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Abstract

Colorectal cancer (CRC) is one of the most common causes of cancer-related death worldwide. Emerging evidence has shown
that lipid metabolism plays important roles in the occurrence and progression of CRC. The identification of potential biomarkers
for CRC progression is critical for precise diagnosis and treatment. Therefore, the aim of this study is to explore the potential lipid
markers in relation to CRC progression. The plasma of patients with stage I/Il CRC (n = 20) and stage III/ITV CRC (n = 20) was
collected. Lipidomic screening was performed by ultrahigh-performance liquid chromatography—mass spectrometry. After mul-
tivariate data analysis, including orthogonal partial least squares discriminant analysis, determination of the fold change, and the
Mann—Whitney U test, eight lipid species with altered levels with p < 0.05 and fold change greater than 2 were selected as
potential lipid biomarkers. Compared with patients with early-stage CRC, patients with advanced-stage CRC showed signifi-
cantly higher levels of cholesteryl ester (20:4) and some triglycerides with a saturated fatty acid chain and a lower level of fatty
acid ester of hydroxy fatty acid 27:1 (9:0-18:1) in plasma. Furthermore, the receiver operating characteristic including these
potential lipid biomarkers yielded a sensitivity of 85% and specificity of 80% for separation of early-stage CRC patients from
advanced-stage CRC patients. In all, this is the first report showing that the levels of triglycerides, the major contents of lipid
droplets, increase in plasma of advanced-stage CRC patients compared with early-stage CRC patients. These data indicate that
lipid droplets may be target organelles for the study of CRC progression and treatment.
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QC Quality control

TAG Triacylglycerol

TOF Time of flight

UHPLC  Ultrahigh-performance liquid chromatography
Introduction

The global incidence of colorectal cancer (CRC) ranks third,
but mortality ranks second, according to the global cancer
statistics for 2018 [1]. Because of economic development,
dietary pattern changes, and lifestyle changes, Chinese inci-
dence rates of CRC, especially for men, morbidity (annual
average change of 1.6 percentage points ), and mortality (an-
nual average change of 1.3 percentage points) have increased
in the last decade [1, 2]. It takes 10—15 years for a small polyp
to grow into CRC. For stage I/Il CRC patients, it is necessary
to remove it directly. For stage III/ITV CRC patients, the treat-
ment procedures are complex, and neoadjuvant chemotherapy
is probably necessary. Besides, although some patients are in
the early stage of CRC, the metastasis-related symptoms are
not obvious. Currently, CRC diagnosis and monitoring are
based mainly on colonoscopy, an immunochemical-based fe-
cal occult blood test, a carcinoembryonic antigen test, and
other techniques. However, these methods are expensive, lack
sensitivity and specificity, or are invasive [3, 4]. Misdiagnosis
will lead to undertreatment or overtreatment of CRC patients,
thereby resulting in increased mortality. The latest data indi-
cate that the survival rate of CRC patients drastically declines
with disease progression, from almost 90% for stage I/Il CRC
to 13% for stage IV CRC [5]. Therefore, a convenient and
effective method is needed to improve the classification accu-
racy of the stages for CRC diagnosis and treatment.

Lipids have several functions, especially as mediators,
which can participate in signal transduction pathways, apopto-
sis, proliferation, and membrane trafficking in cells [6].
Adipocytes are associated with CRC tumor invasion. Co-
culture of colon cancer cells with adipocytes led to the release
of free fatty acids (FFAs), causing the growth of cancer cells
[7]. The products of lipid oxidation stress, including choles-
terol and fatty acids, can produce inflammatory factors that
will promote CRC [8]. By inhibiting the expression of genes
that encode lipogenesis regulatory enzymes, the proliferation,
migration, and invasion characteristics of colon cancer will be
repressed [9]

Omics-based methods have exhibited great potential for
biomarker discovery, especially in cancer metabolism.
Lipidomics, as a branch of metabolomics, reflects the profil-
ing of different kinds of lipids and their related networks.
Although there have been several lipidomics studies in
CRC, almost all of them attempted to diagnose CRC.
Lysophosphatidylcholines (LPCs) and phosphatidylcholines
(PCs) are the most explored biomarkers related to the
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occurrence of CRC [10-12]. With regard to CRC staging, Li
et al [13] applied direct-infusion electrospray ionization (ESI)
Fourier transform ion cyclotron resonance mass spectrometry
(MS) to analyze the lipid profile of CRC patients and healthy
controls. It was found that some fatty acids were downregu-
lated and some phospholipids were upregulated in plasma of
stage III/TV CRC patients compared with stage I/Il CRC par-
ents. Another study used a gas chromatography—MS-based
method to analyze the lipid levels in plasma of healthy indi-
viduals, stage I/II CRC patients, and stage III/IV CRC patients
[14]. The results indicated that C4—C;, fatty acids could be
deemed as biomarkers to distinguish early-stage CRC patients
and advanced-stage CRC patients. Since researchers use one
or several lipid standards with similar structure to quantify the
corresponding class of lipids, the approach of combining
high-performance liquid chromatography (HPLC) with MS
has become the mainstream method in lipid analysis [15, 16].

The present study aims to develop a nontargeted ultrahigh-
performance liquid chromatography (UHPLC)-MS-based
lipidomics approach to explore the significant changed lipid
metabolites for differentiating early-stage CRC patients from
advanced-stage CRC patients. Orthogonal partial least squares
discriminant analysis (OPLS-DA), fold change, and the
Mann—Whitney U test were used for data analysis.
Ultimately, some potential lipid biomarkers were identified
that may provide a new approach for further study of the
molecular mechanism of CRC progression.

Materials and methods
Chemicals

HPLC-grade methanol, dichloromethane, and 2-propanol
were purchased from Merck (Germany). Ultrapure water
was prepared by a Milli-Q system (Millipore, Billerica, MA,
USA). The SPLASH LIPIDOMIX MS standard (catalog no.
330707) was purchased from Avanti Polar Lipids (Alabaster,
AL, USA). Detailed information is presented in Table S1.

Participants and sample collection

The study was approved by the Ethics Committee of the
Institution of Clinical Pharmacology, Central South University
(registration no. CTXY-150001-2), and was performed as part of
a previous clinical trial, which focused on the circulating tumor
DNA of CRC patients and healthy people for disease diagnosis
and prognosis. (registration no. ChiCTR-DCD-15006289; http://
www.chictr.org.cn/showprojen.aspx?proj=10851). Participants
provided written informed consent. Plasma samples were
collected from CRC patients at Xiangya Hospital from April
2017 to April 2018. Forty patients were selected according to
the following criteria: (1) CRC confirmed by pathological
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examination; (2) no other diseases, such as cancers, hyperlipid-
emia, and diabetes; (3) no previous operation, chemotherapy, or
radiotherapy; (4) availability of complete clinical records; (5)
detailed pathological diagnosis of staging according to the
TNM clinical staging system. The plasma was collected before
surgery after a 10-h fasting period. Venous blood specimens were
collected in tubes that contained the anticoagulant EDTA and
were centrifuged at 4000g for 10 min at 4 °C. The supernatant
was transferred into an Eppendorf tube and stored at -80 °C until
analysis.

Sample preparation

For lipid extraction, a modified Bligh and Dyer method was
used [17]. Briefly, 40 uL plasma was mixed with 960 pL
water and then placed on ice for 10 min. Then 2 mL
CH;0H and 900 puL CH,Cl, were added. After vortex
mixing, 10 puL of internal standard was added. This was
followed by vortex mixing and placement on ice for 30 min.
To achieve phase separation, 1 mL pure water and 900 uL
CH,Cl, were added. After the tube had been inverted ten
times, the mixture was centrifuged at 290g for 10 min. Then
800 uL of the lower layer was transferred into a fresh glass. To
complete extraction, 2 mL CH,Cl, was mixed with the resid-
ual from the extraction tube and centrifuged, and 2 mL of the
lower layer was added to the first extract. A total of 2.8 mL of
lipid extract was evaporated under a stream of nitrogen.
Finally, the dried extract was reconstituted with 100 pL
CH;OH-CH,Cl, (1:1 v/v), followed by centrifugation at
17,949¢g for 5 min at 4 °C. The supernatant was used for
injection into the UHPLC—MS system. Furthermore, to ensure
good data quality for lipidomics profiling, 10 uL plasma from
every sample was mixed and processed as described previous-
ly to prepare the quality control (QC) samples. To validate the
repeatability of the method and the stability of the UHPLC—
MS system, the QC samples were inserted six times before the
batch and then inserted after every ten injections.

UHPLC-MS analysis

UHPLC-MS was performed with an ExionLC AD instrument
(AB SCIEX, USA) coupled to a time-of-flight (TOF) mass
spectrometer (Triple TOF 5600, AB SCIEX, USA). A
Kinetex C;g column (2.6 um, 2.1-mm inner diameter, 100
mme-length; Phenomenex, USA) was used for lipid separation.
Mobile phases A and B were water—methanol—acetonitrile
(1:1:1 v/v/v) and 2-propanol, respectively. Both mobile phases
contained 5 mM ammonium acetate. The gradient conditions
were as follows: 0.5-1.5 min, linear gradient from 20% mo-
bile phase B to 40% mobile phase B; 1.5-3.0 min, 40% mo-
bile phase B to 60% mobile phase B; 3.0-13.0 min, 60%
mobile phase B to 98% mobile phase B; 13.0—13.1 min,

98% mobile phase B to 20% mobile phase B and held for
3.9 min at 20% mobile phase B. The flow rate was 0.3 mL/
min. The temperatures of the column and the autosampler
were set at 45 and 4 °C, respectively. The tandem MS (MS/
MS) and high-resolution MS data for injection of 1 pL of
sample for UHPLC-MS analysis were acquired by time-of-
flight MS full scan and information-dependent acquisition
ranging from 200 to 1300 m/z. Each sample was injected in
positive ESI and negative ESI mode. The mass spectrometer
was operated with the ion source gas 1 and gas 2 of both 60
psi. The current gas was set at 35 psi, the temperature was set
at 600 °C. IonSpray voltage floating was set at 5500 V in
positive mode and -4500 V in negative mode. Declustering
potential was set at 50 V. Collision energy was set at 45 V.

Data processing and statistical analyses

For data acquisition and processing, Analyst TF (version 1.7.1,
AB SCIEX, USA) was used. Raw data files were exported to
MS-DIAL (version 2.9.4) for lipid extraction and identification
[18]. Then MultiQuant (version 3.0, AB SCIEX, USA) was
used for further data processing. Some parameters set in
MultiQuant were as follows: Gaussian smoothing width,
1.0 points; RT (retention time) half windows, 10.0 s; min-
imum peak width, 5 points; minimum peak height, 500;
noise percentage, 90%; baseline substraction, window,
0.1 min; peak splitting, 2 points. Finally, the peak area of
each metabolite was normalized by the internal standard of
the corresponding category. After removal of peaks with a
coefficient of variation greater than 30% among QC sam-
ples and missing value (the peak intensity was zero ) great-
er than 20% among all samples, the remaining peaks were
included for further analysis. However, there is no FFA
species in the mixed lipid standard, and thus
lysophosphatidylethanolamine (LPE), which has a similar
retention time, was used as a substitute standard for FFAs.

The statistical results were input into SIMCA-P version
14.1 for OPLS-DA with mean centering and unit square
root of variance scaling (pareto scaled). The quality of
the OPLS-DA model was evaluated by the parameters R*
(explained parameter) and O® (predictive parameter).
Additionally, the model was further validated by a 200
random permutation test. The Mann—Whitney U test
(SPSS Statistics version 17.0, SPSS, Chicago, IL, USA)
was performed for stage I/II CRC patients and stage III/
IV CRC patients. The trend (fold change) of upregulation
or downregulation showed the variation of the differential
metabolites between patients with early-stage CRC and
patients with advanced-stage CRC. Only the metabolites
with p < 0.05 and fold change of the peak area greater than
2 were defined as potential biomarkers. Finally, the receiv-
er operating characteristic was used to predicate the accu-
racy of the potential biomarkers.
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Results
Study participant characteristics

Forty participants were enrolled, including 20 stage I/Il CRC
patients and 20 stage III/IV CRC patients. CRC stage was
diagnosed and graded by pathological examination and
TNM level. Detailed clinical data are provided in Table 1.
Age and triglyceride (TG) plasma level were matched by the
Mann Whitney U test. Sex, degrees of differentiation, and
tumor location were matched by the chi-square test (SPSS
Statistics version 17.0, SPSS, Chicago, IL, USA) with p >
0.05.

Analysis and identification of lipids

The original files were imported into MS-DIAL to identify
the lipids by our referring to the accurate m/z, retention
time, and branched-chain fragments of metabolites. Then
the peak area of each metabolite was obtained by our
importing the file into MultiQuant with the retention time
and m/z limited. After normalization by the internal stan-
dard and removal of the abnormal peaks, 250 lipids were
identified in positive mode and 162 were identified in neg-
ative mode. The detected lipid species included PC, phos-
phatidic acid, sphingomyelin (SM), LPC, phosphatidyleth-
anolamine (PE), LPE, FFA, fatty acid ester of hydroxy
fatty acid (FAHFA), phosphatidylinositol (PI), oxidized
PI, oxidized PC, cholesteryl ester (CE), and oxidized PE

(Table S2). The total ion chromatograms of plasma lipid
extracts are presented in Fig. S1.

The lipid identification was based on the accurate m/z,
retention time, and characteristic fragment ions through
use of MS-DIAL and the LIPID MAPS database (http://
www.lipidmaps.org/). The mass accuracy was well below
5 ppm for all included lipid species. For almost all lipid
classes identified, the positive and negative MS/MS spec-
tra provided specific fragments. At a retention time of 5.
273 min, the LIPID MAPS search results suggest m/z 740.
5202 likely corresponded to [M + H]* of PE (16:0-20:4) in
positive mode (Fig. 1a), with an acceptable error of -3.11
ppm, and m/z 599.5014 likely corresponded to the frag-
ment ion of neutral loss of ethanolamine phosphate. In
negative mode, the precursor ion with m/z 738.5111 at a
retention time of 5.28 min with 4.29-ppm error was likely
[M — HJ of PE (16:0-20:4) (Fig. 1b). In addition, it can be
inferred that m/z 303.2331 and m/z 255.2333 corresponded
to the fragment ions of 20:4-carboxylate anion and 16:0-
carboxylate anion, respectively. Structural information on
this lipid, including the number of carbon atoms and dou-
ble bonds per fatty acyl chain, suggested it was PE (16:0-
20:4). However, the positions of the double bonds marked
in the dashed boxes in Fig. la, b were still uncertain.
Figure 1c shows the MS/MS spectrum of TAG (16:0-18:
0-16:0). The precursor ion with m/z 852.8017 at a retention
time of 10.763 min with 0.23-ppm error was probably the
quasimolecular ion [M + NH4]" according to LIPID
MAPS. In addition, it can be inferred that the fragment ions
with m/z 579.5340 and m/z 551.5030 corresponded to the

Table 1 Clinical characteristics

of participants Stage I/I CRC Stage III/IV CRC P
Male 13 14 0.736
Female 7 6
Age (years) 58.15 (SD 9.93) 55.25 (SD 10.22) 0.84
TG(mmol/1) 1.6 (SD 0.54) 1.56 (SD 0.84) 0.185
site Rectum 10 9 0.242
Colon Ascending colon 3 1
Descending colon 2 0
Transverse colon 1 0
Sigmoid colon 2 6
Right hemicolon 2 4
Left hemicolon 0 0
Differentiation High 4 0 0.061
Low 12 9
High-middle 1 0
Low 0 2
Middle-low 1 2
NA 2 7

CRC colorectal cancer, NA not available, SD standard deviation, TG triglyceride
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Fig. 1 a Tandem mass
spectrometry (MS/MS) spectrum
of phosphatidylethanolamine
(16:0-20:4) in positive mode. b
MS/MS spectrum of phosphati-
dylethanolamine (16:0-20:4) in
negative mode. ¢ MS/MS spec-
trum of triglyceride (16:0-18:0-
16:0) in positive mode
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loss of palmitic acid (256 Da) and stearic acid (284Da), 8017 at a retention time of 10.763 min corresponded to
respectively. It was deduced that the peak at m/z 852. TAG (16:0-18:0-16:0).
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Evaluation of the method

As Fig. 2 shows, the principal component analysis (PCA)
model and the control chart of 40 samples, including 11
QC, samples were built. The 11 QC samples were tightly
clustered and generally separated from other samples in
the score plot (Fig. 2b). The QC samples were almost
stable throughout the analysis in the control chart (Fig.
2¢), which indicated that the differences in the test sam-
ples were due to biological variation [19, 20]. In addition,
the relative standard deviations for all metabolites in the
QC samples were mostly within 0.15 (Fig. 2d). The data
processing results indicated that the method of lipid pro-
filing was stable and reproducible.

Discovery of potential lipid biomarkers

Lipid species of PC, LPC, PE, LPE, phosphatidic acid,
sphingomyelin, FFA, PI, FAHFA, oxidized PE, oxidized PC,
and oxidized PI in negative mode and TAG, diacylglycerol,

CE LPC
FEA 3% 4.7%
PA 0.9% PC
o
Pl 3% 20.8%
DAG
3.4%
TAG
24.7%
18.2%
LPE
8.81“9/0 2.6%

BS(M1)

25(M1)

3s)
-100 T

T T T T T T T T T
5 10 15 20 25 30 35 40 45 50
sample run order

Fig. 2 a The main species distribution of lipid species in plasma by
nontargeted lipidomics. b PCA score plot of the distribution of quality
control (QC) and other samples. ¢ Control chart for the distribution of QC
and other samples. The red circles are QC samples and the blue circles are the
other samples. The x-axis is the sample run order and the y-axis is the first
principal component #[1] with 20 and 3¢ limits. d The coefficient of variation
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and CE in positive mode were found (Table S2, Fig. 2a). After
normalization with internal standards, each relative peak area of
residual metabolites was imported into SIMCA-P version 14.1 to
perform the OPLS-DA model with unit square root of variance
scaling (par) transformed. The score plot of the OPLS-DA model
displayed a distinct separation trend between stage I/Il CRC
patients and stage III/IV CRC patients (Fig. 3a). As expected,
the stage /Il CRC group and the stage III/IV CRC group were
completely separated in the direction of the [#;] component with
the explained parameters R*X = 0.326 and R*Y = 0.693 and the
predictive parameter O* = 0.452, respectively. For avoiding
overfitting of the OPLS-DA model, 200 permutations tests were
provided with the Q-intercept of —0.417 (Fig. 3b). It indicated
that the model was not overfitting the data. In addition, the
Mann—Whitney U test was performed to validate the significance
of the lipids by the fold change. Metabolites with fold change
greater than 2 and p<0.05 were selected as potential biomarkers
(Fig. 3c). Finally, eight lipid species, including CE (20:4),

A M ac
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s
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(CV) distribution of metabolites around QC samples. CE cholesteryl ester,
DAG diacylglycerol, LPC lysophosphatidylcholine, LPE
lysophosphatidylethanolamine, PA phosphatidic acid, PC phosphatidylcho-
line, PE phosphatidylethanolamine, PA phosphatidic acid, PI phos-
phatidylinositol, SM sphingomyelin, TAG triacylglycerol.
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Fig. 3 a Orthogonal partial least square discriminant analysis (OPLS-DA)
model for discrimination between stage I/II colorectal cancer patients and
stage III/IV colorectal cancer patients [sz (cum) = 0.326, R*Y (cum) =
0.693, Q2 (cum) = 0.452]. b Permutation test of the OPLS-DA model (n =
200; @ intercept -0.417). ¢ Volcano plot of lipid metabolites in plasma by
nontargeted lipidomics. d Prediction through the combination of eight lipid

FAHFA 27:1 (9:0-18:1), and some TAGs with a saturated fatty
acid chain, were included (Table 2). To optimize the diagnosis
model, the receiver operating characteristic curve of these signif-
icant metabolites was obtained. The area under the curve of
89.8%, with 85% sensitivity and 80% specificity, demonstrated
the reliability of the model (Fig. 3d).

biomarkers, including cholesteryl ester (CE) (20:4), fatty acid ester of hy-
droxy fatty acid (FAHFA) 27:1 (9:0-18:1), triglyceride (TAG) 40:0 (12:0-
12:0-16:0), TAG 42:0 (12:0-14:0-16:0), TAG 44:0 (14:0-14:0-16:0), TAG
46:0 (14:0-16:0-16:0), TAG 48:0 (16:0-16:0-16:0), and TAG 54:0 (16:0-
18:0-20:0) (area under the curve 89.8%, sensitivity 85%, specificity 80%).
FC (fold chang of stage III/IV to stage I/IT)

Discussion

This study analyzed the plasma lipid profile of CRC patients
with early and advanced stage CRC by UHPLC-TOF MS in
positive ESI mode and negative ESI mode. After an efficient
and robust analysis, eight lipid species, including CE (20:4),

Table 2 The fold change, p value,

retention time (RT), and accurate Name p Fold change (stage ITI/TV RT (min) mlz

m/z of eight biomarkers CRC/stage I/Il CRC)
CE (20:4) <0.001 2.08 1 10.26 690.6179
FAHFA 27:1 (9:0-18:1) 0.04 2.19 ] 42 437.3625
TAG 40:0 (12:0-12:0-16:0) 0.002 2.651 8.54 712.6411
TAG 42:0 (12:0-14:0-16:0) 0.001 3401 9.04 740.6764
TAG 44:0 (14:0-14:0-16:0) 0.002 31771 9.52 768.7085
TAG 46:0 (14:0-16:0-16:0) 0.001 2831 9.94 796.735
TAG 48:0 (16:0-16:0-16:0) 0.025 2371 10.39 824.77
TAG 54:0 (16:0-18:0-20:0) 0.009 2711 11.48 908.8666

CE cholesteryl ester, CRC colorectal cancer, FAHFA fatty acid ester of hydroxy fatty acid, TAG triacylglycerol
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FAHFA 27:1 (9:0-18:1), and some TAGs with a saturated fatty
acid chain, were identified for differentiation of disease states.

A number of lipidomics-based studies have provided evi-
dence of lipid metabolites in plasma and tissue associated with
the presence of CRC. However, few studies have focused on the
progression of CRC. LPCs are the most explored biomarkers for
the occurrence of CRC [21, 22]. Changes in Phospholipid levels
in tissue was related to CRC progression [23]. This is the first
time that TAGs have been shown to be the major altered lipids in
the different states of CRC. A high level of TAGs in human
plasma has been reported to be associated with cardiovascular
disease. Changes in TAG levels was also found to be associated
with some cancers, such as non-small-cell lung cancer [24] and
hepatocellular carcinoma [25, 26]. It is noteworthy that the TAGs
with saturated fatty acids showed significant differences between
early-stage CRC patients and advanced-stage CRC patients.
However, our clinical data showed that the total TAG content
in the plasma of patients did not differ between the two groups.

TAGs exist mainly in lipid droplets, which are fat-storage
organelles regulating the production, trafficking, cycling, and
signaling of lipids (Fig. 4). Recent studies found that the al-
teration of lipid droplets was related to the life activity of

cancer cells [27, 28]. Some genes that play a significant role
in the production of lipid droplets were demonstrated to be
related to cancer cell presence and cancer progression. As
shown in the pathway diagram in Fig. 4, the diacylglycerol
acyltransferase (DGAT) gene family is the main producer of
TAG. A study demonstrated that positive regulation of
DGAT1 can promote prostate cancer cell growth [29]. In ad-
dition, adipose triglyceride lipase (ATGL), the rate-limiting
enzyme of TAG hydrolysis, was studied with regard to
tumor-suppressor function in hepatocellular carcinoma [26].
When ATGL was inhibited, the fatty acids in lipid droplets
were sequestered from mitochondrial pathways for reactive
oxygen species generation, establishing an anaerobic environ-
ment for cancer cell survival [30]. However, in a study of
breast cancer, the overexpression of ATGL was positively
correlated with cancer cell migration and invasion [31].
Additionally, in CRC cells, knockdown of ATGL might im-
pede the proliferation and invasion of cells [32]. These studies
suggested that there are probably diverse mechanisms of lipid
metabolism among different cancers. However, there is no
doubt that the alteration of lipid droplets, especially TAGs,
plays a vital role in cancer presence and progression.
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Fig. 4 The metabolic pathway of lipid species related to lipid droplets.
ACAT acylcoenzyme A:cholesterol acyltransferase, ATGL adipose
triglyceride lipase, CE cholesteryl ester, DAG diacylglycerol, DGAT
diacylglycerol acyltransferase, FA, fatty acid, FA-COA acetoacetylCoA,
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HSL hormone-sensitive lipase, LPA lysophosphatidic acid, MAG
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acid, PL phospholipids , TAG triglyceride, TCA tricarboxylic acid
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The acylcoenzyme A:cholesterol acyltransferase (ACAT)
gene family was associated with CE synthesis in ester drop-
lets, with ACAT! being found to be upregulated in CRC tis-
sues and cells [33]. Besides, increase of the severity of the
disease with higher gene expression in the tissues of patients
with prostate cancer has been proved [34].

FAHFA is a lipid species produced through the esterifica-
tion of long-chain fatty acids with hydroxylated fatty acids.
FAHFA is associated with antidiabetic and anti-inflammatory
effects in mammals [35]. In the plasma of breast cancer pa-
tients, the level of FAHFA was significantly lower than that of
normal people [36], which was in accordance with our study
in CRC. This likely indicates that the low FAHFA level in
plasma of patients with advanced-stage CRC enhanced the
proinflammatory effect of the body.

In general, the identified circulating lipid biomarkers can
be used to increase sensitivity and convenience in the assess-
ment of the status of patients for precise treatment. Monitoring
of the concentration of these biomarkers in plasma would
probably be helpful in preventing cancer progression in a spe-
cific way in the clinic. In addition, this study proposed that
lipid species related to lipid droplets play an important role in
the occurrence and progression of CRC. Lipid droplets and
the related genes are expected to be targets for the treatment of
CRC. Moreover, the cellular mechanisms of lipid droplets in
CRC progression need to be studied further.

Conclusion

In this study, we investigated the lipid profile in human plasma of
early-stage CRC patients and advanced-stage CRC patients using
a UHPLC-TOF MS system. CE (20:4), FAHFA 27:1 (9:0-18:1),
and TAGs with a saturated fatty acid chain were significantly
altered in advanced-stage CRC patients compared with early-
stage CRC patients. This study demonstrated for the first time
that TAGs as the main component of lipid droplets can be used to
classify CRC stage. It also showed that lipids possess great
potential as biomarkers for disease progression. Although the
sample size was small, we believe that the approach will be a
powerful tool for the discovery of potential lipid biomarkers and
classification of cancer stages. Still, further studies, such as stud-
ies of the genes that affect the expression of lipid droplets and the
lipid profile of tumor tissues or cells, are needed. This study
suggested that lipid droplets may be target organelles for explor-
ing the molecular mechanism in connection with CRC progres-
sion for precise diagnosis and treatment.
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