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Abstract

Background: Lung cancer remains the leading cause of mortality from malignant tumors, non-small cell lung cancer
(NSCLC) accounts for the majority of lung cancer cases, and individualized diagnosis and treatment is an effective
trend. The individual characteristics of different traditional Chinese medicine (TCM) syndromes of NSCLC patients may
be revealed by highly specific molecular profiles.

Methods: In this study, 10 NSCLC patients with Qi deficiency and Yin deficiency (QDYD) syndrome and 10 patients
with Qi deficiency of lung-spleen (QDLS) syndrome in TNM stage Ill-IV as well as 10 healthy volunteers were enrolled.
Aiming at the varied syndromes of NSCLC patients with “Yin deficiency”as the main difference, a proteomics research
based on data-independent acquisition (DIA) was developed. Of the dysregulated proteins in NSCLC patients, lipid
metabolism was significantly enriched. Thereafter, nontargeted lipidomics research based on UPLC-Q-TOF/MS was
performed in 16 patients, with 8 individuals randomly selected from each syndrome group. Furthermore, the con-
siderably different characteristics between the syndromes and pathological mechanisms of NSCLC were screened

by statistical and biological integrations of proteomics and lipidomics and the differential metabolic pathways of the
two similar syndromes were further explored. Besides, lipids biomarkers were verified by a clinically used anticancer
Chinese medicine, and the level of key differential proteins in the two syndromes was also validated using ELISA.

Results: The results showed that glycerophospholipid metabolism, sphingolipid metabolism, glycolipid metabolism,
and primary bile acid biosynthesis were altered in NSCLC patients and that glycerophospholipid metabolism was
significantly changed between the two syndromes in lipidomics analysis. Among the proteins and lipids, ALDOC and
lysophosphatidylcholine (LPCs) were revealed to have a strong relationship by statistical and biological integration
analysis, and could effectively distinguish QDLS and QDYD syndromes. Notably, the patients with different syndromes
had the most typical metabolic patterns in glycerophospholipid metabolism and glycolysis, reflecting the differences
in the syndromes dominated by "Yin deficiency”.

Conclusions: ALDOC and LPCs could be employed for the differentiation of NSCLC patients with QDLS and QDYD
syndromes, and “Yin deficiency” might be associated with glycerophospholipid metabolism and glycolysis pathway.
The results provided a theoretical basis for “Syndrome differentiation”in TCM diagnosis. Moreover, the developed inte-
grated strategy could also provide a reference for individualized diagnosis and treatment of other diseases.
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Background

Lung cancer accounts for most cancer deaths world-
wide with increasing incidence [1]. Approximately 85%
of lung cancer cases are identified as non-small cell lung
cancer (NSCLC), and approximately two-thirds of lung
cancer cases are recognized only in advanced stages
and have a poor prognosis. Traditional Chinese medi-
cine (TCM) is a time-honored practice and is gaining
in popularity in Asia, where it plays an important role
in the treatment of lung cancer, as well as other coun-
tries in the West. Evidence on improving quality of life,
prolonging survival time and reducing chemotherapy
induced toxicity has demonstrated the effectiveness of
TCM, especially for patients with advanced-stage lung
cancer [2]. As the most prominent advantage of TCM,
individualized treatment could be implemented based
on syndrome differentiation, consistent with the idea of
personalized medicine and precision medicine. TCM
syndrome is now generally accepted as a reflection of
multisystem and multiorgan functional impairment.
Through the description of TCM syndrome, the sub-
jective feeling of patients as well as clinical manifesta-
tions of diseases can be reflected, and the essence of
pathological changes at certain stages of a disease can
be revealed [3].

Clinical practice has shown that lung cancer is a
chronic consumptive disease, of which most are defi-
ciency syndromes. Among patients with advanced
NSCLC, Qi deficiency of the lung-spleen (QDLS) and
Qi deficiency and Yin deficiency (QDYD) in TCM syn-
dromes are commonly diagnosed. Both syndromes have
Qi deficiency syndrome. From the theory of TCM, the
concept of “Qi” is the vital energy of the human body.
It helps to maintain blood circulation and fight disease
[3]. The occurrence of lung cancer is closely related to
the deficiency of vital energy and the invasion of patho-
genic factors. The loss of vital energy is mainly caused by
aging, chronic illness, eating disorders, and overwork,
which lead to the disturbance of diffusion and down-
bearing of the qi of the lung, and the inability to trans-
port the body fluid. As a result, the blood circulation is
blocked, body fluid retained internally, and the phlegm,
stasis and toxin are generated over time. Then the lung is
cemented to form tumors. After the onset of the disease,
patients will appear diverse clinical manifestations due to
the personal physique and acquired reasons, and thus be
identified as different syndromes (Fig. 1). Although both
syndromes have Qi deficiency syndrome, however, it was
reported that the CYFRA21-1 levels in QDYD patients
were significantly higher than those in QDLS patients
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Fig. 1 The detailed diagnostic procedure based on four examinations in TCM syndrome type diagnosis and differentiation
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[4]. Meanwhile, there are certain differences in symptoms
that could reflect the prominent feature of these two syn-
dromes in NSCLC patients, it could be speculated that
there are discrepancies in tumor metabolism between
the two syndromes dominated cause by “Yin deficiency’,
which requires further exploration. At present, the differ-
ent syndromes in TCM are identified by manifestations,
lacking objective basis and laboratory markers. In addi-
tion, treatment should also vary according to the patient.
Taken together, a quantitative model is necessary to
evaluate TCM syndrome of NSCLC that can also avoid
the subjective error caused by the experience of TCM
practitioners.

Omics approaches—emerging as systems biology anal-
ysis at a global level—could effectively facilitate the dif-
ferentiation of syndromes [5]. Proteomics and lipidomics
were proposed as the two techniques that could unravel
the essence of complex etiologies from different view-
points [6, 7]. As an omics approach that could provide
a real and microscopic perspective to view the molecu-
lar level of patients at a specific time, proteomics could
be combined with lipidomics to accelerate the discovery
of robust biomarkers and investigate the interrelation-
ship between lipid and protein changes [8]. This inte-
gration enables comprehensive assessment of changes
between different syndromes in lung cancer and reveals
relevant pathological mechanisms. Lipids can reflect
the metabolic results of the human body, and joint veri-
fication between proteins and lipids is more reasonable
and important than verification between proteins alone.
Thus, all of the separate efforts, the lipid or protein fea-
ture discrepancies of different syndromes of NSCLC
patients who could be helped for proper diagnosis by
TCM doctors have not been explored, emphasizing the
significance of the construction of omics approaches in
this field.

In summary, in this paper, a specific data mine for dis-
ease syndrome type could be built by 1. Applying DIA
proteomics technology to analyze protein compositions
of different syndromes, and using bioinformatics and
statistical analysis to screen protein expression profiles,
then dissecting the abnormal protein signaling pathways,
2. Applying UPLC-Q-TOEF/MS lipidomics technology
to analyze lipids compositions of different syndromes.
The rationality of lipid biomarkers was further corrobo-
rated by Kangai injection, a commonly used anticancer
Chinese medicine in the clinic, composed of Ginseng
radix et rhizoma, Astragali radix and oxymatrine. In
addition, the differential proteins and lipid species that
distinguish lung cancer patients from healthy people or
the two syndromes were analyzed in depth by statisti-
cal and biological integration analysis, which mutually
verified the phenotypic differences of varying types of
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NSCLC. Moreover, the key differentially expressed pro-
tein between the two syndromes was also validated using
ELISA. The results of molecular features and data min-
ing based on omics for TCM syndrome differentiation in
NSCLC provide a meaningful reference for individual-
ized clinical diagnosis. Different metabolic patterns were
also used to reflect the discrepancy of syndromes. The
strategy of integrating TCM and modern medicine is the
transformation from experience and concept of TCM to
biochemical and biological meaning, which could con-
tribute greatly to clinical TCM diagnosis and treatment
of cancer.

Material and methods

Patients

This study was approved by the Ethics Committee of
Urumgqi Hospital of Chinese Medicine. A total of 20
patients with pathologically confirmed NSCLC and dif-
ferentiated QDLS or QDYD syndromes were enrolled in
Urumgqi Hospital of Chinese Medicine between 2017 and
2019. There were 10 patients aged 43-86 with a mean
age of 66 in the QDLS group, and 10 patients aged 51-84
with a median age of 74 in the QDYD group. Pretreat-
ment examination included CT and MRI, and the staging
system of TNM was adapted for clinical staging. Except
for one patient in the QDLS group with stage Illc dis-
ease, all other patients in the QDLS and QDYD groups
were had stage IV NSCLC. A total of 10 healthy volun-
teers who were aged 53-78 with a mean age of 70 were
enrolled in the same hospital at the same time (there was
no significant difference in age between each group). The
detailed characteristics of the subjects were described in
Additional file 1: Table S1. They were all enrolled in the
proteomics analysis. All patients and healthy volunteers
were ethnically Han. The study was conducted in accord-
ance with the Declaration of Helsinki, and was approved
by local institutional review boards. Each participant
signed an informed consent form.

For analysis validation, 8 patients were selected ran-
domly from each TCM syndrome group in the proteom-
ics study and were given Kangai injection for therapy.
Subjects in each treatment group were injected intrave-
nously with the equivalent of 40 ml of Kangai injection
every day for 30 days. To make the number of samples
consistent before and after treatment, 8 patients from
each group who were given Kangai injection after blood
collection were selected for lipidomics analysis.

To reduce the subjectivity in TCM syndrome type
diagnosis and differentiation, the QDLS and QDYD
syndromes of NSCLC were differentiated according to
diagnosis from three TCM experts under the guideline
of the national standard “The diagnosis and treatment
program of lung cancer issued by the Administration
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of Traditional Chinese Medicine” Each patient received
a personal diagnosis based on TCM syndrome, which
was a characteristic phenotype of identifiable manifesta-
tions gleaned from the following four examinations. First,
called “inspection” (Wang in Chinese of fourth tone),
the patient’s skin complexion and physique and tongue
condition were inspected. Then, called “auscultation and
olfaction” (Wen in Chinese of second tone), the patient’s
voice was heard to see if there were any breathing prob-
lems, cough or phlegm, and the patient’s body odors were
sniffed. Next, called “inquiry” (Wen in Chinese of fourth
tone), the patient answered the questions from practi-
tioners about their feelings overall, such as feeling hot or
cold, whether they were sweating or were thirsty, how did
stools look, etc. Finally, called “palpation” (Qie in Chi-
nese of fourth tone), the TCM practitioner palpated the
patient’s wrist to feel the quality of the pulse. The detailed
diagnostic procedure is described in Fig. 1.

Data independent acquisition (DIA)-based proteomic
analysis

Samples preparation for proteomics

Lysis buffer [1% SDS, 8 M urea, 1x Protease Inhibi-
tor Cocktail (Roche Ltd., Basel, Switzerland)] was added
into the plasma samples, vibrated and milling for 400 s
for three times. The samples were then lysed on ice for
30 min and centrifuged at 15,000 rpm for 15 min at 4 C.
The supernatant was collected and transferred to a new
Eppendorf tube. 100 pg of protein per condition meas-
ured by BCA Protein Assay Kit was transferred into a
new Eppendorf tube and the final volume was adjusted
to 100 puL with 8 M urea. 2 uL of 0.5 M TCEP was added
and the sample was incubated at 37 °C for 1 h, and then
4 pL of 1 M iodoacetamide was added to the sample and
the incubation was last for 40 min protected from light
at room temperature. After that, five volumes of — 20 C
pre-chilled acetone was added to precipitate the pro-
teins overnight at — 20 “C. The precipitates were washed
by 1 mL pre-chilled 90% acetone aqueous solution for
twice and then re-dissolved in 100 uL 100 mM TEAB.
Sequence grade modified trypsin (Promega, Madison,
WI) was added at the ratio of 1:50 (enzyme: protein,
weight: weight) to digest the proteins at 37 ‘C overnight.
The peptide mixture was desalted by C18 ZipTip, quanti-
fied by Pierce” Quantitative Colorimetric Peptide Assay
and then lyophilized by SpeedVac.

Establishment of spectral database

For library generation by data dependent acquisition
(DDA), 10 ug from each 30 samples were pooled as a
mixture and fractionated by high pH separation with 10
fractions. The peptide mixture was re-dissolved in 50 puL
of buffer A (buffer A: 20 mM ammonium formate in
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water, pH 10.0, adjusted with ammonium hydroxide), and
then fractionated by high pH separation using Ultimate
3000 system (ThermoFisher scientific, MA, USA) con-
nected to a reverse phase column (XBridge C18 column,
4.6 x 250 mm, 5 um, (Waters Corporation, MA, USA).
High pH separation was performed using a linear gradi-
ent, starting from 5% B to 45% B in 40 min (B: 20 mM
ammonium formate in 80% ACN, pH 10.0, adjusted with
ammonium hydroxide). The column was re-equilibrated
at the initial condition for 15 min. The column flow rate
was maintained at 1 mL/min and the column tempera-
ture was maintained at 30 “C. Ten fractions were col-
lected; each fraction was dried in a vacuum concentrator
for the next step.

The peptides were re-dissolved in solvent A (A: 0.1%
formic acid in water) and analyzed by on-line nanospray
LC-MS/MS on an Orbitrap Lumos coupled to Easy-
nLC 1200 system (Thermo Fisher Scientific, MA, USA).
3 pL peptide sample was loaded on an analytical column
(Acclaim PepMap C18, 75 um x 25 c¢cm) and separated
with 120-min gradient, from 9 to 32% B (B: 0.1% formic
acid in ACN). The column flow rate was maintained at
600 nL/min. The electrospray voltage of 2 kV was used.

The mass spectrometer was run under data dependent
acquisition mode, and automatically switched between
MS and MS/MS mode. The parameters were: (1) MS:
scan range (m/z) =350-1500; resolution =60,000; AGC
target =4e’; maximum injection time =50 ms; dynamic
exclusion =30 s; (2) HCD-MS/MS: resolution =30,000;
AGC target =5e% maximum injection time =54 ms;
collision energy =32.

DIA analysis

All 30 samples were processed by DIA individually to
access the proteome differences and samples acquisition
by random order. The peptides were re-dissolved in 30 uL
solvent A (A: 0.1% formic acid in water), 9 uL. was taken
out, and 1 pL 10 x iRT kit (Ki3002, Biognosys AG, Swit-
zerland) was added to all of the samples to calibrate the
retention time of extracted peptide peaks. 4 uL peptide
sample was loaded onto the analytical column with the
gradient from 6 to 32% B and other conditions were the
same as the method described above.

The mass spectrometer in DIA analysis was run under
DIA mode, and automatically switched between MS and
MS/MS mode. The parameters were: (1) MS: scan range
(m/z) =350-1350; resolution =1,20,000; AGC target
=4e% maximum injection time =50 ms; (2) HCD-MS/
MS: resolution =30,000; AGC target =3e’ collision
energy =32; (3) DIA was performed with variable iso-
lation window, and each window overlapped 1 m/z, and
the window number was 60.
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Validation by ELISA analysis

The plasma levels of ALDOC were measured using an
ELISA kit in accordance with the manufacturer’s pro-
tocols (SED320Hu, Cloud Clone, China). The optical
density values were detected using a microplate reader
(Tecan, Switzerland) at 450 nm, and the concentrations
were automatically calculated according to the standard
curve.

Nontargeted lipidomics

Sample preparation

For plasma lipidomics analysis, a modified Folch method
was applied. Briefly, 80 pL of plasma was spiked with
3.2 mL of extraction solvents (chloroform/methanol 2:1,
v/v) and 10 pL of internal standards mixture, containing
LPC (13:0) (80 pg/mL) and d5-TG-(17:0/17:1/17:0) (8 pg/
mL), and then the pooled mixture was vortexed for 3 min.
The mixture was subsequently kept in an ice water bath
and sonicated for 3 min. 640 pL of cold water was further
added to induce phase separation followed by an incuba-
tion at 4 °C for 10 min. After centrifugation for 10 min
with 12,000 rpm at 4 C, the lower chloroform layer was
collected, dried under a stream of nitrogen. Then the
residue was reconstituted in 80 ul of acetonitrile/isopro-
panol (1:1, v/v), vortexed for 3 min, sonicated in an ice
water bath for 3 min, and centrifuged at 16,000 rpm for
10 min for UHPLC-Q-TOF/MS analysis.

LC-QTOF-MS analysis
The lipid extracts were analyzed on an Agilent 1260 Infin-
ity HPLC system coupled with an AB SCIEX TripleTOF"™
5600 triple-time-of-flight hybrid mass spectrometer sys-
tem equipped with a DuoSprayTM ion source. A XSelect
CSH C18 (100 x 2.1 mm, 2.6 pm) (Waters, Milford, MA)
column maintained at 50 “C at a flow rate of 0.35 mL/min
was used for chromatographic separation. The mobile
phase system consisted of an acetonitrile—water mixture
(60:40, v/v; solvent A) and an isopropanol-acetonitrile—
water mixture (88:10:2, v/v; solvent B), both contain-
ing 10 mM ammonium formate and 0.1% formic acid. A
gradient elution was carried out in positive ion mode as
10-15% B from O to 1 min, 15-64% B from 1 to 4 min,
64—78% B from 4 to 14 min, 100—100% B from 14.01 min
to 19 min, and 10% B from 19.01 min to 26 min to equili-
brate. A short analysis time was utilized to obtain a
rapid method since there were less analytes in negative
ion mode. The gradient in negative ion mode was pro-
grammed as follows: 10-68% B from 0 to 2 min, 68—78%
B from 2 to 8 min, 78—-100% B from 8 to 9 min, 100—100%
B from 9 to 12 min, and 10% B from 12.01 min to 19 min.
The MS and MS/MS detection of lipids was operated
in both positive and negative ion modes. Optimized
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parameters are listed in Additional file 1: Table S2. Nitro-
gen was used as a nebulizer and auxiliary gas. Scan data
was collected in the mass range of 50-1600 da. Continu-
ous recalibration solution was inserted into each five
injections to correct the small mass drift in the acquisi-
tion process. The 1.7 version Analyst software (AB Sciex,
USA) was utilized for the operation.

Data processing and bioinformatics analysis

For proteomic analysis, raw data of DDA were processed
and analyzed by Spectronaut 13 (Biognosys AG, Swit-
zerland) with default settings to generate an initial target
list. Assuming trypsin as the digestion enzyme. Carba-
midomethyl (C) was specified as the fixed modification.
Oxidation (M) was specified as the variable modifica-
tions. Raw data of DIA were processed and analyzed by
Spectronaut 13 with default settings, retention time pre-
diction type was set to dynamic iRT. Data extraction was
determined by Spectronaut 13 based on the extensive
mass calibration. Spectronaut 13 was utilized to deter-
mine the ideal extraction window dynamically depending
on iRT calibration and gradient stability. Qvalue (FDR)
cutoff on precursor and protein level was applied 1%.
Decoy generation was set to mutated which similar to
scrambled but will only apply a random number of AA
position swamps (min =2, max =length/2). All selected
precursors passing the filters were used for quantifica-
tion. MS2 interference removed all interfering fragment
ions except for the 3 least interfering ones. The average
top 3 filtered peptides which passed the 1% Qvalue cutoft
were used to calculate the major group quantities. Dif-
ferent expressed proteins were filtered if their FDR value
<0.05 and fold change >1.5. Functions of these proteins
were illustrated based on Gene ontology (GO) annota-
tion and KEGG pathway analysis.

For lipidomic analysis, the raw LC-QTOF-MS data
were firstly processed by MarkerView v1.3.1 software
(AB SCIEX, USA), after peak picking, alignment, filter-
ing, as well as data correction and normalization by inter-
nal standards, “80% rule” was implemented to retain high
frequency variables, and missing values that remained
were then imputed with half-the-minimum values. The
generated data matrix was imported into SIMCA-P 14.1
(Umetrics, Umea, Sweden) for multivariate analyses of
unsupervised principal component analysis (PCA) and
supervised orthogonal partial least squares discriminant
analysis (OPLS-DA), a 200-repeated permutation test
was performed for OPLS-DA model to avoid overfitting
and verify the reliability. Lipids with VIP scores >1 and p
value <0.05 were considered prominent contributed for
the model. For lipid identification, the accurate m/z, MS/
MS fragment pattern and retention time were matched
with public databases, including LIPID MAPS (http://
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www.lipidmaps.org), HMDB (http://www.hmdb.ca/) and
METLIN (http://metlin.scripps.edu/). Metabolic pathway
analysis, cluster analysis and heatmap representation of
significantly changed lipids were conducted using Meta-
boAnalyst (http://www.metaboanalyst.ca/).

Pearson correlation coefficients among differently
expressed proteins and lipid metabolites were calculated
using SPSS and visualized as heatmaps by Heml software
[9].

Results

Dysregulated proteins in lung cancer patients

and proteome differences between syndromes

To explore the effect of QDYD and QDLS NSCLC on
human plasma proteomics, DIA technology was applied
to collect protein data from patients and healthy subjects.
For quality control of the proteomics analysis, the results
suggested that the mass spectrometry performance was
stable, the accuracy of mass spectrometry was perfect,
and that the data was globally normalized to the median
peptide signal, leading to reliable proteomics data. (Addi-
tional file 1: Figure S1).

The initial target list from LC-MS in DDA mode con-
tained 17,466 precursors, 11,007 peptides, 1639 proteins
and 1533 protein groups. In DIA analysis, a total of 121
proteins were identified as differential proteins among
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groups. Thereinto, 115 proteins were altered in NSCLC
patients. When compared with the healthy group, 90 (66
upregulated, 24 downregulated) and 71 (60 upregulated,
11 downregulated) proteins were changed in the QDLS
and QDYD groups, respectively. Interestingly, 26 pro-
teins could clearly distinguish the two syndrome groups,
of which 12 proteins were higher in patients with QDLS
while 14 proteins were the opposite. Among these dif-
ferential proteins, 20 proteins overlapped with the dif-
ferential proteins between NSCLC patients and healthy
subjects (Additional file 1: Figure S2A). A complete list
of identified proteins is provided in Additional file 2:
Table S3.

Further GO annotation analysis revealed that dysregu-
lated proteins in lung cancer patients were involved in
reactive oxygen species metabolic process, extracellular
matrix organization, growth, lipid response, and phos-
pholipid homeostasis. Proteins significantly dysregu-
lated between the two syndromes were mainly enriched
in the biological process of cell adhesion, regulation of
response to reactive oxygen species, glycolysis, and phos-
pholipase C activity regulation (Fig. 2) (Additional file 3:
Table S4). In addition, differentially expressed proteins in
patients were enriched in various biological pathways in
KEGG categories, such as, PI3K Akt signaling pathway,
ECM-receptor interaction, glycolysis, and phospholipase
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Fig. 2 The histograms in gene ontology (GO) analysis of the differentially expressed proteins
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D signaling pathway. However, fructose and mannose
metabolism and so on were the main related KEGG path-
ways involved in the differential proteins between QDLS
and QDYD syndromes (Additional file 3: Table S4).

Many pathways appeared more or less active for differ-
ent cancer subtypes. To gain insight into pathways that
would distinguish between proteome-based cancer sub-
types, we explored them further below. Overall, among
these biological processes and pathways, lipid response,
phospholipase C activity regulation, phospholipid home-
ostasis, and phospholipase D signaling pathway sug-
gested that the identified proteins in these processes may
fine-tune lipids in lung cancer. Moreover, lipid metabo-
lism was directly involved in the tumor process of lung
cancer and could reflect the holistic disease state of
patients with biomarkers, providing space for further
exploration of lipid metabolism in NSCLC patients with
different syndromes. Meanwhile, these proteins could be
the key for individualized diagnosis of NSCLC.

Characteristic lipids in lung cancer patients and lipid
differences between syndromes

To validate the proteomics results and further explore the
effect of the two types of NSCLC on human plasma lipid
metabolism, LC-Q-TOF/MS technology was applied
to collect both positive and negative ion scan data from
patients and healthy subjects, and the results revealed
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numerous lipid changes among the different lung cancer
syndromes and healthy groups.

For LC-Q-TOF/MS method validation, quality control
(QC) pooled samples, prepared by mixing equal aliquots
of each sample, served to assess the repeatability, stabil-
ity and precision of the developed lipidomic analytical
method [10]. These results showed that the developed
method had good stability, repeatability and reliability for
lipid analysis of human plasma (Additional file 1: Tables
S5, S6).

In the score plots of the PCA models, QC samples were
clustered, and both patient groups showed a clear sepa-
ration trend from the healthy group. The two syndrome
groups were also segregated into distinct clusters (Addi-
tional file 1: Fig. S3A, B). This result suggested that the
metabolism of lung cancer patients was disordered, and
the pathogenesis and clinical manifestations of the two
syndromes may also be different. Moreover, the results
from patients given Kangai injection were different from
those of lung cancer patients with different syndromes
(Additional file 1: Fig. S3C-F). Therefore, these disor-
dered lipid metabolites could be adjusted by Kangai
injection, which could be supporting evidence for the
clinical value of these metabolites. Furthermore, a super-
vised analysis OPLS-DA was performed to extract the
differential molecules (Fig. 3A—F). The results of permu-
tation tests are shown in Additional file 1: Fig. S4, sug-
gesting no overfitting phenomenon.
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Fig. 3 OPLS-DA score plots of lipidomic analysis in plasma from human. A, B are score plots of healthy, QDLS and QDYD patients in positive
mode (R? =0.99, Q° =0.824) and negative mode (R> =0.976, Q> =0.787); C, D are score plots of healthy, QDLS patients before and after
treatment in positive mode (R? =099, Q? =0916) and negative mode (R? =0.985, Q> =0.867); E, F are score plots of healthy, QDYD patients
before and after treatment in positive mode (R? =0.948, Q> =0.844) and negative mode (R* =0.976, Q° =0.875); G Total content of individual
lipid class in the healthy and patient groups. LPE lysophosphatidylethanolamine; LPC lysophosphatidylcholine; PE phosphatidylethanolamine; PC
phosphatidylcholine; SM sphingomyelin; DG diacylglycerol; TG triacylglycerol




Cang et al. Chinese Medicine (2021) 16:126

According to the principle that VIP >1 and p <0.05
were considered differential, a total of 73 lipids with sig-
nificant changes were identified. 66 lipids were altered
in lung cancer patients when compared with healthy
group. 51 (38 upregulated, 13 downregulated) and 49 (40
upregulated, 9 downregulated) lipids were changed in
the QDLS and QDYD groups, respectively (Additional
file 1: Figure S2B). Of these lipids, phosphatidylcholine
(PC), phosphatidylethanolamine (PE), lysophosphatidy-
lethanolamine (LPE), diacylglycerol (DG), triacylglycerol
(TG), cholesterol and ceramide (Cer) levels were elevated
in the plasma samples of NSCLC patients, while some
sphingomyelin (SM), and lysophosphatidylcholine (LPC)
levels were down-regulated. Notably, when comparing
the lipidome data in the QDLS group and QDYD group,
10 lipids including LPC, LPE, PC, PE, and TG, were dis-
tinctly different between patients with QDYD and QDLS,
and the total content of LPCs of LPEs in the QDYD and
QDLS groups was also prominently discrepant. Among
these differential lipids, PC, PE, DG, TG, SM, LPC, LPE
and cholesterol levels could be inversely regulated by
Kangai injection with significant changes, while Cer
level was also regulated without statistical significance.
Thus, the rationality of selected markers was confirmed
by Kangai injection. Detailed information was shown in
Tables 1, 2, 3.

To investigate the metabolic phenogram of lung can-
cer as well as the comparative relationship of both syn-
dromes, fold changes of the altered lipids in lung cancer
were compared and displayed together with the poten-
tial biomarkers through comparison between syndrome
groups (Table 4). Considering a more intuitive visualiza-
tion, changes in the total content of each lipid class in the
three groups were exhibited (Fig. 3G). The contents of
DG, TG and cholesterol were increased in both syndrome
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groups compared with healthy subjects. Likewise, PC and
PE were increased in the patient groups, while QDYD
syndrome showed a slightly higher trend. LPE levels in
the QDYD group were elevated. In contrast, SM and LPC
were decreased in both patient groups. Notably, the LPC
and LPE levels were prominently changed between the
two syndromes.

Heatmaps generated from the results of hierarchi-
cal clustering analysis showed the profiles of potential
biomarkers between cancer and healthy subjects and
between the two syndromes, which could clearly dis-
tinguish the groups in pairs (Fig. 4A—C). As a result of
metabolic pathways, sphingolipid metabolism, glycer-
ophospholipid metabolism, primary bile acid biosynthe-
sis, steroid biosynthesis, and glycerolipid metabolism
were prominently changed in lung cancer (Fig. 4E). Nota-
bly, glycerophospholipid metabolism emerged at the top
of the pathway map, which was evidently altered between
the two syndromes of lung cancer (Fig. 4D).

Plasma bi-omics integration analysis

In the statistical correlation analysis, as shown in the
correlation matrix, there were some notable correla-
tions between lipid-based and protein-based results
in the two syndromes (Fig. 5). Based on the correla-
tion coefficient between the proteomics and lipid-
omics results, the relationship among altered lipids
and proteins was analyzed, and the essential differ-
ences between the two syndrome groups were fur-
ther explored. The results indicated that there were
many proteins significantly related to lipids in specific
lipid classes (Additional file 1: Table S7). For example,
fructose-bisphosphate aldolase C (ALDOC) was highly
correlated with LPCs, PCs and TGs, which exceeded
a correlation matrix (|r|) higher than 0.8, tubulin

Table 1 Detailed information of potential biomarkers from QDLS compared to QDYD syndrome lung cancer patients

No. m/z tw) Identification Quasi-molecular ion Formula VIP FC AUC Trend
1 474.2971 1.6 LPC (O-14:1) M + NaJ* CyoHgNOGP 1.96 7.44%% 091 0
2 5183212 32 LPC (16:0) M + Nal* C,4HgoNO,P 227 0.0029** 1.00 U
3 564.3279 2.8 LPC(18:2) [M + HCOO]™ CogHsoNO,P 2.02 0.09** 091 A
4 590.3218 27 LPC (22:6) M + Nal* C3oHsoNO,P 141 0.56* 0.80 U
5 4542926 38 LPE (16:0) M + HI* C,yHauNO,P 155 040* 088 1
6 526.2925 27 LPE (22:6) M + HI* Cy7H4NO,P 141 057 0.83 {
7 7585698 12 PC (16:0/1822) M + HI* CoHgoNOGP 149 052* 084 J
8 792.5924 10.7 PC (P-18:1/20:4) M + HIT CusHgoNO,P 1.46 0.58*% 0.84 A
9 766.5394 109 PE (16:0/22:5) M + HI* C,3H7gNOgP 145 0.19% 0.83 {
10 9427532 174 TG (18:2/20:4/20:5) [M + NH4J* Ce1HoeOs 151 0.10% 0383 J

QDLS for whom suffered Qi deficiency of lung-spleen; QDYD for whom suffered Qi deficiency and Yin deficiency; FC fold change, the ion intensity ratio of potential

biomarkers from QDLS/QDYD by using the developed UHPLC-Q-TOF/MS method
*p <0.05 and **p <0.01, QDLS vs. QDYD group
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Table 2 Detailed information of potential biomarkers from QDLS syndrome lung cancer patients compared to healthy volunteers

No. m/z tr) Identification Quasi-molecular ion Formula VIP FC1 FC2 AUC Trend
1 4683080 2.1 LPC (14:0) M + HIT CyoHagNO,P 112 046%  1.24 0.86 J
2 564.3279 28 LPC (182) M + HCOO]~ CogHsoNO,P 141 042% 124 0.89 l
3 720.5894 116 PC (0-16:0/16:0) M + HI* CyoHgoNO,P 1.72 165% 1.09 083 1
4 746.5686 10.7 PC (16:0/17:1) M + HI* C41HgoNOGP 146 2.59% 09 0.90 0
5 768.5885 108 PC (0-16:0/20:4) M + HI* CyyHgoNO,P 355 0.74* 12 0.76 0
6 774.6002 115 PC (17:0/18:1) M + HIT Cy3HgsNOGP 2.06 1.88* 0.89 083 0
7 782.5670 11 PC (18:1/16:0) M + NaJ* CyoHgoNOGP 1.54 1.70% 076 088 0
8 794.5983 99 PC (P-18:0/20:4) M + HI* CugHgaNO,P 146 972% 013" 0.94 1
9 808.5820 114 PC (18:2/18:0) M + NaJ* CoyHg4NOGP 184 201 060" 1.00 0
10 810.5980 12 PC (18:1/18:0) M + Nal* CayHggNOGP 162 190% 067" 0.96 1
11 8226365 1.7 PC(P-20:0/20:4) M + HI* CygHggNO,P 1.26 151% 0.89 0.79 0
12 830.5652 103 PC (18:1/20:4) M + Nal* CygHgoNOGP 102 3884 024" 1.00 0
13 8325827 1.2 PC (20:4/18:0) M + NaJ* CueHasNOgP 143 3.06% 045" 1.00 0
14 834.5987 116 PC (20:3/18:0) M + Nal* CagHggNOGP 122 160% 055" 098 0
15 716.5232 106 PE (16:0/18:2) M + HIT CsgH7NOGP 143 243* 0.79 0.80 1
16 7405218 105 PE (16:0/20:4) M + HI* CyiH,,NOGP 115 2.05% 0.57* 0.89 1
17 703.5732 10.1 SM (d18:1/16:0) M + HI* CygH76N, 0P 801 074* 160" 091 l
18 785.6531 123 SM (d18:2/22:0) M + HI* CusHagN;0gP 48 059% 114 085 l
19 787.6683 132 SM (d18:1/22:0) M + HI* CusHoiN;O4P 7.28 050" 127 0.89 }
20 801.6831 139 SM (d18:1/23:0) M + HIF CugHgsN, 0P 356 0.52* 1.08 081 }
21 803.6235 94 SM (d38:1) M -+ HCOO]~ CasHgsN,O6P 15 022% 09 091 J
22 815.7001 145 SM (d18:1/24:0) M + HI* CarHgsN,OgP 6.84 0.44* 12 085 J
23 817.6405 98 SM (d39:1) M 4+ HCOO]~ CayHgoN; 0P 14 0.10% 212 088 l
24 827.6993 135 SM (d18:2/25:0) M + HI* CugHosN,OgP 146 252% 082 081 1
25 833.6502 122 SM (d18:2/24:1) M + Nal* Cy7HgiN;O4P 17 249% 069" 1.00 0
26 8436582 99 SM (d41:2) M + HCOO]~ CagHoN;O4P 138 022% 11 0.96 }
27 591.4952 13.1 DG (16:0/18:3) M + HIF C37HgeOs 171 184% 059" 098 0
28 607.5652 155 DG (18:0/18:0) M + H-H,01* Cs9H5606 3.04 200% 046" 0.99 0
29 619.5262 143 DG (16:0/18:0) M + NaJ* C35H5,05 293 2167 0617 1.00 1
30 643.5260 133 DG (18:1/18:1) M + Nal* Cy9H5,06 124 603" 056 0.95 1
31 834.7539 184 TG (15:0/16:0/18:2) M + NH4+ CorHoeOp 117 2.20% 0.66 083 1
32 836.7693 186 TG (15:0/16:0/18:1) M + NH4+ CorHogOp 1.28 415% 054 0.94 0
33 853.7252 185 TG (16:0/18:2/18:3) M + HI* Cs5HoeOp 1.19 231% 052" 093 0
34 855.7433 183 TG (16:0/18:1/18:3) M + HIF CysHogOp 1.79 251% 054" 0.96 0
35 857.7583 185 TG (16:0/18:1/18:2) M + HI* CsH10006 1.06 398 054" 1.00 0
36 862.7854 186 TG (16:0/17:1/18:1) M + NH41+ CoaHi0006 1.93 2.98* 0.88 083 0
37 864.8012 189 TG (16:0/17:0/18:1) M + NH41+ CoyHi0204 183 3.37% 082 0.79 1
38 881.7579 187 TG (16:0/18:1/20:4) M + HI* Co7H10006 231 238 061" 1.00 0
39 883.7702 19 TG (16:0/18:1/20:3) M + HI* Co7H10504 17 439 050" 093 0
40 888.8010 186 TG (17:0/18:1/182) M + NH4* Cs6H10206 204 275* 0.77 081 0
4 892.7380 17.7 TG (14:0/18:2/22:6) M + NH4* Cs7Hs404 1.23 0.33* 068 0.19 J
42 892.8325 19.1 TG (17:0/18:0/18:1) M + NH41+ CogH10606 127 14.99* 0.39 0.93 0
43 894.7542 17.7 TG (18:2/18:2/18:3) M + NH4+ Cs7HoeO 435 037* 0.99 0.13 J
44 907.7727 188 TG (18:1/18:1/20:4) M + HI* CogH10504 152 242% 056" 0.96 1
45 909.7853 19 TG (18:0/18:1/18:1) M + Nal* Co7H10604 139 389" 062 0.95 0
46 918.7540 17.6 TG (1822/18:2/20:5) M + NH4+ CogHoeOp 154 0.37* 088 0.16 }
47 9288294 188 TG (18:0/18:1/20:3) M + NH4* CsoH10606 161 1.75% 073 078 0
48 932.8636 19.2 TG (16:0/18:1/22:1) M -+ NH4* CsoH11006 1.09 212 0.52 081 0
49 952.8320 187 TG (18:1/18:1/22:4) M + NH4T+ Ce1H10606 112 354% 046 0.90 0
50 6306178 146 Cer (d18:1/24:1) M + H-H,0I* CyoHgiNO; 1.03 229 078 0.74 A
51 3693521 103 Cholesterol M + H-H,01* CyH,O 121 2.18* 045" 0.99 1
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Table 2 (continued)

Page 10 of 20

QDLS for whom suffered Qi deficiency of lung-spleen; FCT the ion intensity ratio of potential biomarkers from QDLS/healthy volunteers by using the developed
UHPLC-Q-TOF/MS method; FC2 the ion intensity ratio of potential biomarkers from QDLS-Treatment/QDLS by using the developed UHPLC-Q-TOF/MS method, QDLS-
Treatment for whom suffered Qi deficiency of lung-spleen and treated by Kangai Injection

"p <0.05and **p <0.01, QDLS vs. H group
#p <0.05and *p <0.01, QDLS-Treatment vs. QDLS group

alpha-1B chain (TUBA1B) had strong correlation with
TGs. So do collagen alpha-1(VI) chain (COL6A1), des-
moglein-2 (DSG2), cystatin-C (CST3), and thioredoxin
(TXN). Among them, ALDOC and TUBA1B differen-
tially expressed between QDLS syndrome and QDYD
syndrome.

Additionally, we investigated biological correlations
by analyzing the results above against HMDB, KEGG,
MetScape, and LipidMaps databases and previous
research. Proteins that were involved in lipid metabo-
lism and correlated with certain lipids with |r| between
0.5 and 0.8 or higher than 0.8 were identified, such as
ALDOC, proprotein convertase subtilisin/kexin type 9
(PCSK9), angiopoietin-related protein 3 (ANGPTL3)
and peroxiredoxin-6 (PRDX6). ALDOC participates in
the fructose 1,6-bisphosphate metabolic process and is
involved in glycerophospholipid metabolism. PCSK9
plays a key role in the regulation of plasma cholesterol
homeostasis. ANGPTL3 and PRDX6 exert regulatory
effects on plasma TG levels and glycerophospholipid
levels, respectively. Among them, ALDOC, PCSK9, and
PRDXG6 differentially expressed between QDLS syndrome
and QDYD syndrome.

After the integration of statistical correlation and bio-
logical correlation, ALDOC and LPCs were screened out
as differential proteins and lipids between the QDLS and
QDYD syndromes of NSCLC patients, overlapped with
differential substances between NSCLC patients and
healthy subjects, and had consistent statistical and bio-
logical correlations. ALDOC is involved in the metabo-
lism of glycerophospholipids, its product participates in
the synthesis of PCs and PEs, and it is closely related to
the metabolism of LPCs and LPEs in glycerophospholipid
metabolism. In addition, ALDOC also had a statistically
significant relationship with LPCs, and their AUC values
were more than 0.8. Thus, they were not only statistically
correlated but also jointly participate in glycerophospho-
lipid metabolism, which evidently changed between the
two syndromes of lung cancer. They contributed to syn-
drome differentiation of QDLS and QDYD syndromes
in NSCLC. In addition, the most significant metabolic
differences between the two syndromes were further
discussed.

To validate the proteomic results of ALDOC, we
quantified it by ELISA analysis. As shown in Additional
file 1: Fig. S5, ALDOC showed statistically significant

upregulation in the QDYD group compared with the
QDLS group, which was consistent with the proteomic
results.

Discussion

Proteins differently expressed in NSCLC patients
LC-MS-based proteomics has been proven to be a wide-
ranging tool for plasma biomarker screening in recent
years. All precursor ions within the selected m/z range
could be fragmented in the process of DIA and analyzed
in a single MS/MS scan. Thus, DIA allows for the meas-
urement of peptides with low abundance and more accu-
rate quantification. Multi-omics analysis is a powerful
approach to jointly explore changes in the proteome and
lipidome in vivo in this study. The protein—protein inter-
actions as well as the relationship between lipids and pro-
teins are clearly presented in Fig. 6. This strategy could be
used to generate comprehensive testable hypotheses.

Dysregulated proteins highly correlated with the lipid
response
The expression of many proteins was different between
the NSCLC patient groups and the healthy group, includ-
ing ALDOC, COL6A1, TUBA1B, DSG2, TXN, and
CST3, and the differences were highly correlated with the
lipid response, which might play crucial roles in NSCLC.
ALDOC is a member of the glycolysis enzyme fam-
ily, which catalyzes the decomposition of B-D-fructose
1,6-bisphosphate into glycerone phosphate and d-gly-
craldehyde 3-phosphate, while its product is involved in
glycerophospholipid metabolism. Meanwhile, ALDOC
positively regulates the Wnt pathway, which is involved in
tumor development, by blocking the GSK-3p-axin inter-
action and targeting axin to a Dvl-induced signalosome
[11]. In addition, the glycolysis pathway in which ALDOC
participates in could affect the energy metabolism of
patients, and the differential expression of ALDOC may
lead to different energy metabolism in patients with two
syndromes, which was consistent with the influence of
yin deficiency on energy metabolism [12]. In our study,
ALDOC was highly correlated with LPCs and PCs in
the lipidomics results, and affected the lipid metabolism
of lung cancer, while the effects on QDLS and QDYD
syndromes were discrepant. The role of ALDOC in the
statistical correlation analysis with LPCs and PCs was
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Table 3 Detailed information of potential biomarkers from QDYD syndrome lung cancer patients compared to healthy volunteers

No. m/z tr) Identification Quasi-molecular ion Formula VIP FC1 FC2 AUC Trend
1 494.3244 25 LPC(16:1) M + HIF CouHagNO,P 147 0.64* 1.64" 081 J
2 4542926 38 LPE (16:0) M+ HIF CyiHaNO,P 1.21 431 044" 0.98 A
3 730.5377 96 C (14:0/182) M + HIF CyoHygNOGP 272 047** 1.21 0.94 l
4 746.5686 106 C (16:0/17:1) M + HIF CyyHgoNOGP 113 1.64% 078 0.88 0
5 780.5517 1.2 C (16:0/18:2) M + NaJ™ CyoHagoNOGP 1.65 2454 0.60" 1.00 0
6 7746002 15 C (17:0/18:1) M + HIF Cy3HgNOGP 1.56 1.54* 08 0.84 0
7 782.5670 11 C (18:1/16:0) M + NaJ* CyoHgNOgP 161 1.91% 0.64™ 0.98 0
8 794.5983 99 C (P-18:0/20:4) M + HI* CaeHgNO,P mn 38.44% 017 091 1
9 806.5673 106 C (16:0/20:3) M + NaJ* CauHgNOGP 1.83 1.89% 062" 1.00 A
10 808.5820 114 C (18:2/18:0) M + NaJ* CuuHgNOGP 1.86 1.93% 0.64" 1.00 A
11 810.5980 121 C (18:1/18:0) M + NaJ* CuyHaggNOGP 1.72 1.94% 0.62" 0.98 0
12 828.5514 10 C (16:0/22:6) M + NaJ™ CueHaoNOgP 1.51 1.73% 0.66" 1.00 0
13 830.5652 103 C (18:1/20:4) M + NaJ* CyeHgoNOgP 141 3.55% 0.29" 1.00 0
4 832.5827 1.2 C (20:4/18:0) M + NaJ* CaeHaaNOGP 1.19 2.56%* 0.56" 0.94 0
15 834.5987 15 C (20:3/18:0) M + NaJ* CaeHagNOGP 123 1.62% 0.62" 0.94 1
16 716.5232 106 PE (16:0/18:2) M+ HIF CyoH;,NOGP 1.79 2.80%* 0.66 093 0
17 740.5218 105 PE (16:0/20:4) M+ HIF CyiHyNOGP 1.75 3.15%* 0.50* 095 A
18 764.5227 103 PE (16:0/22:6) M+ HIF Cy3HyNOGP 141 3324 0.56 0.95 0
19 768.5534 114 (180/204 M+ HIF Cy3HygNOGP 287 231% 071 084 0
20 7035732 10.1 M (d18:1/16:0) M+ HIT CsoM7gN,06P 9.05 0.72% 1.59% 094 J
21 733.6212 114 SM (d36:0) M+ HI* CayHasNOgP 116 2.03* 07 0.74 0
22 787.6683 132 M (d18:1/22:0) M + HIF CasHoN;OgP 645 0.64* 1.24 076 J
23 801.6831 13.9 M (d18:1/23:0) M + HI* CaeHasN,06P 351 0.58* 115 073 l
24 815.7001 144 M (d18:1/24:0) M + HIF Cy7HasN,OgP 6.42 0.55* 118 073 l
25 817.6405 9.8 SM (d39:1) [M + HCOO]~ CuyHgoN,0gP 142 0.10%* 3.05 088 l
26 829.6400 95 SM (d40:2) [M + HCOO]~ CysHgoN,0gP 139 036** 048 090 l
27 833.6502 122 SM (d18:2/24:1) [M + NaJ™ Ci7HgN,OgP 161 230% 065 1.00 0
28 843.6582 99 M (d41:2) [M + HCOOI~ CaeHo1N;O6P 133 0.38** 135 0.90 J
29 5914952 13.1 G (16:0/18:3) M+ HI* C37Hee0s 162 1.72% 0.58" 093 1
30 607.5652 156 G (18:0/18:0) M + H-H,0I* CyoH7605 2.96 1.83% 048" 0.98 A
31 619.5262 143 G (16:0/18:0) [M + NaJ* C37H5,05 262 1.93% 063" 091 A
32 641.5107 124 G (18:1/18:2) M + NaJ* CyoH7005 163 1.89% 0.7 0.89 0
33 643.5260 133 DG( 1/18:1) M + NaJ™ C3oH7,05 1.28 6.41%* 0.59 085 0
34 836.7693 186 G (15:0/16:0/18:1) M + NH4]* CsoHos0g 1.06 2.95%* 067 093 0
35 855.7433 183 G (16:0/18:1/18:3) M + HI* CosHogOg 181 2.55%* 044" 0.99 0
36 862.7854 186 G (16:0/17:1/18:1) M + NH4l* CoaH10006 203 2.96** 067 0.96 1
37 864.8012 189 G (16:0/17:0/18:1) [M -+ NH4l* CesH10506 16 2.68** 075 0.96 0
38 881.7579 187 G (16:0/18:1/20:4) M + H* Cs7H10006 253 2.52%* 0.59" 1.00 0
39 883.7702 19 G (16:0/18:1/20:3) M + HIF Co7H10,06 1.99 5.56** 036" 1.00 0
40 888.8010 186 G (17:0/18:1/18:2) M + NH4]* CoeH10206 2 2.21% 061 0.99 0
4 890.8145 189 G (17:0/18:1/18:1) M + NH4]* CoeH10406 228 2.55%* 078 0.96 0
42 909.7853 19 G (18:0/18:1/18:1) M + NaJ* Cs7H10606 168 476 053" 1.00 0
43 930.8466 19 G (18:1/18:1/20:1) M + NH41* CooH10g06 15 227%* 0.69 091 0
44 932.8636 19.2 G (16:0/18:1/22:1) M + NH4l* CooH11006 1.21 246** 0.57 0.86 A
45 950.8130 184 (18 1/18:1/22:5) M + NH4l* CeH10406 141 2.15* 0.55 076 0
46 952.8320 186 G (18:1/18:1/22:4) M + NH4I* CeH1060s 1.28 3.20%% 041" 093 0
47 960.8935 19.5 G (18:1/18:1/22:0) M + NH4]* CeiH11406 114 463 033" 0.94 0
48 6306178 146 Cer (d18:1/24:1) M + H-H,0I" CyoHgNO; 1.04 2.16%* 0.69 093 0
49 369.3521 103 Cholesterol M + H-H,01F Cy7Hys0 1.02 1.99** 048" 1.00 0
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Table 3 (continued)
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QDYD for whom suffered Qi deficiency and Yin deficiency; FC1 the ion intensity ratio of potential biomarkers from QDYD/healthy volunteers by using the developed
UHPLC-Q-TOF/MS method; FC2 the ion intensity ratio of potential biomarkers from QDYD-Treatment/QDYD by using the developed UHPLC-Q-TOF/MS method, QDYD-
Treatment for whom suffered Qi deficiency and Yin deficiency and treated by Kangai Injection

*p <0.05 and **p <0.01, QDLS vs. H group; *p <0.05 and #p <0.01, QDYD-Treatment vs. QDYD group

consistent with that in lipid metabolism, which could
contribute to syndrome differentiation as a key differ-
ential protein. Consequently, the discrepancies between
QDLS and QDYD seemed to be related to the metabolic
differences in glycerophospholipid metabolism and the
glycolysis pathway involved in ALDOC.

COL6A1 is widely present in the extracellular matrix
(ECM) and mediates the formation of microfibril net-
works. The ECM is emerging as an important component
of the tumor microenvironment, providing structural
support and regulating the activities of growth factors
and cytokines. COL6AL1 is reportedly a crucial regula-
tor of lung cancer invasion and metastasis [13]. Its cor-
relation with metastasis may be realized by changing the
characteristics of ECM, promoting cell adhesion to ECM
and supporting cell movement. The level of it was ele-
vated in NSCLC patients with QDLS syndrome. As a sub-
type of a-tubulin, TUBA1B participates in the formation
of microtubules and is generally involved in cell prolifera-
tion, adhesion, movement and division. Both G2/M cell
cycle arrest and abnormal mitotic spindle formation, and
subsequent apoptosis signal triggering could be caused
by microtubule destruction [14]. Thus, the overexpres-
sion of TUBA1B in QDLS syndrome might be involved
in the proliferation of cancer cells. DSG2, a protein of the
cadherin superfamily, participates in cell adhesion and
has been demonstrated to be overexpressed in NSCLC,
which was consistent with the results in both syndrome
groups [15]. TXN, a small molecule selenium-containing
protein with a molecular weight of approximately 12 kDa,
forms the thioredoxin system together with nicotinamide
adenine dinucleotide phosphate-oxidase (NADPH) and
thioredoxin reductase (TRXR), which is one of the two
redox regulatory systems supporting tumor growth. TXN
is primarily responsible for defense against the oxidative
stress burden caused by elevated reactive oxygen spe-
cies (ROS) in lung cancer [16]. CST3 is a member of the
cysteine protease inhibitor family, which mainly exists in
extracellular fluid. The levels of cystatin C in lung cancer
groups were elevated, consistent with the previous report
[17]. “Qi” here was vital qi, and the interplay with evil qi
determines the development of cancer. The deficiency of
vital qi increases the ability of evil qi pathogenic factors
to do harm and can aggravate the illness. The incidence
and severity of qi deficiency in advanced cancer is higher
than that in early stages [3]. Therefore, qi deficiency

might be related to the progression of lung cancer by the
metabolic pathways involving the above proteins.

Differential proteins involved in lipid metabolism

In addition, some differential proteins have been found
to be involved in lipid metabolism based on the HMDB,
KEGG, MetScape and LipidMaps databases and lit-
erature reports. These proteins, including ALDOC,
PCSK9, ANGPTL3, and PRDX6, were correlated with
certain lipids (Fig. 7). PCSK9 is emerging as a key regu-
lator of plasma cholesterol homeostasis. PCSK9 in the
circulation can bind to low-density lipoprotein receptor
(LDLR), the receptor for LDL, which participates in cho-
lesterol transport and clearance from the blood. PCSK9
promotes LDLR degradation and prevents its recircula-
tion, leading to hypercholesteremia, and associated with
a variety of malignant tumors [18, 19]. Consistent with
the significant upregulation of cholesterol in our results,
the overexpression of PCSK9 in QDLS lung cancer might
become a key factor in the occurrence and development
of lung cancer together with cholesterol synergistically.
As one of the effective regulators of lipoprotein metabo-
lism, ANGPTL3 inhibits the activity of lipoprotein lipase
(LPL) through the N-terminal domain CCD fragment to
prevent the clearance of plasma TGs [20]. The signifi-
cantly elevated level of this protein in the QDYD lung
cancer patients might be related to the abnormal TG
levels in our results. Interestingly, ANGPTL3 had a posi-
tive correlation with certain TG species in the lipidomics
results (|r| 0.5-0.8), which was consistent with the theory
above. PRDX6 is a bifunctional enzyme with both peroxi-
dase activity and phospholipase A2 activity. PRDX6 was
enriched in the glycerophospholipid catabolic process by
reducing the oxidized sn-2 fatty acyl group (peroxidase
activity) and hydrolyzing the sn-2 ester bond (phospho-
lipase activity) of phospholipids. LCAT could also be
catalyzed by PRDX6. In summary, the membrane lipid
peroxidation caused by oxidative stress could be pre-
vented by PRDX6 to maintain the homeostasis of phos-
pholipid metabolism. Recent studies have demonstrated
that PRDX6 could activate Akt through the activation of
phosphoinositide 3-kinase (PI3K) and p38 kinase, and
further induce uPA (urokinase plasminogen activator)
to promote the invasion of lung cancer cells [21]. In our
study, PRDX6 was low expressed in QDLS lung cancer,
and have a significant difference between the two syn-
dromes, implying that PRDX6 focused on the influence
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Table 4 Altered lipids in lung cancer and potential biomarkers in QDLS and QDYD syndromes

Metabolite QDLS/H QDYD/H QDLS/QDYD
p FC p FC p FC

LPC (1822) 0.002 1042 - 1055 0.005 1077

LPE (16:0) - +1.72 <0.001 1431 0.013 J 040
C (16:0/17:1) 0.048 1259 0.01 1164 - 1158
C(16:0/18:2) - .27 <0.001 1245 0.018 J 0.52
(170/ 8:1) 0017 1188 0045 11.54 - 1121
C(18:1/16:0) 0.006 +1.70 <0.001 191 - 1 089
(P 18:0/20:4) <0.001 19.72 0.002 1 3844 - 4 0.25
C (18:2/18:0) <0001 4201 <0001 1193 - 4 1.04
C(18:1/18:0) <0.001 +1.90 <0.001 1 1.94 - J 0.98
C (18:1/20:4) <0.001 1 3.88 <0.001 1355 - +1.09

C (20:4/18:0) <0.001 1 3.06 <0.001 1256 - 119
PC (20:3/18:0) <0.001 1 1.60 <0.001 +1.62 - J 0.99
E (16:0/18:2) 0.014 1243 <0.001 1 2.80 - } 087

PE (16:0/20:4) 0.01 4+ 2.05 <0.001 1315 - J 0.65

SM (d18:1/16:0) 0.002 1 0.74 <0.001 4072 - 11.03
M (d18:1/22:0) 0.007 1 050 0.042 } 0.64 - 1078
M (d18:1/23:0) 0.026 1052 0.035 J 058 - 4 0.90

SM (d18:1/24:0) 0.013 1 044 0.045 J 055 - 108

SM (d39:1) 0.001 J 0.09 0.001 J 0.10 - 109

SM (d18:2/24:1) <0001 1249 <0.001 $230 - 11.08

SM (d41:2) <0.001 1022 0.006 1038 - 1058
G (16:0/18:3) <0001 11.84 0.002 +1.72 - 1107
G (18:0/18:0) <0.001 1 2.00 <0.001 1183 - 1 1.09
G (16:0/18:0) <0.001 1216 <0.001 193 - 112
G (18:1/18:1) <0.001 16.03 0.002 1 641 - } 094
(15 0/16:0/18:1) 0.003 1415 0.003 1295 - R
G (16:0/18:1/18:3) <0.001 1251 <0.001 1255 - 1 0.98
(160/17 1/18:1) 0.016 1298 0.002 1296 - 1 1.01
G (16:0/17:0/18:1) 0.029 1337 0.003 1 2.68 - +1.26
G (16:0/18:1/20:4) <0.001 1238 <0.001 1252 - J 0.94
G (16:0/18:1/20:3) <0.001 1439 <0.001 1 5.56 - 1079
G (17:0/18:1/18:2) 0.029 1275 0.003 1221 - .24
G (18:0/18:1/18:1) <0.001 1 3.89 <0.001 1 4.76 - } 082
G (16:0/18:1/22:1) 0.036 1212 0.01 1246 - J 0.86
G (18:1/18:1/22:4) 0.003 1 3.54 <0.001 1322 - 1+ 1.09

Cer (d18:1/24:1) 0.024 1229 <0.001 1216 - 1+ 1.06

Cholesterol <0.001 1218 <0.001 4+1.99 - 1+ 1.10

LPC (14:0) 0.004 1 046 - - - -

PC (O-16:0/16:0) 0.018 1 1.65 - - - -

PC (0-16:0/20:4) 0.042 1 0.74 - - - -

PC(P-20:0/20:4) 0.045 1151 - - - -

SM (d18:2/22:0) 0.009 } 059 - - - -

SM (d38:1) <0.001 J 0.22 - - - -

SM (d18:2/25:0) 0.019 1252 - - - -
G (15:0/16:0/18:2) 0.039 1222 - - - -
(160/182/ 8:3) 0.005 1231 - - - -

TG (16:0/18:1/18:2) <0.001 1 3.98 - - - -
G (14:0/18:2/22:6) 0.029 4033 - - - -
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Table 4 (continued)

Metabolite QDLS/H QDYD/H QDLS/QDYD
p FC p FC P FC
G (17:0/18:0/18:1) 0.041 1 14.99 - - - -
(182/ 8:2/18:3) 0.031 } 037 - - - -
G (18:1/18:1/20:4) <0.001 1242 - - - -
(182/182/20 5) 0.041 1037 - - - -
G (18:0/18:1/20:3) 0.019 +1.75 - - - -
LPC(16:1) - - 0.024 J 0.64 - -
PC (14:0/18:2) - - 0.003 } 047 - -
PC (16:0/20:3) - - <0.001 4 1.89 - -
PC (16:0/22:6) - - <0.001 173 - -
PE (16:0/22:6) - - <0.001 +332 - -
PE (18:0/20:4) - - 0.007 1231 - -
SM (d36:0) - - 0.048 1203 - -
SM (d40:2) - - 0.003 1036 - -
DG (18:1/18‘2) - - 0.009 1 1.89 - -
TG (17:0/18:1/18:1) - - 0.002 4255 - -
TG (18:1/18:1 /201) - - 0.004 1227 - -
TG (18:1/18:1/22:5) - - 0.011 4215 - -
TG (18:1/18:1/22:0) - - 0.002 1463 - -

QDLS for whom suffered Qi deficiency of lung-spleen syndrome of lung cancer; QDYD for whom suffered Qi deficiency and Yin deficiency syndrome of lung cancer; FC
the ratio of ion intensity for potential biomarkers from patients or healthy volunteers by using the developed UHPLC-Q-TOF/MS method
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Fig. 4 Hierarchical clustering heatmaps of potential lipid biomarkers in plasma from A healthy and QDLS group, B healthy and QDYD group,
and C QDLS and QDYD group; D Pathway analysis of altered lipids between QDLS and QDYD syndromes of lung cancer; E Pathway analysis of
altered lipids in lung cancer patients. 1, glycerophospholipid metabolism; 2, sphingolipid metabolism; 3, primary bile acid biosynthesis; 4, steroid
biosynthesis; 5, glycerolipid metabolism

of invasion ability and phospholipid metabolism homeo-  Lipid changes in NSCLC patients From the lipidomics
stasis with “Yin deficiency” in the two groups of lung screening, we observed elevated PC levels in the plasma
cancer. of lung cancer patients with QDLS or QDYD syndrome.
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patients and healthy people; C QDLS and QDYD patients

Fig. 5 Heatmaps of correlation matrix in correlations analysis showing the relationship between proteomic and lipidomic datasets. For proteomic
data, the gene names are displayed. Correlation matrix of proteomic and lipidomic results between A QDLS patients and healthy people, B QDYD

As a key component of the eukaryotic cell membrane,
changes in PCs indicate variations in cell membrane
function and affect the growth and proliferation of can-
cer cells [22]. Increased phosphatidylcholine metabolism
has been confirmed in lung cancer as well as other cancer
types. Hence, this effect could be interpreted as meet-
ing the demands of the high proliferation rate of cancer
cells [23]. In addition, the key enzyme choline kinase «,
involved in the synthesis of PCs in the CDP-choline path-
way, is overexpressed in lung cancer, breast cancer, and
colorectal cancer [24], and its expression was correlated
with poor prognosis of lung cancer [25], consistent with
the increased PC levels in patient plasma in our study.
Additionally, glycerol phosphodiesterase-mediated glyc-
erophospholipid metabolism could also regulate signaling
pathways through downstream products, as well as cell
migration via protein kinase C signaling pathways [26].
Interestingly, based on the metabolic pathway analysis in
our study, the glycerophospholipid metabolism pathway
was significantly affected in both syndrome groups of lung
cancer. Thus, the increase in PC levels suggested variation
in cell membrane function in cancer cells, and cell migra-
tion might change in lung cancer. As the second most
abundant phospholipid in the mammalian membrane, the
levels of PEs also vary during cell growth and tumor pro-
gression [27]. PE binding proteins (PEBPs) increase secre-

tion in A549 lung adenocarcinoma cells, and regulate
tumor development, invasion and metastasis potential
[28]. PEs may act in part as agonists for PEBP-mediated
signal transduction. Most PCs and PEs were upregulated
in cancer patients in our study, indicating that the occur-
rence of cancers with qi deficiency was closely associated
to the metabolism of PCs and PEs.

LPCs, which contain a fatty acyl group bound to glyc-
erol after hydrolysis of the ester bond of PC by phospho-
lipase A2 (PLA2) [29], are also important intermediates
in biosynthesis pathway of PCs. This biosynthesis path-
way can be remodeled by lysophosphatidylcholine acyl-
transferase (LPCAT), a cytosolic enzyme catalyzing
the transformation of LPCs to PCs [30], promoting the
growth and metastasis of lung cancer cells and participat-
ing in the pathogenesis of lung cancer. LPCAT has been
proved to be highly expressed in lung cancer patients
[31]. Moreover, the low levels of most altered LPCs
were consistent with plasma LPC levels in patients with
advanced metastatic cancer, indicating that the balance
of LPCs was disturbed by malignant tumors [32]. Nota-
bly, LPCs showed a more obvious decreasing trend in the
QDLS group than in the QDYD group. LPEs can stimu-
late calcium signal transduction and induce the prolifera-
tion, migration and invasion of cancer cells [33]. The LPE
plasma level in QDYD patients was elevated compared
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with that in healthy subjects and could also differentiate
QDLS patients and QDYD patients. Notably, according
to the consistent statistical and biological correlations,
LPCs were selected as the key differential lipids and
contributed to syndrome differentiation. Moreover, the
increased trend in PCs and PEs was slightly more pro-
nounced in the QDYD group than in the QDLS group,
and LPCs and LPEs were prominently different between
the QDLS and QDYD syndromes, indicating that the
metabolism of glycerophospholipids was significantly
associated with the difference between the two syn-
dromes, which could be dominated by “Yin deficiency”

Sphingolipid metabolism is also altered in lung can-
cer. Numerous SMs were dysregulated in both syndrome
groups of lung cancer. As the main sphingolipids in mam-
malian cells, which are mainly transformed from sphin-
gosine via sphingomyelin kinase, SMs play important
roles in cellular signaling pathways and inhibit oxidative
damage to tissues [34]. The downregulation of SMs indi-
cates that the occurrence and progression of lung cancer
inhibits the activity of sphingosine kinase and aggravates
tissue oxidative damage. A similar trend was observed
in both syndrome groups of lung cancer, indicating that
SMs play similar roles in signaling pathways of lung can-
cer within the two syndromes.

TGs have been found to be upregulated in many
types of cancer, and were correlated with a high risk of
NSCLC [35]. TGs and cholesterol, jointly stored within
lipid droplets, could serve as energy storage for cancer
cells. Therefore, cancer cells can sustain the autonomy of
growth, migration and proliferation as well as increased
energy consumption [36]. Indeed, cancer cells are likely
to contain more lipid droplets than normal cells [37].
TGs could also provide a fatty acid library to generate
free fatty acids via hormone-sensitive lipase, adipose tri-
glyceride lipase and monoacylglycerol lipase, which fur-
ther undergo B-oxidation to release ATP as part of the
energy source required by cancer patients [38]. Disrupted
[-oxidation has been reported in various cancers, and its
enhancement is related to tumor promotion [37]. Alter-
natively, chronic inflammation, an important factor in the
development of cancer, is accompanied by an increase in
TG levels [39]. As a well-known second messenger of
lipids, DGs are intermediates of lipid metabolism and
key elements of lipid-mediated signal transduction. They
have been implicated in the maintenance of homeostasis
during cell growth. A strong correlation between the dis-
order of DGs and human diseases, such as diabetes and
malignant transformation, has been reported previously
[40]. In our study, elevated DG and TG levels in both syn-
dromes of NSCLC patients were observed.

Because cancer cells require excessive cholesterol
and cholesterol intermediates to maintain additional

Page 17 of 20

proliferation, the synthesis of cholesterol is enhanced,
leading to the accumulation of cholesterol [41, 42]. This
accumulation allows cancer cells to evade apoptosis and
support continuous cell division and proliferation [42].
TThe inhibitor of HMG-CoA-reductase (HMGCR), a
rate-limiting enzyme in the mevalonate pathway where
cholesterol is synthesized, has antiproliferative effects on
LC cells [43]. Additionally, the enzymes involved in cho-
lesterol synthesis could be regulated by sterol regulatory
element binding protein (SREBP), the genes of which
were overexpressed in cancer, suggesting the elevation
of cholesterol synthesis in cancer [44]. The approximate
manifestations of the cholesterol and neutral lipids above
in both lung cancer syndrome groups imply similar
growth rates and energy expenditure.

Dysregulated metabolism between NSCLC patients
and healthy subjects Among the proteins closely associ-
ated with the response or metabolism of PCs, PEs, LPCs,
LPEs, SMs, Cer, DGs, TGs and cholesterol in NSCLC
patients, ALDOC, PRDX6, COL6A1, TUBA1B, TXN,
DS@G2, CST3, PCSK9, and ANGPTL3 were involved in
the regulation of glycerophospholipid metabolism, cell
adhesion, proliferation and division, oxidative stress reac-
tion, apoptosis, cholesterol homeostasis and the clearance
of plasma TGs. These lipids were involved in glycerolipid
metabolism, primary bile acid biosynthesis, sphingolipid
metabolism and glycerophospholipid metabolism in both
syndromes of lung cancer patients.

Discrepant metabolism between QDLS and QDYD syn-
dromes in NSCLC The discrepancies between QDLS
and QDYD syndrome of lung cancer dominating boiled
down by “Yin deficiency” were comprehensive and wide-
spread. To name a few, TUBA1B in cell division and pro-
liferation, PCSK9 in cholesterol homeostasis, ANGPTL3
and TG in triglyceride homeostasis and lipoprotein
metabolism, ALDOC in glycolysis, and ALDOC, PRDXS6,
LPCs, and LPEs, in glycerophospholipid metabolism were
all different between the syndromes. In addition, after the
integration of statistical and biological analysis, ALDOC
and LPCs were identified as differential proteins and
lipids between the two syndromes of NSCLC patients and
statistically and biologically correlated with AUC values
greater than 0.8, which could contribute to syndrome dif-
ferentiation in NSCLC. Importantly, glycerophospholipid
metabolism they were both involved in was also the most
significantly different pathway in patients with the two
syndromes in lipidomics analysis. In addition, ALDOC
participates in the glycolysis pathway and then affected
the patient’s energy metabolism, which was consistent
with the fact that “Yin deficiency” were related to energy
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metabolism. Therefore, there were different metabolic
patterns in glycerophospholipid metabolism and glyco-
lysis pathway in lung cancer patients with different syn-
dromes, thus reflecting the differences of syndromes.

Conclusion
In conclusion, this study reported a comprehensive anal-
ysis of the plasma proteome and lipidome of lung cancer
patients with different types of NSCLC in TNM III-1V
stage—QDLS and QDYD syndromes, by integrated
DIA based proteomics and nontargeted lipidomics
analysis. Correlation analysis revealed that differentially
expressed proteins such as ALDOC, COL6A1, TUBAI1B,
TXN, DSG2, and CST3 were closely associated with the
response of differential lipids such as PCs, PEs, LPCs,
LPEs, SMs, Cer, DGs, TGs and cholesterol between
NSCLC patients and healthy controls. Additionally,
ALDOC, PCSK9, ANGPTL3, and PRDX6 were discov-
ered to be involved in lipid metabolism. Furthermore,
TUBAI1B, ALDOC, PRDX6, PCSK9, LPCs and LPEs
were the differential proteins and lipids between QDLS
and QDYD syndromes. Notably, after the integration, the
correlation of ALDOC and LPCs in statistical and bio-
logical aspects was consistent. Thus, ALDOC together
with LPCs could greatly contribute to the distinguish-
ment of syndrome type of TCM in NSCLC. Notably, the
most prominent metabolic differences between the two
syndromes were reflected in the glycerophospholipid
metabolism, as well as glycolysis pathway related to yin
deficiency. Overall, the differences in proteins and lipid
characteristics between NSCLC patients and healthy
individuals as well as NSCLC patients with QDLS or
QDYD syndromes were identified through integrative
proteomics and lipidomics analysis. Moreover, the com-
parison with Kangai injection and the level of ALDOC in
ELISA result successfully supported our results.
Therefore, we provide a novel strategy for the individ-
ualized clinical diagnosis of NSCLC patients with TCM
syndromes, and the strategy could also be extended to
the implementation of precision medicine for other dis-
eases. Meanwhile, the biomarkers we screened to moni-
tor the clinical diagnosis and treatment of lung cancer
might be further specified by future studies after recruit-
ing more patients.
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