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Abstract Abnormal lipid metabolism is a common feature in
most solid tumors, and occurs in early stages of the tumor
progression. As benign breast tumor is different from malig-
nant tumor of breast cancer, it is particularly important to take
benign breast tumor into consideration when investigating
cancer biomarkers. In this study, by using a normal-phase/
reversed-phase two-dimensional liquid chromatography-
mass spectrometry (NP/RP 2D LC-MS) method, we

conducted comprehensive lipid profiling in human plasma
obtained from six benign breast tumor patients and five breast
cancer patients, as well as nine healthy controls. As a result,
512 lipid species were successfully identified. Principal com-
ponent analysis allowed clear separation of the three groups.
Quantitative analysis revealed that many lipid contents were
similar in benign and malignant breast tumors compared with
controls, and these were proposed as potential breast tumor
biomarkers other than breast cancer biomarkers. Two phos-
phatidylinositol (PI) species, including PI (16:0/16:1) and PI
(18:0/20:4), could differentiate between benign and malignant
breast tumors, as well as breast cancer patients and healthy
controls, indicating that they could be utilized as potential
breast cancer biomarkers. In addition, PI (16:0/18:1),
phosphatidylglycerol (36:3), and glucosylceramide (d18:1/
15:1) were demonstrated to be potential biomarkers to evalu-
ate the level of malignancy of breast tumor. Taken together,
our results indicate the usefulness of lipid profiling in the
discrimination between patients with breast cancer and non-
carcinoma lesions, which might provide assistance in clinical
diagnosis.
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FFA Free fatty acid
GalCer Galactosylceramide
GCS Glucosylceramide synthase
GluCer Glucosylceramide
LacCer Lactosylceramide
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LPC Lysophosphatidylcholine
LPE Lysophosphatidylethanolamine
LPG Lysophosphatidylglycerol
MG Monoacylglycerol
MS/MS Tandem mass spectrometry
NP/RP 2D LC-
MS

Normal-phase/reversed-phase two-
dimensional lipid chromatography-mass
spectrometry

PC Phosphatidylcholine
PCA Principal component analysis
PE Phosphatidylethanolamine
PG Phosphatidylglycerol
PI Phosphatidylinositol
PI3K Phosphatidylinositol 3-kinase
PIP3 Phosphatidylinositol-3,4,5-tris-phosphate
PKC Protein kinase C
PS Phosphatidylserine
PTEN Phosphatase and tensin homologue deleted

on chromosome 10
QToF Quadrupole Time-of-Flight
SCD1 Stearoyl-CoA desaturase
SM Sphingomyelin
TG Triacylglycerol

Introduction

Breast cancer is the most prevalent form of cancer in women
worldwide [1]. It is also one of the most aggressive malignant
tumors associated with poor prognosis, rapid clinical progres-
sion, and a high rate of metastasis with high mortality [2].
Thus, finding new biomarkers, which are capable of detecting
cancer in its early stage, is of vital importance. Similar to
breast cancer, benign breast tumor represents a group of his-
tologically heterogeneous lesions [3]. As it is definitely differ-
ent from malignant tumor, it may be used as a good represen-
tative group when searching for cancer biomarkers.

Lipids are a kind of hydrophobic or amphipathic small
molecules. They play crucial roles in cellular energy storage,
structure, and signaling [4]. Till now, numerous studies have
shown that lipid defects are central to the pathogenesis of
many important and devastating diseases, including cancer.
Thus, lipidomics was put forward, which aims at the full char-
acterization of lipid molecular species and of their biological
roles with respect to expression of proteins involved in lipid
metabolism and function [5]. Investigating breast tumor in
lipidomics level may not only elucidate the lipid molecular
composition of interested samples but also deliver clues about
the mechanisms behind the control of lipid homeostasis [6].

In recent years, several studies have investigated the appli-
cation of lipidomics in breast cancer research. Phospholipids
were revealed to be altered in breast cancer cells [7, 8],

patients’ urine, and tissue [9–11]. Apart from these,
sphingolipids and glycosphingolipids were demonstrated to
be either pro- or antitumorigenic [12]. However, only a few
of these studies included the samples from benign breast tu-
mor patients. As a cancer biomarker should differentiate
breast cancer from healthy control, as well as benign breast
tumor, the proposed biomarkers for breast cancer in these
studies need further confirmation. If significant differences
only exist between breast cancer and healthy control, but do
not exist between benign and malignant tumors, they are tu-
mor biomarkers other than cancer biomarkers. Though earlier
studies have demonstrated that both benign and malignant
proliferation of breast tissue is associated with change in plas-
ma lipids and lipoprotein levels [13, 14], details about the
difference of individual lipid alternation with respect to benign
and malignant breast tumors remain very limited. We believe
that the study on the difference in lipid profiling between
benign and malignant breast tumors would be helpful for find-
ing more relevant cancer biomarkers.

In addition, most of the previous studies could only detect
several classes of lipids, which limited people to gain a com-
prehensive understanding of the role of lipids played in cancer.
In our previous work, an online normal-phase/reversed-phase
two-dimensional lipid chromatography-mass spectrometry
(NP/RP 2D LC-MS) method was developed [15–17], which
could realize the simultaneous detection of lipid species from
12 lipid classes. This method has been used for lipid profiling
of human plasma from peritoneal dialysis patients [18] and
modified for comprehensive lipid profiling of human plasma
from atherosclerosis patients, including free fatty acid (FFA),
phosphatidylinositol (PI), phosphatidylglycerol (PG),
lysophosphatidylglycerol (LPG), phosphatidylethanolamine
( PE ) , l y s o p h o s p h a t i d y l e t h a n o l am i n e ( L PE ) ,
phosphatidylserine (PS), phosphatidylcholine (PC),
lysophosphatidylcholine (LPC), sphingomyelin (SM), cer-
amide (Cer), galactosylceramide (GalCer), glucosylceramide
(GluCer), lactosylceramide (LacCer), monoacylglycerol
(MG), diacylglycerol (DG), and triacylglycerol (TG), show-
ing GalCers increasing in plasma of atherosclerotic stroke
patients [19].

In this study, we employed the method to measure the lipid
species in plasma taken from healthy people and patients with
benign breast tumor or breast cancer before treatment. To the
best of our knowledge, this is the first comprehensive evalu-
ation of plasma lipid profiles with benign breast tumor pa-
tients. Unlike the work based on the comparison between
healthy controls and breast cancer patients, the introduction
of benign breast tumor group provides us a more detailed
classification of lipid biomarkers, including potential bio-
markers for breast tumor and breast cancer, and the bio-
markers to evaluate the malignancy of breast tumor. As the
diagnosis of breast tumors is based on visual inspection of
stained tissue sections by an experienced pathologist now
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[20], our results indicated the potential diagnostic efficacy of
lipids in breast tumors, which is much less harmful to people
than traditional surgery.

Materials and methods

Materials

HPLC-grade chloroform was purchased from Mallinckrodt
Baker (Phillipsburg, NJ, USA). HPLC-grade n-hexane,
isopropanol, and methanol, as well as ammonium formate
(purity ≥99.995 %), were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Purified water was acquired from Hang-
zhou Wahaha Group Co., (Zhejiang, China). All lipid stan-
dards were purchased from Avanti Polar Lipids Inc. (Alabas-
ter, AL, USA), which are listed in the Electronic Supplemen-
tary Material (ESM).

Collection of plasma samples

Six patients with benign breast tumor and five patients with
breast cancer who underwent surgery at the Cancer Hospital
and Institute of Chinese Academy of Medical Sciences and
Peking Union Medical College were included in this study.
All these patients were diagnosed and confirmed by patholo-
gy. Plasma samples of these patients were collected at the time
of inclusion before surgery. In addition, nine healthy individ-
uals were also included in this study as control subjects at the
same period, and plasma samples were also collected from
these individuals. Verbal consent was obtained from every
patient and from every healthy individual, but a written con-
sent form was not required because the plasma samples used
in this study were the residual after clinical use. This study
was approved by the Institutional Review Board of Cancer
Institute and Hospital, Chinese Academy ofMedical Sciences.

Extraction of lipids

Prior to analysis, samples were naturally thawed at 4 °C.
Lipids were extracted from human plasma according to the
method of Bligh and Dyer [21] with somemodification. Brief-
ly, 100 μL of plasma was extracted with Folch solution (chlo-
roform/methanol, 2:1, 6 mL) after adding an internal standard
mixture (50 ng of each standard). The samples were sonicated
for 3 min and centrifuged at 10,000 rpm for 30 min (LG 10-
2.4A, China). Then 1.2 mL of water was added to the super-
natant. After centrifuging at 5000 rpm for 15 min, the lower
layer was filtered and dried by evaporation under nitrogen.
Finally, the dried lipid extracts were redissolved in 0.5 mL
Folch solution for HPLC injection.

Lipidomics analysis

Lipid profiling was performed on a non-stop-flow NP/
RP 2D LC system [19], which was built based on a ten-
port, two-position valve (Agilent Technologies, CA,
USA) vacuum evaporation interface. As two loops were
used to trap and transfer the first-dimensional elute to
the second dimension separately, this system could sup-
press the sample band broadening in the first-
dimensional column, increasing the recovery and repeat-
ability of 2D LC interface. The first-dimensional sepa-
ration was carried out on a Rx-SIL silica column (2.1
i.d.×150 mm, 5 μm; Agilent Technologies, CA, USA)
using an Agilent 1100 system consisting of a quaternary
pump with an online degasser, an Agilent 1200 series
autosampler, and a thermostated column compartment
(Agilent Technologies, Waldbronn, Germany). In the
second dimension, an Agilent 1200 series binary pump
with an online degasser (Agilent Technologies,
Waldbronn, Germany) delivered the mobile phase
through a Poroshell 120 EC C8 column (2.1 i.d.×
50 mm, 2.7 μm; Agilent Technologies, CA, USA).
Lipids were detected, and their structures were verified
by an Agilent 6530 Accurate-Mass Quadrupole Time-of-
Flight (QToF) mass spectrometer equipped with an
Agilent Jet Stream ESI source (Agilent Technologies,
CA, USA).

MS data were processed using the Mass Hunter
Qualitative Analysis B.04.00 software (Agilent Technol-
ogies, CA, USA). All extracted ion chromatograms
(EICs) were obtained with ±10 ppmm/z expansion. Peak
areas of the validation standards and identified lipids
were integrated from EICs.

Statistical analysis

Prior to principal component analysis (PCA), MS data of all
samples were changed to compound exchange format (CEF)
by MassHunter Qualitative Analysis B.04.00 (Agilent Tech-
nologies, CA, USA) software. Then the data was imported to
the Mass Profiler Professional software. After mass filtering,
alignment, internal standard normalization, the statistical re-
sults were analyzed by using PCA method. Differences were
considered as significant if fold-change was larger than 2.0
and p value was less than 0.05.

Further statistical analysis was performed using IBM SPSS
software, version 20 (SPSS Inc., Chicago, IL). Peak area data
(after correction with corresponding internal standards) of
each lipid species from all samples were analyzed by Mann–
WhitneyU test. Differences were considered to be statistically
significant if fold-change was larger than 2.0 and p value was
less than 0.05. Box plots were also generated from this
software.
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Result and discussion

Plasma lipid profiling

Lipid extracts from human plasma samples were first analyzed
by NP/RP 2D LC-MS method mentioned above under both
positive and negative ion modes for the identification of lipid
species. The base peak chromatograms (BPCs) of control,
benign breast tumor patient, and breast cancer patient obtained
by this method are shown in Fig. 1, indicating that there were
obvious differences among these groups. Besides,
sphingolipids, including Cer, LacCer, GalCer, and GluCer,
and glycerolipids, including MG, DG, and TG, were charac-
terized at positive ion mode, while FFA and phospholipids,
including PI, PG, LPG, PS, PE, LPE, PC, LPC, and SM, were
characterized at negative ion mode.

Identification of lipid species was according to the accurate
m/z, retention time, relative retention time of the species in the
same class, and the spectra of tandemmass spectrometry (MS/
MS) as described previously [19]. In the end, 512 lipid species
were determined. The complete list of these lipid species was
provided in ESM Table S1. This large database gave us a
chance to fully investigate the influence of each lipid species
other than lipid classes on breast cancer.

Multivariate statistical analysis

To obtain a preliminary understanding of the lipid profiling
data, unsupervised PCAwas used after picking out lipids from
CEF files (based on the profiling data). The 2D and 3D PCA
score plots of the three groups (healthy controls, benign breast
tumor, and breast cancer) are shown in Fig. 2a (positive ion
mode) and Fig. 2b (negative ion mode). As seen in Fig. 2,
three distinctive clusters were formed at both positive and
negative ion modes, which indicated the existence of lipid
species with significant differences.

Quantitative analysis of lipids

For the quantitative analysis of identified lipid molecules, all
samples were examined by the NP/RP 2D LC-MS method at
both positive and negative precursor ion scan modes to mea-
sure the peak areas of detected species. The control group and
patient groups were alternately injected to reduce systemic
error. In order to compensate for the fluctuations in MS

intensities during different runs, peak areas of each individual
lipid species were corrected by that of an internal standard
corresponding to the same lipid class. Then, the corrected
peak areas of all identified lipid species were used for further
analysis.

Comparison among three groups indicated candidate
biomarkers for breast tumor and breast cancer

We first calculated the corrected peak areas representing the
average value of the control samples (n=9), the benign breast
tumor samples (n=6), and the breast cancer samples (n=5)
along with the standard deviation values, p values of the
Mann–Whitney U test accomplished for each two of the three
groups, and the ratio of the average corrected peak area values
between each two of the three groups. Comparison of this part
was based on these data.

Among the detected lipid species, four PGs, one LPE, one
SM, three Cers, one GalCer, three MGs, ten DGs, and two
TGs have shown significant differences between control
group and either one of the two patient groups (p≤0.05). Be-
sides, there was no significant difference between breast can-
cer group and benign breast tumor group. Although these
species could differentiate healthy controls and breast cancer
patients (fold change ≥2), the similarities between benign
breast tumor and breast cancer groups made them excluded
from cancer biomarkers. To the best of our knowledge, many
lipidomics studies which aim at revealing novel cancer bio-
markers just compared healthy control group with breast can-
cer patient group. However, our results showed that introduc-
ing benign tumor group was vital for searching cancer bio-
markers, as it could eliminate the compounds with similarities
between the two patient groups. Thus, these species were con-
sidered to be candidate breast tumor biomarkers. All the re-
sults are listed in Table 1.

To select the candidate breast cancer biomarkers, the
healthy control group and benign breast tumor group were
taken as two control groups, and then compared with breast
cancer group, respectively. Lipid species which showed sig-
nificant differences between breast cancer group and both of
the control groups (p≤0.05) with more than two fold change
between breast cancer group and healthy control group, and
no significant difference between the two control groups, were
picked out. As a result, PI (32:1) [PI (16:0/16:1)] and PI (38:4)
[PI (18:0/20:4)] were selected as candidate breast cancer bio-
markers. In addition, as the p value of PI (34:2) [PI (16:0/
18:2)] was 0.052 between breast cancer group and benign
breast tumor group, it was also considered as a candidate
breast cancer biomarker initially. Details of the data are also
listed in Table 2.

Apart from the results above, we found that four spe-
cies, including PI (34:1) [PI (16:0/18:1)], PG (36:3),
GluCer (33:2) [GluCer (d18:1/15:1)], and MG (16:0),

�Fig. 1 a Comparison of base peak chromatograms (BPCs) of human
plasma lipid extracts from a control sample, a benign breast tumor
patient sample, and a breast cancer patient sample obtained by NP/RP
2D LC-MS at positive ion mode. b Comparison of base peak
chromatograms (BPCs) of human plasma lipid extracts from a control
sample, a benign breast tumor patient sample, and a breast cancer
patient sample obtained by NP/RP 2D LC-MS at negative ion mode
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showed significant differences in each two of the three
groups (p=0.052 was included initially), as indicated in

Table 3. Thus, whether they were cancer biomarkers or
not needed further investigation.

Fig. 2 a 2D and 3D score plot of principal component analysis (PCA) of
healthy control group (red), benign breast tumor group (brown), and
breast cancer group (blue) at positive ion mode. b 2D and 3D score plot

of principal component analysis (PCA) of healthy control group (red),
benign breast tumor group (brown), and breast cancer group (blue) at
negative ion mode
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Validation of the candidate biomarkers for breast tumor

To further verify the candidate breast tumor biomarkers, the
benign breast tumor and breast cancer groups were treated as

one group, which was named as patient group. Then this new
group was compared with the healthy control group. New
parameters, including the corrected peak areas representing
the average value of the control samples (n=9) and the patient

Table 1 Candidate lipid biomarkers for breast tumor

Lipid species Corrected peak area (C) Corrected peak area (BBT) Corrected peak area (BC) BC vs. C BBT vs. C BC vs. BBT

Ratio p Ratio p Ratio p

PG (32:0) 0.27±0.17 0.65±0.35 0.89±0.64 3.26 0.019 2.41 0.018 1.36 0.662

PG (34:1) 6.52±4.28 11.70±2.64 13.51±4.19 2.07 0.012 1.79 0.012 1.16 0.662

PG (36:2) 3.47±2.77 6.27±2.00 7.14±2.49 2.05 0.012 1.80 0.012 1.14 0.792

PG (36:1) 7.12±2.88 14.39±3.96 18.03±6.24 2.53 0.002 2.02 0.005 1.25 0.329

LPE (24:0) 0.01±0.00 0.02±0.01 0.03±0.01 2.43 0.001 1.73 0.050 1.40 0.126

SM (43:2) 0.37±0.34 0.97±0.54 0.95±0.54 2.53 0.048 2.59 0.045 0.98 1.000

Cer (36:3) 0.06±0.04 0.31±0.09 0.33±0.11 5.83 0.003 5.47 0.001 1.07 1.000

Cer (38:1) 0.54±0.25 1.50±0.19 1.70±0.51 3.15 0.002 2.77 0.000 1.14 0.429

Cer (40:1) 0.55±0.22 1.87±0.37 1.92±1.14 3.52 0.029 3.42 0.000 1.03 0.792

GalCer (36:3) 0.46±0.30 0.12±0.10 0.19±0.08 0.41 0.050 0.27 0.012 1.51 0.286

MG (23:1) 1.80±0.68 0.71±0.24 0.73±0.59 0.41 0.019 0.40 0.001 1.03 0.537

MG (26:5) 2.57±1.06 1.06±0.37 1.07±0.33 0.42 0.001 0.41 0.001 1.01 1.000

MG (26:3) 0.95±0.25 0.33±0.12 0.24±0.24 0.25 0.009 0.35 0.000 0.72 0.381

DG (31:0) 0.09±0.05 0.28±0.09 0.26±0.11 2.80 0.004 3.03 0.002 0.92 0.931

DG (32:0) 9.50±3.93 23.86±4.56 26.65±6.25 2.81 0.001 2.51 0.000 1.12 0.662

DG (33:0) 0.26±0.14 0.78±0.39 0.78±0.33 3.04 0.001 3.02 0.008 1.01 1.000

DG (34:4) 0.05±0.02 0.58±0.27 0.66±0.39 12.60 0.003 11.19 0.001 1.13 1.000

DG (34:0) 21.03±7.65 45.64±9.58 49.49±14.19 2.35 0.002 2.17 0.001 1.08 0.662

DG (35:3) 0.04±0.02 0.28±0.09 0.33±0.20 7.62 0.004 6.35 0.004 1.20 0.841

DG (35:0) 0.52±0.19 1.17±0.40 1.35±0.57 2.61 0.002 2.27 0.002 1.15 0.662

DG (36:0) 22.21±6.78 48.17±9.85 51.14±17.96 2.30 0.002 2.17 0.001 1.06 1.000

DG (37:0) 0.12±0.04 0.65±0.22 0.74±0.30 6.23 0.003 5.46 0.001 1.14 0.662

DG (38:0) 0.46±0.19 1.68±0.70 2.07±0.93 4.47 0.001 3.63 0.000 1.23 0.537

TG (50:0) 3.57±1.12 6.75±3.50 9.65±4.23 2.70 0.002 1.89 0.036 1.43 0.247

TG (54:0) 2.35±0.99 5.01±2.00 6.35±2.70 2.70 0.007 2.13 0.012 1.27 0.537

The corrected peak area represents the average value of the control samples (n=9), the benign breast tumor samples (n=6), and the breast cancer samples
(n=5) along with the standard deviation values. P values of the Mann–WhitneyU test were accomplished for each two of the three groups, as well as the
ratios of the average corrected peak area values

C Control group, BBT benign breast tumor group, BC breast cancer group

Table 2 Candidate lipid biomarkers for breast cancer

Lipid species Corrected peak area (C) Corrected peak area (BBT) Corrected peak area (BC) BC vs. C BBT vs. C BC vs. BBT

Ratio p Ratio p Ratio p

PI (32:1) 1.00±0.69 0.71±0.13 0.43±0.19 0.43 0.029 0.72 0.689 0.60 0.017

PI (34:2) 16.28±7.85 12.17±3.68 7.69±1.77 0.47 0.001 0.75 0.388 0.63 0.052

PI (38:4) 244.57±99.81 205.26±78.91 115.80±41.15 0.47 0.007 0.84 0.607 0.56 0.017

The average value of the control samples (n=9), the benign breast tumor samples (n=6), and the breast cancer samples (n=5) along with the standard
deviation values are presented as the corrected peak area. P values of the Mann–Whitney U test and the ratios of the average corrected peak area values
were accomplished for each two of the three groups

C Control group, BBT benign breast tumor group, BC breast cancer group
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samples (n=11) along with the standard deviation values, p-
values, and the ratio of the average relative peak area values
between the two groups, were calculated for the 25 candidate
breast tumor biomarkers. Lipid species with p ≤0.05 and fold-
change ≥2.0 were further selected as potential breast tumor
biomarkers, as shown in Fig. 3a. In total, 23 candidate breast
tumor biomarkers have been verified. Among these species,
PGs, LPE, SM, Cers, DGs, and TGs increased in patient group
compared with control group, while GalCer and MGs showed
distinct decreases. To further investigate this trend, Fig. 3b
displays the average corrected peak areas of these lipid species
in the three groups. As indicated in this figure, PG (32:0), PG
(36:1), LPE (24:0), Cer (38:1), DG (32:0), DG (34:4), DG
(34:0), DG (35:3), DG (35:0), DG (36:0), DG (37:0), DG
(38:0), TG (50:0), and TG (54:0) showed a consistent increase
from healthy control group to benign breast tumor group, then
to breast cancer group, while others did not. We suppose these
species are more important in the progression of breast tumor.
In addition, we noticed that most of these species were DGs,
and DG (34:4) has shown the largest increase in patient group
compared to healthy control group. Previous studies have
shown that DG signaling played an important role in cancer
progression through protein kinase C (PKC) [22]. Changes in
specific DG species could influence PKC activation and con-
sequently the regulation of cell proliferation [23]. As DGs
were important intermediates of lipid metabolism and cellular
signaling, and their concentrations were demonstrated to be
altered in diabetes, cancer, as well as other disease states [24],
our results might provide critical information for the underly-
ing molecular mechanisms leading to tumor.

Apart from this, three GluCers, including GluCer (35:1),
GluCer (40:6), and GluCer (40:3), were detected only in most
of the control samples (eight of nine samples), which also had
potential to predict the existence of breast tumor.

Validation of the candidate biomarkers for breast cancer

As for the validation of the candidate biomarkers for breast
cancer, we regarded the benign breast tumor group and

healthy control group as a non-cancerous group, and com-
pared it with breast cancer group. Similar parameters were
also obtained as before. At last, two PI species, including PI
(16:0/16:1) and PI (18:0/20:4), were considered as potential
breast cancer biomarkers. As shown in Fig. 4a, they showed
clear decreases in the breast cancer group compared with the
non-cancerous group.

PIs are phospholipids comprising two fatty acid chains
linked by a glycerol moiety to a water-soluble inositol head
group. They are precursors of phosphatidylinositol-3,4,5-tris-
phosphate (PIP3) [7], which is a signaling lipid and included
in the phosphatidylinositol 3-kinase (PI3K)/AKT pathway. In
this pathway, the phosphotyrosines of activated growth factor
receptors or G protein-coupled receptors can interact with
class 1A PI3Ks, which catalyzes the formation of PIP3. On
the other hand, phosphatase and tensin homologue deleted on
chromosome 10 (PTEN), which acts as the tumor suppressor,
can dephosphorylate PIP3 at 3′ inositol position [25, 26]. In
recent years, the PI3K/AKT pathway has been found to play a
crucial role in the cell metabolism, survival, growth, prolifer-
ation, polarity, and apoptosis, including breast cancer cells
[27]. Upregulation of AKT and its upstream PI3K and loss
of negative regulation of PTEN have been discovered in var-
ious malignant tumors. Bachman et al. [28] and Isakoff et al.
[29] identified somatic mutations in PIK3CA, which encoded
the p110alpha catalytic subunit of PI3K, in approximately 18
to 50 % of breast cancer tissues and cell lines. Besides, the
gene was also found to be amplified and overexpressed in
breast cancer [30]. These genomic alterations cause increased,
growth factor-independent lipid kinase activity of the catalytic
subunit, which leads to the accumulation of PIP3. In other
words, the consumption of PIs has been expedited. Due to
promoter hypermethylation and loss of heterozygosity owing
to gene deletion or mutation, loss of PTEN function also oc-
curs frequently in breast cancer, which stimulates PI3K/AKT
downstream signaling and tumor growth [31]. These events
will undoubtedly lead to the decrease of PIs in cancer samples.

In our study, the concentrations of PI (16:0/16:1) and PI
(18:0/20:4) in cancer patients were lower than non-cancerous

Table 3 Candidate lipid biomarkers for breast tumor or breast cancer

Lipid species Corrected peak area (C) Corrected peak area (BBT) Corrected peak area (BC) BC vs. C BBT vs. C BC vs. BBT

Ratio p Ratio p Ratio p

PI (34:1) 10.37±6.45 6.06±1.22 4.13±1.22 0.40 0.001 0.58 0.018 0.68 0.052

PG (36:3) 0.17±0.11 0.30±0.09 0.46±0.15 2.72 0.004 1.74 0.012 1.56 0.052

GluCer (33:2) 0.01±0.00 0.09±0.03 0.14±0.03 23.12 0.002 14.46 0.001 1.60 0.017

MG (16:0) 23.12±3.95 29.73±2.45 35.43±3.94 1.53 0.001 1.29 0.000 1.19 0.017

The corrected peak area indicates the average value of the control samples (n=9), the benign breast tumor samples (n=6), and the breast cancer samples
(n=5) along with the standard deviation values. P values were obtained from the Mann–Whitney U test. The ratios of the average corrected peak area
values were calculated between each two of the three groups

C Control group, BBT benign breast tumor group, BC breast cancer group
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Fig. 3 a Average corrected peak areas of 23 lipid species selected from
statistical treatments between control group and patient group. The blue
bars represent the control group, and red bars represent the patient group.
The data are expressed as mean value±SD. b Average corrected peak
areas of 23 lipid species selected from statistical treatments among

control group, benign breast tumor group, and breast cancer group. The
blue bars represent the control group, red bars represent the benign breast
tumor group, and green bars represent the breast cancer group. The data
are expressed as mean value±SD
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controls, which were consisted with the activation of
PI3K/AKT pathway. In addition, a decrease of PI (18:0/
20:4) was also reported in a previous study focusing on the
urinary phospholipids in patients with breast cancer [11], as
well as breast cancer cells [7], which were in line with our
findings. To further reveal the differences, box plots of the
three groups were presented. As shown in Fig. 4b, differences
were more significant between breast cancer group and
healthy control or benign breast tumor group. Besides, we also
noticed two extreme abnormal values in PI (16:0/16:1). After
further investigation, dot 18 represented a patient with multi-
ple tumors and dot 17 represented the youngest patient in the
breast cancer group. However, whether these reasons contrib-
uted to the abnormal phenomenon should be further
investigated.

PI (16:0/18:1), PG (36:3), and GluCer (d18:1/15:1) were
potential biomarkers to evaluate the level of malignancy
of breast tumor

At last, we paid our attention to the four lipid species that
showed significant differences in each two of the three groups.
To verify their classification, we conducted the comparisons

both for the validation of candidate breast tumor and breast
cancer biomarkers. Based on the restricted conditions, we
found that PI (16:0/18:1), PG (36:3), and GluCer (d18:1/
15:1) could be classified as biomarkers for breast tumor or
breast cancer, while MG (16:1) was excluded. In Fig. 5, PI
(16:0/18:1) revealed a downregulation along with the severity
of the disease, while PG (36:3) and GluCer (d18:1/15:1) were
on the contrary. Thus, these lipid species could be proposed as
biomarkers to evaluate the level of malignancy of breast tu-
mor, which had the potential to discriminate people among
healthy controls, benign breast tumor patients, and breast can-
cer patients.

As the change of PI (16:0/18:1) was in line with the acti-
vation of PI3K/AKT pathway mentioned above, and the up-
regulation of PG in breast cancer has been reported in other
work [11], GluCer (d18:1/15:1) attracted our attention for the
clear distinction among the three groups. GluCers were pro-
duced relying on glucosylceramide synthase (GCS), an en-
zyme which could catalyze the transfer of glucose to ceramide
[32]. Studies on GCS activity suggested that it could potenti-
ate the development of multidrug resistance in cancer cells
[33, 34]. As for breast cancer, GCS has been demonstrated
to be overexpressed in metastatic breast carcinoma [35].

Fig. 4 a Box plots of PI (16:0/16:1) and PI (18:0/20:4) between non-cancerous group and breast cancer group. b Box plots of PI (16:0/16:1) and PI
(18:0/20:4) among control group, benign breast tumor group, and breast cancer group
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Besides, expression of GCS conferred adriamycin resistance
in human breast cancer cells [36]. On the contrary, inhibition
of the activity of GCS downregulated P-glycoprotein and
resensitized breast cancer cells to anticancer drugs [37]. As a
product of GCS, GluCers were expected to be higher in cancer
tissues as a consequence of GCS activity, which has been
demonstrated in a breast tumor specimen [38]. However, pre-
vious studies about GluCers were in the lipid class level, and
few studies have investigated the role of GluCers in molecular
species level. Our study revealed that GluCer (d18:1/15:1)
might act as a potential biomarker to evaluate the level of
malignancy of breast tumor.

Conclusions

This study profiled the plasma lipidomes of patients with be-
nign breast tumor and breast cancer using a NP/RP 2D LC-
MS platform. Although the present work is preliminary with a
limited number of samples, it provides a guideline to screen
potential biomarkers for benign and malignant breast tumors,

which could be used as target molecules for high-speed scan-
ning of a large number of samples. Based on this study, 26
lipid species were proposed as potential breast tumor bio-
markers. Among them, GluCer (35:1), GluCer (40:6), and
GluCer (40:3) were detected only in healthy control samples,
while the others were observed in all samples with significant
variations between healthy controls and two patient groups,
and significant differences between the patient subgroups
were rare. More importantly, PI (16:0/16:1) and PI (18:0/
20:4) were considered as potential breast cancer biomarkers,
which could differentiate between benign and malignant
breast tumors. As for PI (16:0/18:1), PG (36:3), and GluCer
(d18:1/15:1), they showed significant differences among the
three groups, and consistent variation trends were observed
along with the severity of the disease. They were proposed
as potential biomarkers to evaluate the level of malignancy of
breast tumor. For the confirmation of these lipid biomarkers, a
systematic examination of the proposed biomarkers with a
larger number of patient samples is expected.
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Fig. 5 Box plots of PI (16:0/18:1), PG (36:3), and GluCer (d18:1/15:1) among control group, benign breast tumor group, and breast cancer group
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