loaded onto and then eluted with
an Ultremex silica column (250 x 4.6 mm, 5 um) and fit-
ted with a 2 x 4 mm silica guard cartridge (Phenomenex,
Torrance, CA, USA). The sample elation was performed
as a 300 nl/min gradient, during which 50% B was from
0 to 5 min, ramped to 100% from 5 to 30 min linearly
for 10 min, and returned 50% from 40 to 41 min until
the end of the run at 50 min. The Q-Trap was operated
in the multiple-reaction monitoring mode and the differ-
ent precursor/product ion pairs with the mode, including
PE (16:0/16:1):688.8-255.1, PE (16:0/17:1):702.8-255.1,
PC (16:0/15:1):716.8-255.1, PE (18:1/18:1):742.8-281.1,
PE (18:0/18:1):744.8-283.1, PS  (18:1/18:0):788.6—
281.1 (in the electrospray ionization-mode), Cer
(d18:1/16:0):538.8—264.1, Cer (d18:1/24:0):650.8—264.1
(in the electrospray ionization+mode). Experiments
of multiple-reaction monitoring mode for 502 lipids of
plasma samples were also carried out to get lipids pos-
sible chemical structures and to scan pairs and quantifi-
cation results. Data were processed with MultiQuant "
software (AB SCIEX) and the peak area of each pair was
used for further quantification.

Lipidomic data analysis

Multivariate statistical analysis and cluster analysis were
performed using MetaboAnalyst 4.0 (http://www.metab
oanalyst.ca). No lipids were filtered out based on 50%
missing data criteria. Prior to analysis, missing values
were replaced by median and pareto-scaling was used
for normalization of all metabolomic MS intensity data.
In addition, the Metaboanalyst software was used to
make heat map of these three diseases and healthy peo-
ple, dimensionality reduction, or the remaining five main
indicators. The expression of more than 500 lipids was
clearly shown.
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Statistical analysis

Data were presented as mean=SE. Statistical signifi-
cance of differences among groups were determined by
one-way ANOVA test and the difference between each
two groups by Student’s T test with one way and two
tails. Fold changes of each elements in disease group
above health control group were calculated on basis of
the average in each group. Data obtained from the mass
spectra were statistically analyzed using Simca, to obtain
the picture of disease classification. Volcano maps of the
data were based on patients with SAP, APE, or AECOPD,
respectively. p value<0.05 was considered to have sta-
tistical significance. A VIP plot was further used to rank
the lipids based on their importance to differentiate the
four groups. To capture the correlation between clini-
cal phenomes and lipid elements, we used the lipid-QTL
model which was modified from the eQTL-like effect
model to estimate the association of clinical phenomes
with lipid elements. To explore phenome-associated or
specific lipid element changes, the values of lipid ele-
ment quantitative trait loci (IQTL) matrixIQTL R pack-
age was applied to obtain the significant associated
phenome-lipid element pairs and corresponding p-val-
ues, as shown in Additional file 1: Table S1-S3. Matrix-
IQTL implemented the linear model with both additive
and dominant effects. We use Graph Pad Prism to make
the ROC curve to measure the diagnostic accuracy/the
value of early diagnosis between the specific-alternations
of lipid elements with clinical phenomes in SAP, APE, or
AECOPD.

Results

DESS values of clinical phenomes in patients with
SAP, APE, or AECOPD were listed in Additional file 1:
Table S2, according to patient’s chief complaint, physi-
cian examination, biochemical analyses, and imaging.
The sums of clinical phenomes were 63+11, 30+ 10, or
41422 in patients with SAP, APE, or AECOPD, respec-
tively. In order to define the frequency and severity of
clinical phenomes in diseases, we ranked the average of
patient DESS values with significance as compared with
the control and observed the appearance of each phe-
nome among diseases in top 10. We found that p-dimer,
expectoration, and tachypnea appeared in all groups,
in addition to which cough, pulmonary nodule, pleural
thickening, and erythrocyte sedimentation rate in SAP
and AECOPD, C-reaction protein in SAP and APE, or
heart rate in APE and AECOPD, as shown in Table 1.
About 10% of total phenomes showed the statistical sig-
nificance between the two groups, while no phenomes
appeared significant among all three groups (Table 2). Of
those, most also appeared in top 10 of clinical phenomes
in Table 1. Of top 10 clinical phenomes, white blood cells
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Table 1 Top 10 clinical phenomes of patients with severe acute pneumonia (SAP), acute pulmonary embolism (APE),
or acute exacerbation of chronic pulmonary diseases (AECPD) selected from the highest clinical phenotype score

(mean = SE)

SAP APE AECPD

Cough 28240.13 o-dimer (mg/1) 2884022 Cough 267+0.16
Erythrocyte sedimentation rate 23640.16 Pulmonary embolism 2304028 Expectoration 208+0.15
Pulmonary nodule 2.18+0.19 Blood sugar 145+0.26 Pulmonary nodule 208+0.17
White blood cells 218+0.19 Prothrombin time 1434027 Pleural thickening 1.67£0.17
p-dimer 2.1840.19 Heart rate 1.17+£0.28 Tachypnea 1424014
Expectoration 20940.13 Diabetes 1.16+£0.28 Heart rate 1.33+0.16
Tachypnea 1.82+£0.17 C-reaction protein 1.15+£021 Erythrocyte sedimentation rate 1.33+0.15
Pleural thickening 1.82+0.19 Tachypnea 1.02+£0.22 Emphysema 1.33+0.16
Chest auscultation 1.82£0.19 Nutritional status 0.86+0.04 Chest distress 1.17£0.13
C-reaction protein 1.82+0.14 Expectoration 0.74£0.21 o-dimer 1.00£0.15

Table 2 Clinical phenomes of patients with severe acute pneumonia (SAP), acute pulmonary embolism (APE), or acute
exacerbation of chronic pulmonary diseases (AECPD) with statistical significance between each two groups

APE vs SAP AECPD vs SAP AECPD vs APE

Fold p value Fold p value Fold p value
Cough 0.21 0.01* 0.95 0.84 448 0.04*
o-dimer (mg/I) 1.32 0.19 0.46 0.16 035 0.01*
Wheeze 0.29 0.22 1 0.04* 3.29 0.27
Chest auscultation 0.01 0.04* 0.55 033 4643 0.17
C-reaction protein 0.63 037 0.28 0.02* 043 023
Pulmonary embolism 6.32 0.00* 092 0.95 0.14 0.00*
Respiratory rate (times/min) 0.02 0.01* 041 0.25 24.25 046
Fever (C) 049 043 0.14 0.04* 0.29 038
Prothrombin time (s) 262 0.24 0.00 0.13 0.00 0.02*
Performance status scores 0.35 0.30 0.00 0.03* 0.00 0.04*
Hemoglobin (g/1) 0.79 0.80 0.00 0.02* 0.00 0.20
Blood platelet (*10°) 0.00 0.08 0.00 0.02%
Lung consolidation 0.00 0.13 0.00 0.04%

Folds of digital evaluation score system (DESS) scores above SAP or APE were also listed

*The symptoms with statistical significance compared with the two groups of diseases (p<0.05)

and chest auscultation were altered in SAP, pulmonary
embolism, blood sugar, diabetes, nutritional status, or
prothrombin time in APE, or emphysema and chest dis-
tress in AECOPD.

The quality of lipidomic profiles measured and ana-
lyzed was presented in Fig. 1. Orthogonal Partial Least
Squares Discriminant Analysis (OPLS-DA) maps made
by SIMCA statistical software demonstrated the stronger
correlation of 502 lipid elements among groups (Fig. 1a).
Bi-dimension of 502 indicators and two plane projec-
tions of comprehensive analysis showed a clear distin-
guish among SAP, APE, and Healthy controls, while a
difficult separation between SAP and AECOPD (Fig. 1b).
The reliability of bi-dimensional projections was further-
more proved by clusters where patients were identified

into subgroups and the same category of disease was
aggregated (Fig. 1c). The VIP score chart with 10 lipid
elements on the left represents the main lipid elements
to distinguish among four groups, i.e. the contribution
of 10 lipid elements from high to low in order of PI38:4,
PI36:2, P138:3, PA14:0/24:5, PA14:1/20:5, PF32:1, PG41:6,
PE40:7, PG34:1, PI136:1, as shown in Fig. 1d. There is a
clear correlation between lipid contributions and VIP
score values. General values of 502 lipid elements of
patients with control, SAP, APE, or AECOPD in the hot
map demonstrate the difference among groups in Addi-
tional file 2: Figure S1A, B. Of those, about 50 of ele-
ments changed significantly as compared with control
were mapped to show the clear difference among groups
(Figs. 2, 3).
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Table 3 demonstrates that more than twofold elevated
lipid elements of patients with SAP, APE or AECOPD
with statistical significance, as compared with healthy
control (p<0.05 or less). About 90 or 70 lipid elements in
SAP or APE and AECOPD were significantly more than
twofolds(Table 3) above levels of controls, respectively.
In elevated elements, there are 30% phosphatidyletha-
nolamine (PE), 20% lyso-lipids, 14% phosphatidylserine
(PS), 12% phosphatidylglycerol (PG), and 11% phosphati-
dylcholine (PC) in SAP patients; 34% lyso-lipids, 18% PS,
15% PG, 13% PE, and 11% PC in APE; or 33% PE, 19%
PG, 16% lyso-lipids, 13% PC, and 10% PS in AECOPD,
respectively. While, there were about 20 elements in dis-
ease groups significantly less than twofolds below levels
of controls, as shown in Table 4. Of declined those, 67%
phosphatidic acids (PA), 19% PG, and 10% phosphati-
dylinositol (PI) in SAP; 64% PA, 21% PS, and 13% PG in
APE; or 84% PA and 16% PS in AECOPD. There are 23
elements only specific elevated in SAP, 22 in APE, or 8

in AECOPD, respectively (Table 5), while 4-5 elements
only specific declined in disease groups, as shown in
Table 5. There were 33 or 9 common elements elevated or
declined significantly in all SAP, APE, and AECOPD, as
compared with healthy control (p<0.05 or less, respec-
tively, Table 6).

The number of lipid elements elevated in all groups
accounted for 30% of those in SAP and about 50% in APE
and AECOPD, while declined numbers accounted for
about 45% in disease groups. We selected the top 6 ele-
ments of the highest elevation in each group and found
that most of them were also elevated in multiple groups,
by comparing levels of the same elements from one group
with those from others, as shown in Additional file 2:
Figure S2A for SAP, 2B for APE, or 2C for AECOPD. Of
those, the number of lipid elements that either elevated
or declined significantly were listed in Table 5, we also
selected the top 6 specific elements of the highest ele-
vation from SAP (Fig. 4a), APE (Fig. 4b), or AECOPD
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Fig. 3 Map of top 50 lipid elements with the highest expression in patients with control, with severe acute pneumonia (SAP), acute pulmonary
embolism (APE), or acute exacerbation of chronic pulmonary diseases (AECOPD)

(Fig. 4c). We were able to not only screen out the specific
lipid elements of each group by comparing each group of
diseases with those of healthy control, but also screened
for statistically significant lipid elements for each group
of diseases. The first three results with the highest up-
regulation were shown in Table 7. The principal com-
ponent analysis also demonstrated clear possibility to
distinguish between healthy control and diseases, e.g.
principal components 1, 2, 3, 4, and 5 were 56.9, 10.1, 8.7,
7.8, and 4.6% (Fig. 5a). Furthermore, the definite distri-
bution of individual elements within dominate principal
components 1 and 2 was observed between control and
diseases and among other diseases (Fig. 5b). Both were
accounted for more than 70% in the two-dimensional
plan made by PLS-DA. We furthermore analyzed altera-
tions of major C-atoms expressed within lipid elements

and found that the major portions of C-atom elements
were C18:0-C18:2 and C20:2—-C20:4, respectively (Fig. 6).
Levels of C14:0, C20:1, C22:4, or C22:6 were elevated and
C18:0, C20:2, C20:3, or C20:4 were significantly declined
in SAP, while C15:0, C17:0, or C20:5 levels declined
and C20:1 or C22:6 were elevated in all SAP, APE, and
AECOPD, respectively. Figure 7a showed a definite dif-
ference of major lipid distributions among groups which
included 502 lipid elements, of which some were signifi-
cantly elevated or declined in SAP (Fig. 7b), APE (Fig. 7¢),
or AECOPD (Fig. 7d).

With the aim to identify disease phenome-specific
lipid elements, circulating levels of lipid elements were
integrated with clinical phenomes in patients with SAP
(Fig. 8a), APE (Fig. 8b), or AECOPD (Fig. 8c), respec-
tively. About 24, 20, or 19 lipid elements respectively,
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Table 3 More than twofold elevated lipid elements of patients with severe acute pneumonia (SAP), acute pulmonary
embolism (APE), or acute exacerbation of chronic pulmonary diseases (AECPD) with statistical significance, as compared
with healthy control (p <0.05 or less)

SAP APE AECPD

Elements Folds Pyalue Elements Folds Pyalue Elements Folds Pyalue
PC18:1/23:1 2549 0.05 PS30:1 8.12 0.00 PC18:1/23:1 12.39 001
d181So 2171 0.04 PI36:3 6.86 0.02 PI36:3 8.21 0.00
PS30:1 12.38 0.02 PS31:1 563 0.00 PS30:1 721 0.00
PI36:3 9.59 0.00 lysoPE19:0 5.09 0.05 lysoPE19:0 6.92 0.03
lysoPS17:1 8.70 0.03 PG30:1 4.89 0.00 lysoPl 22:4 (sn-1) 5.55 0.03
lysoPE19:0 8.66 0.02 PS31:0 470 0.00 PC41:6 5.50 0.03
lysoPI22:6 (sn-1) 741 0.01 lysoPS18:2 415 0.01 PG30:1 5.26 0.00
PE 40:3 6.96 0.02 PC 16:0/26:0 3.98 0.02 PG31:0 5.21 0.00
PS30:0 6.74 0.03 lysoPC22:0 (sn-1) 3.70 0.04 PE 40:3 5.06 0.00
PE 40:2 6.56 0.00 PE 40:3 3.68 0.01 PE 40:2 4.95 0.00
PC41:6 6.56 0.03 PS30:0 3.60 0.05 PG31:1 4.86 0.00
PE 40:1 6.19 0.00 PE 40:2 352 0.01 lysoPI22:6 (sn-1) 4.83 0.00
PE42:8 6.02 0.03 PS37:6 3.51 0.03 PE 40:1 476 0.00
lysoPE22:6 (sn-1) 5.99 0.05 PE40:1 3.50 001 PS30:0 4.8 0.00
lysoPG14:0 5.90 0.01 PG30:0 3.50 0.00 PE 387 4.09 0.00
PE 38:1 5.76 0.00 PG31:0 349 0.00 PC 39:4 (18:0/21:4) 4.00 0.03
lysoPS16:0 544 0.01 PG31:1 347 0.00 lysoPC 15:1 (sn-1) 4.00 0.04
lysoPS15:1 544 001 lysoPS15:1 342 001 PC39:3 (18:0/21:3) 3.95 0.03
PE 397 533 0.00 PE 397 3.27 0.02 PE 38:1 3.90 0.00
PS31:1 5.32 0.00 PC19:0/21:2 324 0.02 PE 40:7 3.82 0.00
PE 382 522 0.00 PE42:8 3.13 0.04 PE 36:5 3.67 0.00
PE 40:7 4.86 0.00 lysoPS16:1 3.09 0.01 PE39:7 361 0.00
PG30:1 478 0.00 PE 38:1 3.06 0.04 lysoPE19:1 361 0.04
PE 383 4.60 0.02 PC 19:0/19:0 3.05 0.02 PE42:8 358 0.01
PC39:3 (18:0/21:3) 458 0.01 PE 387 3.01 0.05 lysoPS18:2 344 0.00
PC39:4(18:0/21:4) 4.57 001 lysoPS17:0 301 0.01 PC393 339 0.02
PC39:3 446 0.01 lysoPC15:1 (sn-1) 2.87 0.01 PG30:0 3.39 0.00
PS32:0 443 0.03 PG34:0 284 0.01 PE 385 333 0.00
PE 40:4 4.30 0.04 PG34:1 2.80 0.01 PE 38:2 329 001
PG31:0 4.28 0.00 lysoPS19:0 2.74 0.01 lysoPS22:6 3.28 0.05
PE 387 4.25 0.00 PG32:0 265 0.00 lysoPC 17:1 (sn-1) 324 0.04
PG31:1 4.19 0.00 PE 383 2.60 0.03 PC 19:0/21:2 3.24 0.03
PE 385 418 0.01 lysoPC22:6 (sn-1) 256 0.01 PC39:5 (18:0/21:5) 3.20 0.03
PE 36:1 4.10 0.00 lysoPG16:1 2.55 0.04 PS31:1 3.17 001
PS32:1 4.07 0.01 pS34:4 2.50 0.02 PE 38:3 3.06 0.01
lysoP120:2 (sn-1) 4.02 0.02 lysoPC19:0 (sn-1) 2.50 0.01 PE40:4 3.03 0.02
PE 36:5 3.99 0.00 PG32:2 249 0.01 PE 37:6p 3.00 0.01
PE37:7p 397 0.00 lysoPC20:3 (sn-1) 248 0.02 PG34:0 297 0.00
PE 37:6p 383 0.00 PS34:5 243 0.03 PG32:0 2.96 0.00
lysoPS18:2 3.83 0.01 lysoPC20:5 (sn-1) 240 0.01 PC396 2.87 0.02
PE 35:6p 3.80 0.01 lysoPC16:1 (sn-1) 240 001 PS31:0 2.85 001
PC 39:5(18:0/21:5) 3.77 0.01 PG32:1 240 0.01 PG34:1 2.84 0.01
lysoPS14:0 364 0.02 PE 35:5p 240 0.02 PG34:5 2.81 0.00
lysoP119:0 (sn-1) 3.52 0.00 PC39:0 (18:0/21:0) 236 0.00 lysoPI20:0 (sn-1) 2.80 0.03
PC396 351 0.01 PS34:3 2.35 0.05 PE 35:5p 2.73 0.01

PC39:2 (18:0/21:2) 345 0.02 lysoPC18:0 (sn-1) 2.33 0.01 PE 35:6p 2.72 0.01
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Table 3 (continued)

SAP APE AECPD

Elements Folds Pvalue Elements Folds Pyalue Elements Folds Pyalue
lysoPE19:1 334 0.03 lysoPC20:4 (sn-1) 2.31 0.01 lysoPS20:4 2.71 0.03
lysoPS18:3 332 0.01 lysoPC18:3 (sn-1) 2.30 0.03 PE 38:6 2.64 0.00
PG30:0 331 0.00 PC41:6 2.30 0.00 PG32:1 2.52 0.01
PE 406 322 0.01 PG33:1 228 0.00 PE377p 251 0.03
PE 35:5p 3.15 0.00 PS36:6 227 0.04 PE 36:6 248 0.01
PC 19:0/21:2 3.15 0.02 lysoPC20:2 (sn-1) 226 0.03 PG32:2 247 0.01
PS35:3 3.12 0.01 PE 35:6p 2.25 0.04 lysoPG15:0 246 0.04
PC 19:0/19:0 2.99 0.01 lysoPC17:0 (sn-1) 2.22 0.01 PE 40:6 244 0.01
PG34.0 297 0.02 PC 40:6 220 0.00 PS35:3 240 0.03
pS34:2 294 0.01 PS35:3 2.20 0.02 lysoPC16:1 (sn-1) 2.37 0.04
PE42:7 292 0.04 lysoPC20:0 (sn-1) 220 0.03 PS34:3 235 0.00
PG32:0 292 0.00 lysoPS20:5 2.20 0.03 PG34:4 2.32 0.01
pS37:6 2.89 0.01 pS38:7 2.18 0.01 PS37:6 2.27 0.00
PE 37:5p 2.87 0.02 PC 407 217 0.00 PE 36:4 222 0.01
lysoPC 22:0 (sn-1) 2.80 0.01 PS36:5 2.14 0.05 PG33:.0 2.22 0.02
lysoPS19:0 277 0.01 lysoPC16:0 (sn-2) 212 0.01 PS34:4 222 0.00
PG32:2 2.71 0.00 lysoPC15:0 (sn-2) 2.12 0.04 PE 36:1 2.20 0.03
PS34:3 2.68 0.01 PS33:0 211 0.02 PE37:5p 2.20 0.03
PG34:1 268 0.00 PC39:4(18:0/21:4) 2.09 0.00 PG33:1 218 0.01
PS34:4 267 0.00 lysoPC 18:1 (sn-1) 2.05 0.02 PC39:7 213 0.01
PE 386 267 0.01 PG33:0 2.04 0.05 PS37:5 2.10 0.01
PE 37:3 2.66 0.05 PC40:4 2.00 0.00 PC37:3 2.09 0.04
psS36:5 2.64 0.01 PG36:2 2.08 0.01
PE 36:6 260 0.01 PE 384 2.08 0.02
PS34:5 2.58 0.00

PE 384 253 0.02

pC39:7 249 0.01

PG34:5 248 0.01

PG34:4 246 0.00

PC37:4 244 0.02

lysoPG16:1 243 0.01

PG32:1 2.36 0.00

PC37:3 2.35 0.02

PE 36:4 230 0.01

PE 35:1 2.26 0.04

PS35:2 223 0.01

PS33:2 2.23 0.04

pPC 40:4 2.19 0.00

PG33:0 211 0.02

PE 39:6 211 0.02

PC 40:6 211 0.00

lysoPG18:3 2.08 0.04

PC40:5 2.06 0.00

pPC40:8 2.01 0.03
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Table 4 Less than twofold declined regulated lipid elements of patients with severe acute pneumonia (SAP), acute
pulmonary embolism (APE), or acute exacerbation of chronic pulmonary diseases (AECPD) with statistical significance,

as compared with healthy control (p <0.05 or less)

SAP APE AECPD

Elements Folds Pyalue Elements Folds Pyalue Elements Folds Pyalue
PS41:6 0.50 001 PA 16:0/20:1 0.50 0.03 PA 16:0/20:1 047 0.02
PA 16:0/20:1 048 0.02 PS41:6 049 0.02 PS41:6 0.46 0.01
PI38:1 047 0.00 PA 16:0/18:3 048 0.04 PS 18:0/22:3 046 0.01
PG40:5 047 0.03 PG39:3 043 0.05 PS 20:3/22:6 045 0.02
PA 18:3/18:4 043 0.01 PA 17:0/13:0 041 0.04 PA 10:0/18:1 0.44 0.02
PG39:3 04 0.03 PA 15:1/24:0 039 0.03 PA 10:0/18:0 043 0.00
PG37:1 0.40 0.04 pS38:1 0.39 0.02 PA 18:3/18:4 041 0.02
PI18:0/17:1 039 0.00 PG37:1 036 0.04 PA16:1/18:3 038 0.02
PA 16:1/18:3 0.38 0.02 PA 18:0/20:5 0.35 0.02 PA15:1/24:0 0.37 0.02
PA 18:4/19:1 0.38 0.04 PS40:1 032 0.04 PA14:1/21:4 0.36 0.03
PA 19:0/22:5 037 0.04 PA 20:0/21:5 031 0.02 PA 18:4/19:1 035 0.03
PG40:6 0.33 0.00 PA 15:0/25:0 0.29 0.04 PA 19:0/22:5 0.33 0.03
PA 15:1/24:0 033 0.01 PA 14:0/24:5 0.18 0.04 PA 16:1/18:4 033 0.03
PA 14:1/21:4 032 0.02 PA 14:1/20:5 0.11 0.00 PA 16:0/18:3 032 001
PG40:8 0.31 0.00 PA 15:0/20:5 0.04 0.01 PA 17:0/13:0 0.30 0.01
PA 16:0/18:3 0.31 0.00 PA 19:0/23:0 029 0.03
PA 19:0/23:0 0.31 0.03 PA 20:0/21:5 0.25 0.01
PA 17:0/13:0 028 001 PA 15:0/25:0 022 0.02
PA 18:1/20:4 0.25 0.04 PA 14:1/20:5 0.10 0.00
PA 20:0/21:5 0.22 0.01 PA 15:0/20:5 0.06 0.00
PA 15:0/25:0 0.20 0.01

PA 14:1/20:5 0.08 0.00

PA 15:0/20:5 0.04 0.00

from those phenome-lipid element pairs of patients with
SAP, APE, or AECOPD, had significant differences as
shown in heatmap patterns. Various lipid elements and
the corresponding clinical phenotype were clearly seen
in Fig. 8, where, lysoPE 19:0 and lysoPS 14:0 were corre-
sponded to 23 clinical phenotypes in SAP (Figure 8A1l),
rather than in APE and AECOPD. In addition, up-regu-
lated lysoPG14:0 and lysoPE 22:6 or down-regulated PA
19:0/23:0 and PA 15:0/25:0 as well as PA 20:0/21:5 were
corresponded to pulmonary hypertension, high sweats,
smoking time, Na®, P2 hyperfunction, PaCO,, blood
sugar, and SaO, (Fig. 8A2). In patient with APE, up-reg-
ulated lysoPS17:0 and PC16:0/26:0 were highly correlated
with clinical phenotypes (Fig. 8B1) andhad the highest
specificity of disease, and differed from other diseases.
Clinical phenomes, e.g. tchypne, urea, pleural thicken-
ing, and increased intracranial pressure, were associated
with PS 38:1, lysoPC 22:6/18:0/22:0, PA 15:00/25:0/20:0
/21:5/14:1/20:5/15:0/20:5, PC 39:0, lysoPS 18:2, PS 40:1
(Fig. 8B2). In AECOPD, LypoPS 22:6 and lysoPG 15:0
were highly correlated with wheezing rate, CEA, reduced
exercise tolerance, lung examination/barrel chest, and

P2 hyperfunction (Fig. 8C1), while PA 20:0/21:5/15:0/25
:0/16:0/18:3/18:4/19:1 with pulmonary embolism, weak-
ness, dypnea (Fig. 8C2). Additional file 2: Figures S3 and
S6 demonstrated that diagnostic accuracies of specific
lipid elements were 0.70-0.90, 0.70—0.80, or 0.70—0.90 in
SAP, APE, or AECOPD, respectively (p <0.05 or less). We
screened out specific-increased lipid elements listed in
Table 5, and listed the AUC levels of lipid element speci-
ficity with significant difference in Table 8.

Discussion

With the rapid development of biotechnology and under-
standing on lipids, the number of scientific publications
on lipidomics has been increased exponentially during
the last decade. Lipidomics as a tool has been used to
experimentally and clinically define the lipid profiling of
lung tissue and plasma and the relationship between lipid
characterization and lung function. Initially, components
of rat surfactant lipidomics were dynamically investi-
gated, of which palmitoyl-myristoyl-PC and its frag-
ments was considered as an integral component of active
surfactant and correlated with respiratory rate but not
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Table 5 Disease-specific profiles of elevated twofold lipid elements of patients with severe acute pneumonia (SAP), acute
pulmonary embolism (APE), or acute exacerbation of chronic pulmonary diseases (AECPD) with statistical significance,

as compared with healthy control (p <0.05 or less)

SAP APE AECPD
Elements Folds Pyalue Elements Folds Pyalue Elements Folds Pyalue
Elevated twofold lipid elements
d181So 21.71 0.04 PC 16:0/26:0 398 0.02 lysoPl 22:4 (sn-1) 555 0.03
lysoPS17:1 8.70 0.03 lysoPS16:1 3.09 0.01 lysoPS22:6 3.28 0.05
lysoPE 22:6 (sn-1) 599 0.05 lysoPS17:0 3.01 0.01 lysoPC 17:1 (sn-1) 324 0.04
lysoPG14:0 5.90 0.01 lysoPC 22:6 (sn-1) 2.56 0.01 lysoPl 20:0 (sn-1) 2.80 0.03
lysoPS16:0 544 0.01 lysoPC 19:0 (sn-1) 2.50 0.01 lysoPS20:4 2.71 0.03
PS32:0 443 0.03 lysoPC 20:3 (sn-1) 248 0.02 lysoPG15:0 246 0.04
PS32:1 4.07 0.01 lysoPC 20:5 (sn-1) 240 0.01 PS37:5 2.10 0.01
lysoPI 20:2 (sn-1) 402 0.02 PC39:0 236 0.00 PG36:2 2.08 0.01
lysoPS14:0 3.64 0.02 lysoPC 18:0 (sn-1) 2.33 0.01
lysoPl 19:0 (sn-1) 3.52 0.00 lysoPC 20:4 (sn-1) 2.31 0.01
PC39:2 345 0.02 lysoPC 18:3 (sn-1) 230 0.03
lysoPS18:3 332 0.01 PS36:6 2.27 0.04
PS34:2 294 0.01 lysoPC 20:2 (sn-1) 226 0.03
PE 42:7 2.92 0.04 lysoPC 17:0 (sn-1) 2.22 0.01
PE 37:3 2.66 0.05 lysoPC 20:0 (sn-1) 2.20 0.03
PC 374 244 0.02 lysoPS20:5 220 0.03
PE 35:1 226 0.04 pS38:7 218 0.01
PS33:2 223 0.04 PC 40:7 217 0.00
pS35:2 2.23 0.01 lysoPC 15:0 (sn-2) 2.12 0.04
PE 39:6 211 0.02 lysoPC 16:0 (sn-2) 212 0.01
lysoPG18:3 2.08 0.04 PS33:0 211 0.02
PC40:5 2.06 0.00 lysoPC 18:1 (sn-1) 2.05 0.02
PC 40:8 2.01 0.03
Declined twofold lipid elements
PA 18:1/20:4 0.25 0.04 PA 14:0/24:5 0.18 0.04 PA 10:0/18:0 043 0.00
PG40:5 047 0.03 PA 18:0/20:5 035 0.02 PA 10:0/18:1 044 0.02
PG40:6 033 0.00 pPS38:1 0.39 0.02 PA 16:1/184 033 0.03
PG40:8 031 0.00 PS40:1 032 0.04 PS 18:0/22:3 046 0.01
PI18:0/17:1 0.39 0.00 PS 20:3/22:6 045 0.02

with alveolar structure [14]. Telenga et al. measured more
than 1500 lipid compounds in sputum of smokers with or
without COPD, and found that 13 lipids differed between
smokers and COPD which correlated with lower lung
function and inflammation and 20 sphingolipids between
smokers and non-smokers reduced after 2-month
smoking cessation [15]. Our previous studies demon-
strated that plasma levels of PS and lysoPS were signifi-
cantly increased, while lysoPE and PE were decreased in
patients with lung cancer, and firstly reported profiles of
lung cancer-specific and subtype-specific lipidomics, cor-
related with gene expression profiles of lipid-associated
enzymes and proteins [7].

Lipidomics as lipid-targeted metabolomics
describes comprehensive profiles of lipid elements in

multi-samples which can distinguish healthy tissue and
diseased tissue as an alternative of promising biomark-
ers [16]. Alterations of lipidomic profiles are highly
dependent upon changes of membrane structure, energy
storage, and signal transduction in human disease. For
example, the previous study demonstrated that 28 lipid
elements co-existed in all subtypes of lung cancer as
lung cancer-specific biomarkers, while levels of PG or
PI were mainly reduced in squamous cell carcinomas or
adenocarcinoma, and PS or PE levels were elevated in
adenocarcinoma or small cell lung cancer as lung can-
cer subtype-specific biomarkers [7]. Chen et al. found
that levels of PE elements dominantly increased in early-
stages of non-small cell lung cancer and proposed those
as biomarkers [17]. Values of lipidomic profiles as disease
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Table 6 Common profiles of elevated twofold lipid elements of ALL patients with severe acute pneumonia (SAP), acute
pulmonary embolism (APE), or acute exacerbation of chronic pulmonary diseases (AECPD) with statistical significance,
as compared with healthy control (p <0.05 or less)

Elements SAP APE AECPD
Folds Pvalue Folds Pvalue Folds Pvalue

lysoPE19:0 8.66 0.02 5.09 0.05 6.92 0.03
lysoPS18:2 3.83 0.01 415 0.01 344 0.00
PC19:0/21:2 3.15 0.02 324 0.02 324 0.03
PC 394 4.57 0.01 2.09 0.00 4.00 0.03
PC41:6 6.56 0.03 2.30 0.00 5.50 0.03
PE 35:5p 3.15 0.00 240 0.02 2.73 0.01
PE 35:6p 3.80 0.01 225 0.04 2.72 0.01
PE 38:1 5.76 0.00 3.06 0.04 3.90 0.00
PE 383 4.60 0.02 2.60 0.03 3.06 0.01
PE 387 425 0.00 3.01 0.05 4.09 0.00
PE 397 533 0.00 327 0.02 361 0.00
PE 40:1 6.19 0.00 3.50 0.01 4.76 0.00
PE 40:2 6.56 0.00 352 0.01 4.95 0.00
PE 40:3 6.96 0.02 3.68 0.01 5.06 0.00
PE 42:8 6.02 0.03 3.13 0.04 3.58 0.01
PG30:0 331 0.00 3.50 0.00 339 0.00
PG30:1 4.78 0.00 4.89 0.00 5.26 0.00
PG31:0 428 0.00 349 0.00 5.21 0.00
PG31:1 4.19 0.00 347 0.00 4.86 0.00
PG32:0 292 0.00 265 0.00 2.96 0.00
PG32:1 236 0.00 240 0.01 2.52 0.01
PG32:2 271 0.00 249 0.01 247 0.01
PG33:0 2.1 0.02 204 0.05 222 0.02
PG34:0 297 0.02 284 0.01 297 0.00
PG34:1 2.68 0.00 2.80 0.01 2.84 0.01
PI36:3 9.59 0.00 6.86 0.02 8.21 0.00
PS30:0 6.74 0.03 3.60 0.05 4.18 0.00
PS30:1 12.38 0.02 8.12 0.00 7.21 0.00
PS31:1 532 0.00 563 0.00 317 0.01
PS34:3 2.68 0.01 235 0.05 235 0.00
PS34:4 267 0.00 2.50 0.02 222 0.00
PS35:3 312 0.01 2.20 0.02 240 0.03
pS37:6 2.89 0.01 351 0.03 227 0.00
PA 14:1/20:5 0.08 0.00 0.11 0.00 0.10 0.00
PA 15:0/20:5 0.04 0.00 0.04 0.01 0.06 0.00
PA 15:0/25:0 0.20 0.01 0.29 0.04 0.22 0.02
PA 15:1/24:0 033 0.01 0.39 0.03 037 0.02
PA 16:0/18:3 0.31 0.00 0.48 0.04 0.32 0.01
PA 16:0/20:1 048 0.02 0.50 0.03 047 0.02
PA 17:0/13:0 0.28 0.01 0.41 0.04 0.30 0.01
PA 20:0/21:5 0.22 0.01 0.31 0.02 0.25 0.01

PS41:6 0.50 0.01 0.49 0.02 0.46 0.01
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Fig. 4 Top 6 lipid elements with the highest expression in patients with

respectively, as compared with healthy patients

or acute exacerbation of chronic pulmonary diseases (¢ AECOPD), after comparing with healthy patients.*, **p values less than 0.05 and 0.01,

severe acute pneumonia (a SAP), acute pulmonary embolism (b APE),

biomarkers can be increased and specialized when the
concept of clinical trans-omics is introduced and applied
[18]. Clinical lipidomics is a new extension of lipidom-
ics to study lipid profiles, pathways, and networks by

characterizing and quantifying the complete spectrum
of lipidomes in samples of patients, and to link the lipi-
domics components to clinical phenomics [19]. The pre-
sent study detailed clinical phenomes and converted the
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Table 7 Top 3 more than twofold elevated lipid elements of patients with severe acute pneumonia (SAP), acute
pulmonary embolism (APE), or acute exacerbation of chronic pulmonary diseases (AECPD) with statistical significance,

as compared with each other (p <0.05 or less)

APE p Fold
Compared with SAP
PG40:1 0.03 202
PG40:6 0.01 2.04
PS 18:0/22:3 0.01 2.07
SAP p Fold AECPD P Fold
Compared with APE
PC 39:3(18:0/21:3) 0.03 2.79 lysoPG20:0 0.01 2.65
PC 39:3(19:0/20:3) 0.03 255
SAP p Fold APE p Fold
Compared with AECPD
lysoPS15:1 0.05 253 PS 18:0/22:3 0.00 243
PS 19:0/19:0 0.02 233
PS 20:3/22:6 0.04 213
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disease-associated or specific phenomes were obvious
when compared to different pathogeneses.

Critical illnesses such as severe acute physical stress
is often accompanied with dysfunction of immune

descriptive information into digital information using the
digital evaluation score system [2, 20]. Among selected
diseases in the present study, we noticed acute clini-
cal phenomes were highly consistent and similar, while
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Table 8 AUC values of specific lipid molecules in SAP, APE, AECPD, “*” indicated statistically significant

SAP APE AECPD

Specific molecules AUC Specific molecules AUC Specific molecules AUC
d181so 0.76* LysoPC15:0(sn-2) 0.72* LysoPC17:1(sn-1) 0.71*
LysoPE22:6(sn-1) 0.74% LysoPC16:0(sn-2) 0.78*% LysoPG15:0 0.67

LysoPG14:0 0.85* LysoPC17:0(sn-1) 0.77* LysoPI120:0(sn-1) 0.74*
LysoPG18:3 0.70 LysoPC18:0(sn-1) 0.78*% LysoP122:4(sn-1) 0.81%
LysoPI19:0 0.82* LysoPC18:1(sn-1) 0.77*% LysoPS20:4 0.76*
LysoP120:2 0.74* LysoPC18:3(sn-1) 0.79* LysoPS22:6 0.71*
LysoPS14:0 0.73* LysoPC19:0(sn-1) 0.80* PG36:2 0.81*
LysoPS16:0 0.79* LysoPC20:0(sn-1) 0.75% PS37:5 0.78*
LysoPS17:1 0.69 LysoPC20:2(sn-1) 0.73* PA10:0/18:0 0.82*
LysoPS18:3 0.74* LysoPC20:3(sn-1) 0.80* PA10:0/18:1 0.68

PA18:1/20:4 0.66 PA14:0/24:5 0.77* PA16:1/18:4 0.75*
PG40:5 0.64 PA18:0/20:5 0.66 PS18:0/22:3 0.73*
PG40:6 0.76* PS38:1 0.81* PS20:3/22:6 0.67

PG40:8 0.69 PS40:1 0.81

P118:0/17:1 0.83* LysoPC20:4(sn-1) 0.78*

PC37:4 0.86* LysoPC20:5(sn-1) 0.84*

PC39:2 0.86* LysoPC22:6(sn-1) 0.83*

PC40:5 0.86* LysoPS16:1 0.71*

PC40:8 0.72* LysoPS17:0 0.77*

PE35:1 0.80* LysoPS20:5 0.72*

PE37:3 0.77* PC16:0/26:0 0.82*

PE39:6 0.82% PC39:.0 0.85*

PE42:7 0.83* PC40:7 0.85*

PS32:0 0.77% PS33:0 0.73*

PS32:1 0.79* PS36:6 0.72*

pS33:2 0.69 PS38:7 0.78*

PS34:2 0.86*

pS35:2 0.72*

responses and systemic metabolism that contribute to the
severity of disease. SAP is one of the common initiators
that can induce or worsen critical illnesses in intensive
care unit and is frequently associated with high mortality
and morbidity. The present study sets out to investigate
clinical lipidomics in bacteria-caused SAP and discov-
ered PA and PG as major elements (>75% of total lipids
measured) that declined in patients with SAP, while half
of the increased elements were PE and lyso-lipids. Char-
acterizations of circulating lipidomic profiles in SAP pre-
sent different from non-infection acute lung injury (e.g.
APE) and from acute exacerbation on basis of chronic
lung jury (e.g. AECOPD). Elevated levels of lyso-lipids
may be one of the major metabolites and signal pathways
in SAP. Wu et al. found that there was a comprehensive
increase of phosphatidylinositol and lysophospha tidylin-
ositol levels in recovering patients who suffered from
sepsis secondary to SAP, and proposed that lyso-lipids
might play a role in metabolic disruptions [21]. However,

the altered values of lipidomic profiles per se sound less
disease specificity, since lyso-lipids were also elevated in
APE (30%) or AECOPD (16%), and PA mainly declined in
both APE and AECOPD.

In order to increase the disease specificity, clinical
bioinformatics has been developed to integrate patient
phenomes with genomic and proteomic profiles and
suggested as a powerful tool to identify and validate
disease-specific biomarkers and therapeutic targets [22].
For example, Chen et al. integrated clinical informat-
ics with proteomic profiles and selected a panel of pro-
teins for diagnosis of AECOPD [2]. Wu et al. screened
AECOPD-specific panels of gene expression profiles by
RNA sequencing and microarray and then correlated it
with clinical phenomes dynamically [23]. Shi et al. fur-
thermore integrated comprehensive profiles of genomics
and proteomics with clinical phenomes in AECOPD and
validated mechanic roles of one identified target mol-
ecule osteopontin [3]. The present study demonstrated
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that some of the lipid elements only showed signifi-
cantly elevated levels in one of SAP, APE, or AECOPD,
whereas other lipid elements showed elevated levels to
varying degrees across all groups. This might have been
resulted from the limited sample of patients, metabo-
lites with less specificity, or due to the variation of
severity of disease in each patient. In the study, through
simulated 1QTL model and integrated lipidomic and
phenomic profiles we discovered disease-specific pan-
els of lipid elements, although some of those appeared
in all SAP, APE, and AECOPD patients (e.g. PE40:2/
PE18:1/22:1, PE40:1/PE22:/18:1, PG30:1), some in two
groups, and some only in one group. In selected dis-
ease-specific panel, lysoPG14:0, PE38:2/PE18:1/20:1,
PS32:0, or lysoPS17:1 in SAP, lysoPS18:2 in APE, or
PS30:0 and PE38:7/PE16:1/22:6/18:2/20:5 in AECOPD.
One clinical phenotype can be associated with a variety
of altered lipid elements, e.g. erythrocyte sedimenta-
tion rate which corresponded with PS32:0, lysoPS 14:0,
PC 18:1/23:1, PS 40:8, PC16:0/26:0, lysoPS 20:4, and
PC 18:1/23:1; PaCO, (mmHg) with lysoPE 22:6 (sn-1),
lysoPG14:0, PA15:0/25:0, PA 20:0/21:5, PA 17:0/13:0, and
PA19:0/23:0; of which the most are down-regulated lipid
elements. The abnormality of erythrocyte sedimentation
rate is present in all three diseases and can be contributed
with a large number of abnormal metabolites, of which
altered lipid elements can be the part of mechanism. On
the other hand, one altered lipid element can be corre-
sponded to a plurality of clinical phenotypes, indicat-
ing that the lipid elements play an important role in the
development of multi-phenomes. Of those, some altered
lipid elements are disease-specific or phenome-specific,
although the exact value as diagnostic biomarkers need
to be furthermore validated as suggested [24—32].

Our present and previous data confirm that lipidomic
profiles of diseases per se can differ between healthy
patients and patients whom have a disease. The DESS
scores were used as quantitative phenomes, and the asso-
ciation between lipidomics and DESS scores were cap-
tured by our “lipid-clinic” model on different groups of
patients with different diseases respectively. For one cate-
gory of patients, the lipids associated with severe disease
state (i.e. large DESS score) would be dissimilar to those
with other categories of patients. Thus, our results sup-
plied the disease-specific lipids associated with particular
disease severity, and these disease-specific lipids would
be applied as potential biomarkers or therapeutic targets
for given disease. Maile et al. found that changes in some
lipid concentrations over time did not differ between sur-
vivors and non-survivors of patients with ARDS, while
some appeared different after using multi-comparisons
[33]. On the one hand, eQTL usually models the asso-
ciation between DNA data (e.g. sequence variants as
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genotype) and mRNA data (e.g. gene expression as quan-
titative molecular phenotype). On the other hand, this
work tends to model the association between lipid data
(e.g. lipidomics as molecular phenotype) and clinical
data (e.g. DESS scores as quantitative phenomes). Thus,
we hold an assumption that the association concept and
mathematical model of conventional eQTL study can
also be applied in detect the lipid-clinic association, so
that, we borrowed the calculation methods from eQTL
to this work. To avoid the confusion, we change the term
“lipid-QTL model” to “lipid-clinic model” in revision.
The modified “eQTL” analysis associated the values of
individual lipid elements as patient lipid variations with
index levels of each clinical phenome as patient disease
phenotype. There are still urgent needs to develop more
specific and accurate analytic methods to lipidomic pro-
files with clinical phenomes, genomics, and proteomics.
It would be more helpful if the measurements of lipid-
omic profiles and expression of genes and proteins can
be performed in the same cell bulks, or more optimally
in the same single cell. The preliminary information on
the clinical trans-omics was generated from the current
study, although there is still a large space for improve-
ment in future.

Conclusions

The morbidity and mortality of critical illnesses remain
high in intensive care units due to lack of understanding
biomarkers and mechanisms. The present study demon-
strates that lipidomic profiles of patients with acute lung
diseases are different from healthy lungs, and there are
also disease-specific portions of lipidomics among SAP,
APE, or AECOPD. The comprehensive profiles of clini-
cal phenomes or lipidomics are valuable in describing
the disease specificity of patient phenomes and lipid ele-
ments. The combination of clinical phenomes with lipi-
domic profiles provides more detailed disease-specific
information on panels of lipid elements when compared
to the use of each separately. With integrating biological
functions with disease specificity, we believe that clini-
cal lipidomics will create a new alternative way to under-
stand lipid-associated mechanisms of critical illnesses
and develop a new category of disease-specific biomark-
ers and therapeutic targets.

Additional files

Additional file 1. Additional tables.

Additional file 2: Figure S1. The map of lipidomic profiles of healthy con-
trol or patients with severe acute pneumonia, acute pulmonary embolism,
or acute exacerbation of chronic pulmonary diseases. The average levels
of 502 lipid elements were used and scattered from blue to red colors,
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indicating levels of lipid elements changes from low to high. Figure S2.
Top 6 of the highest values of lipid elements were selected from healthy
patients or patients with control, with severe acute pneumonia (SAP),
acute pulmonary embolism (APE), or acute exacerbation of chronic pul-
monary diseases (AECOPD). Those top 6 elements selected are independ-
ent upon statistical significance, different from Figure S4. Figure S3.The
ROC curve of up-regulated lipid elements in severe acute pneumonia with
statistical significance. Figure S4.The ROC curve of up-regulated lipid ele-
ments in acute pulmonary embolism with statistical significance. Figure
S5.The ROC curve of up-regulated lipid elements in acute exacerbation
of chronic pulmonary diseases with statistical significance. Figure S6. The
ROC curve of down-regulated lipid elements in severe acute pneumonia,
acute pulmonary embolism, or acute exacerbation of chronic pulmonary

diseases with statistical significance.
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