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Abstract D-Allose, a rare, naturally occurring monosac-
charide, is known to exert anti-proliferative effects on
cancer cells. The effects of D-allose on the cellular
membranes of hormone-refractory prostate cancer cell
line (DU145), hormone-sensitive prostate cancer cell line
(LNCaP), and normal prostate epithelial cells (PrEC) were
studied at the molecular level by phospholipid (PL)
profiling using a shotgun lipidomic method. The molec-
ular structures of 85 PL species including 23 phosphati-
dylcholines, 12 phosphatidylethanolamines (PEs), 11
phosphatidylserines (PSs), 16 phosphatidylinositols, 9
phosphatidic acids (PAs), and 14 phosphatidylglycerols
(PGs) were identified by data-dependent collision-induced
dissociation of nanoflow liquid chromatography–tandem
mass spectrometry, and the PL amounts were quantified.
The addition of D-allose to prostate cancer cell lines
during their growth phases had negligible or decreased
effects on the relative regulation of PL species, but several
new PS molecules (two for DU145 and three for LNCaP)
emerged. In contrast, experiments on the PrEC cell line
revealed that some high abundant species (14:0/14:0-PE,
16:2/16:0-PG, and 20:6/18:1-PA) showed significant
increases in concentration. These findings support a
mechanism for the anti-proliferative effect of D-allose on
prostate cancer cell lines that involves the induction of
programmed cell death since PS molecules are known to

induce apoptosis. Principal component analysis was
carried out to examine differences in PL distributions
among the three cell lines promoted by D-allose.
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Introduction

Phospholipids (PLs), the major group of lipids that
constitute cellular membranes, are involved in signal
transduction, cell proliferation, and cell death [1, 2].
Analyzing PLs in biological fluids, tissues, and cells is of
growing interest for the development of candidate bio-
markers of diseases such as breast cancer [3, 4], ovarian
cancer [5, 6], and prostate cancer [7, 8]. PLs are
differentiated by type of polar head group, acyl chain
length, number of acyl chains, and the degree of
unsaturation in the acyl chain. The polar head groups are
derived from choline, ethanolamine, serine, inositol,
glycerol, or hydrogen attached to a phosphate group on a
glycerol backbone and are phosphatidylcholine (PC),
phosphatidyethanolamine (PE), phosphotidylserine (PS),
phosphatidylinositol (PI), phosophatidyglycerol (PG), and
phosphatidic acid (PA), respectively. In addition to head
group variation, acyl chains with different lengths and
numbers of double bonds result in complicated mixtures
of PLs. Due to the complexity of PL molecules,
comprehensive quantitative and qualitative analyses of
PLs are often challenging for lipidomic studies of changes
in PL content depending on biological or clinical status.

Prostate cancer is now the second leading cause of
cancer-related death in men in the USA and Europe, and its
incidence has been increasing significantly [9–11]. In
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particular, androgen-independent hormone-refractory
prostate cancer (HRPC) occurs at a certain stage during
therapy, which leads to a poor response to anticancer
treatments such as hormone therapy, radiotherapy, chemo-
therapy, and prostectomy [12, 13]. For the development of
efficient HRPC treatments, a number of efforts have focused
on discovering target molecules and unveiling signaling
pathways [14–17].

D-Allose, the C-3 epimer of D-glucose, is a rare,
naturally occurring monosaccharide. The biological effects
of D-allose are known to include inhibiting neutrophil
production and lowering of platelet count without side
effects as an immunosuppressant [18], reducing the amount
of reactive oxygen species from neutrophils [19] and
limiting the proliferation of various cancer [20] and
leukemia cell lines [21]. In a recent study [13], D-allose
was found to inhibit the proliferation of human HRPC
cell lines, DU145 and PC-3, while it did not have any
significant effect on the normal prostate epithelial cell
line prostate epithelial cells (PrEC). That study showed
that the anti-proliferative effect of D-allose arises from the
induction of programmed cell death through the modulation of
members of the Bcl-2 family of proteins (Bax and Bcl-2
which are pro- and anti-apoptotic proteins, respectively);
the release of cytochrome C, which is a mitochondria-
mediated apoptotic pathway member; and the cleavage of
caspase 3 and poly(ADP-ribose) polymerase. Further
investigation of the effect of D-allose on cellular
membrane structures at the molecular level to determine
how the composition and distribution of PLs in these
prostate cancer cell lines are influenced is of interest for
further therapeutic validation.

Analyses of PLs in their intact condition can be
carried out by direct infusion to an electrospray ioniza-
tion–mass spectrometry (ESI-MS) for the high-speed
screening of PLs coupled with structural identification
[22, 23]. While a sophisticated MS method using ESI
provides rapid and accurate analysis of PL molecules,
physical separation of PL molecules is commonly required
for the analysis of complicated PL mixtures. Typical
chromatographic methods are thin layer chromatography
in combination with matrix-assisted laser desorption and
ionization/time-of-flight mass spectrometry [24] and high-
performance liquid chromatography (HPLC) coupled to
ESI-MS [25–27]. Nanoflow LC with ESI–tandem mass
spectrometry (nLC-ESI-MS-MS) has been shown to be
capable of separating PL species from tissues and human
urine samples with detection limits down to 2.2 fmol for
the simultaneous characterization of molecular structures
[28–30]. The shotgun lipidomics method has been applied
to the identification of candidate markers of PL species
from breast cancer [31, 32] and prostate cancer [8] patient
urine samples.

In the present study, the shotgun lipidomic method
was applied to investigate the effects of D-allose on the
distribution and compositions of PL species from human
HRPC and hormone-sensitive prostate cancer (HSPC) cell
lines, DU145 and LNCaP, respectively, in comparison to
those from normal PrEC. Cellular PL mixtures were
extracted from each cell line that had been treated with
or without D-allose and were analyzed by nLC-ESI-MS-
MS. PLs were identified by collision-induced dissociation
(CID) in both positive (PCs and PEs) and negative ion
modes (PIs, PSs, PGs, and PAs), and the relative
concentrations of each component were examined upon
D-allose treatment. Principal component analysis (PCA)
was carried out to examine the effects of D-allose on PL
distribution among the three cell lines.

Experimental

Cell culture and extraction of phospholipids

The prostate cell lines examined in this study—DU 145
(human HRPC cell line), LNCaP (human HSPC cell line),
and PrEC (normal prostate epithelial cell line)—were
obtained from the Korea Cell Line Bank (KCLB, Seoul,
South Korea). Details of the cell culture process may be
found in a previous report [13], while a brief summary is as
follows. Each cell line was grown in five Petri dishes (5 cm
in diameter) containing RPMI-1640 from HyClone
Laboratories Inc. (Logan, UT, USA) at 37 °C in a
humidified atmosphere containing 5% CO2 for 48 h. Each
dish contained cells covering more than 90% of dish area.
Then, 1.5 g/L of sodium bicarbonate, 10 mM of HEPES,
1.0 mM of sodium pyruvate, 10% fetal bovine serum, and
1% penicillin–streptomycin solution followed by 40 mM
of D-allose obtained from Sigma-Aldrich (St. Louis, MO,
USA), dissolved in phosphate-buffered saline solution,
were added to the media, and cells were collected after
48 h of treatment.

Extraction of PLs from each cell line began with the
sonication of cells (500 μL) using a tip sonicator from
Cole-Parmer model CP 130 (Vernon Hills, IL, USA) in
pulse mode with an amplitude of 2.5 W for 10 s, twice. The
mixture was centrifuged for 1 h at 100,000×g using an
ultracentrifuge, model Optima L-100xp from Beckman
Coulter Inc. (La Brea, CA, USA), and the sediment was
collected for extraction of PLs using the Folch method [33].
The collected pellets were mixed with 0.1 mL each of
chloroform and methanol and were vortexed for 5 min. This
process was repeated three times for the complete dissolution
of the pellets, resulting in a total volume of 0.6 mL. Then,
0.3 mL of chloroform was added and the mixture was
vortexed for 20 min. For the phase separation, 0.18 mL of
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water was added and the mixture was vortexed for
20 min, followed by centrifugation at 15,700×g for 5 min
at room temperature. The lower phase containing lipids
was recovered and dried using a SpeedVac, model SC
100A SpeedVac Plus from Thermo Savant (Farmingdale,
NY, USA). The remaining solid powder was weighed and
then redissolved in methanol/acetonitrile (1:1) to yield a
final volume of 100 μL for storage (4 °C). For the nLC-
ESI-MS-MS analysis, the sample stock solution was
diluted with CH3OH/CH3CN (9:1) to give a concentration
of 5.0 μg/μL. nLC-ESI-MS-MS analysis was made within
a month from PL extraction.

Nanoflow LC with ESI–tandem mass spectrometry

The reverse phase LC column was prepared in our
laboratory by packing with Magic C18, 5 μm–100Å
(Michrom Bioresources Inc., Auburn, CA, USA), RP resin
into the 75-μm i.d. × 17-cm-long capillary tube under
1,000 psi of He. Silica capillary tubes (Polymicro
Technology LLC, Phoenix, AZ, USA) with inner diameters
(i.d.) of 20, 50, and 75 μm (360-μm outer diameter for
all) were used for the nanoflow LC. Before column
packing, one end of the capillary tube was pulled after
heating in a flame to produce a sharp needle (tip i.d.
~10 μm) for direct ESI. The pulled tip capillary column
prepared in our laboratory was directly connected
between a model 1200 capillary pump system from
Agilent Technologies (Palo Alto, CA, USA) equipped
with an autosampler and an LCQ Deca XP MAX ion
trap mass spectrometer (Thermo Finnigan, San Jose, CA,
USA) for nLC-ESI-MS-MS. To provide ESI voltage, a Pt
wire was inserted into a PEEK micro-cross (Upchurch
Scientific, Oak Harbor, WA, USA) in which capillary
tubes from the pump, capillary column, and vent tube
were all connected. The vent capillary tube (20-μm i.d.,
360-μm o.d.) was used to split the pump flow (7 μL/min)
such that the required flow rate (300 nL/min) was
delivered to the analytical column. During sample
loading, the vent tube was closed by an on–off valve
located at the end of the tube. Another purpose of using
the vent tube was to reduce the dwell time during
gradient elution. During gradient elution, the pump flow
was set at 7 μL/min with the on–off valve open to
minimize the delay in gradient change from the pump to
the column and to allow the pump flow to be split just
before the column inlet.

Mobile phase solutions were 50:50 (v/v) acetonitrile/water
for A and 90:10 isopropanol/acetonitrile for B with 0.1%
(v/v) formic acid added for positive ion mode and 0.05%
sodium hydroxide added for negative ion mode. All solvents
used for the LC mobile phase in this study (acetonitrile,
isopropanol, methanol, water (Avantor Performance

Materials, Phillipsburg, NJ, USA), chloroform, ammoni-
um hydroxide, and formic acid (Sigma, St. Louis, MO,
USA)) were HPLC grade. Gradient elution conditions
were as follows. Mobile phase B was increased from 0%
to 55% over 1 min and then was ramped to 90% during
90 min for the positive ion mode or during 60 min for
the negative ion mode. Injection amounts for each PL
sample were 1.5 and 0.3 μg for the positive and negative
ion modes, respectively. Two internal standards for both
ion modes of MS were added to PL samples to
compensate for possible fluctuations in the MS analysis:
14:0/14:0-PC at a concentration of 0.2 pmol/μL for
positive ion mode and 16:0/16:0-PI at 0.05 pmol/μL for
negative ion mode, both from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). ESI voltage for both ion modes
was 3 kV, and the normalized collision energy for data-
dependent MS-MS analysis was set at 45% (positive ion
mode) and 40% (negative ion mode). MS ranges for the
first MS scan were m/z 550–950 (positive ion) and 600–900
(negative ion). Maximum injection time was set as
150 ms for both ion modes. Data-dependent MS-MS
analysis was carried out for the first three prominent ions
in sequence for each MS scan. Characteristic fragment
ions were examined manually for the identification of
each PL species. For the semiquantitative analysis, the
peak area of individual PL species was divided by the
peak area of the spiked internal standard for each ion
mode. For each extracted sample, measurements in both
ion modes were made in triplicate. For PCA analysis,
Minitab 16 software (http://www.minitab.co.kr) was utilized.

Results and discussion

PL mixture samples extracted from the three cell lines
before and after treatment with D-allose were analyzed by
nLC-ESI-MS-MS in both positive and negative ion modes
using gradient elution for structural identification of PL
species. Figure 1 shows the simple scheme used to
characterize the molecular structures of PL species in this
study. Figure 1a shows the base peak chromatograms
(BPCs) of PL mixtures from DU145 cells before (top
chromatogram) and after treatment with D-allose (bottom)
in the MS negative ion mode. Eluted peaks in both BPCs
appear similar with only slight variations. Figure 1b
exhibits the first MS scan spectra taken at the retention
time slice of 21.69 min which has prominent ions [M+H]+

at m/z 737.9, 772.6, and 835.7; the CID fragment ion
spectra of the parent ion m/z 835.7 is shown in Fig. 1c. The
fragment ion peaks in the CID spectra of Fig. 1c were
analyzed to determine the molecular structure of the parent
ion as follows. A fragment ion at m/z 673.2 corresponds to
loss of the inositol head group (C6H10O5, 162 Da) as
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[M+H-162]+ from the molecular ion, and fragment ions at
m/z 578.8 and 552.8 correspond to the loss of acyl chains
in the form of carboxylic acids from the sn-1 and sn-2
carbons of the glycerol backbone, respectively. Fragment
ions m/z 596.9 and 570.8 correspond to the loss of fatty
acid in the form of a ketene, Mþ H� R1

0 CH ¼ C ¼ O½ �þ
and Mþ H� R2

0 CH ¼ C ¼ O½ �þ, respectively. The CID
spectra in Fig. 1c also show fragment ions dissociated
from the parent ion without the inositol head group
( Mþ H� 162½ �þ), at m/z 417.3, 391.3, 435.2, and 409.3,
of which the first two and the last two ions result from the
dissociation of acyl chains in the form of carboxylic acid
and ketene, respectively. In addition, ions at m/z 255.6 and
281.6 correspond to the free carboxylate anions of the
fatty acids as [R1COO]

− and [R2COO]
−, respectively.

Overall, the molecular ion observed at m/z 835.7
resulted in the identification of 16:0/18:1-PI based on the
characteristic fragment ions. Similarly, eight PIs, seven
PSs, four PGs, and four PAs were identified in the
negative ion mode for the same sample. In the positive

ion mode of the nLC-ESI-MS-MS, 13 PCs and 7 PEs were
identified from the DU145 cell line. Characterized PL
species for the three cell lines (PrEC, DU145, and LNCaP)
are listed in Table 1. From the qualitative analysis of
these three cell lines, a total of 85 PL species (23 PCs,
12 PEs, 11 PSs, 16 PIs, 14 PGs, and 9 PAs) were
identified, and the relative PL concentrations were
obtained from the peak area ratio of each species to the
internal standard. For quantitative analysis of these
identified molecules, MS scan was obtained without
CID in triplicate measurements. Phospholipids in Table 1
are sorted by PL species commonly found in all of the
cell lines, in at least two cell lines, unique species for
each cell line, and unique species which were observed
after treatment with D-allose. Each category of PL was
further subdivided into two groups (PCs and PEs from
positive ion mode and the four other PL types from
negative ion mode), indicated in the table by a horizontal
bar, since the two ion modes used different internal
standards in different concentrations.
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Fig. 1 a BPCs of cellular PL mixtures from DU145 cells before and
after treatment with D-allose obtained by nLC- ESI-MS-MS. b MS
spectra at 21.69 min during the first MS scan in negative ion mode. c
MS-MS spectra of the ion m/z=835.7 showing the typical fragment

ion peaks resulting in the identification of the molecular structure as
16:0/18:1-PI. NL represents for normalized limit (arbitrary unit) of
signal intensity recorded from MS
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Table 1 Relative peak areas of phospholipid species by nLC-ESI-MS before and after treatment with D-allose

Class Acyl chain structure m/z tr (min) Relative to IS (n=3)

PrEC DU145 LNCaP

Before After Before After Before After

Species found in all cell lines

PC 18:6/20:2 804.8 30.37 0.09±0.011 0.21±0.03 0.07±0.01 0.11±0.01 0.03±0.004 0.03±0.01

PC 18:1/18:3 781.3 38.46 0.11±0.01 N.D. 0.09±0.002 0.23±0.18 0.03±0.002 0.04±0.004

PC 18:2/18:4 778.3 41.21 0.12±0.01 0.45±0.15 0.22±0.01 1.56±1.46 0.04±0.016 0.02±0.003

PC 16:0/16:0 735.0 37.75 0.73±0.12 0.25±0.02 0.55±0.06 0.65±0.17 0.02±0.001 0.01±0.001

PE 20:4/18:0 768.8 47.73 0.48±0.02 0.21±0.04 0.42±0.05 0.22±0.13 0.02±0.002 0.02±0.001

PE 14:0/14:0 658.9 30.49 16.67±1.91 49.44±7.54 2.35±0.50 2.63±0.63 0.53±0.13 0.46±0.06

PG 16:0/20:0 779.7 21.24 0.47±0.26 0.34±0.05 1.65±0.14 1.03±0.07 0.14±0.02 0.10±0.01

PG 16:2/18:0 745.5 21.32 0.59±0.03 0.57±0.10 1.09±0.69 0.53±0.09 0.38±0.10 0.57±0.20

PG 16:2/16:0 717.3 21.20 4.80±1.03 11.74±1.77 5.80±0.93 3.88±0.40 3.88±0.18 0.66±0.09

PI 16:0/18:1 836.7 21.69 0.44±0.05 0.31±0.07 0.46±0.11 1.43±0.10 0.19±0.06 0.11±0.04

PI 16:0/18:3 832.9 14.67 0.80±0.04 0.33±0.04 0.24±0.06 0.30±0.05 0.25±0.04 0.15±0.02

PS 20:0/20:0 846.2 14.19 0.80±0.18 N.D. 0.330±0.23 N.D. 0.12±0.02 N.D.

PS 18:1/20:0 817.1 13.94 1.17±0.04 0.51±0.08 0.26±0.14 0.34±0.11 0.15±0.05 0.11±0.02

PA 20:0/22:6 774.2 27.31 0.28±0.11 0.25±0.05 2.58±0.58 N.D. 0.12±0.02 0.13±0.03

Species found in at least two cell lines

PC 22:2/16:6 801.8 30.37 0.11±0.01 0.30±0.06 0.19±0.10 0.16±0.02 N.D. N.D.

PC 22:0/16:0 817.6 57.91 0.87±0.15 8.70±2.99 1.74±0.04 2.11±1.41 N.D. N.D.

PC 14:1/18:3 725.2 24.62 1.02±0.13 0.89±0.89 1.14±0.17 0.81±0.22 N.D. N.D.

PC 16:0/18:0 762.7 44.09 N.D. N.D. 3.60±0.45 4.77±0.59 0.06±0.01 0.11±0.01

PE 16:0/18:0 718.7 42.19 0.15±0.03 0.37±0.06 0.160±0.02 0.16±0.002 N.D. 0.02±0.001

PE 20:2/16:0 740.7 51.77 1.75±0.21 6.09±1.89 0.91±0.03 1.27±0.92 N.D. 0.02±0.001

PI 16:1/18:0 835.6 22.00 0.41±0.11 N.D. 0.59±0.25 2.55±0.22 N.D. N.D.

PI 16:3/16:0 803.9 12.31 1.850.23 0.59±0.03 0.35±0.08 N.D. N.D. N.D.

PA 20:6/18:1 717.3 21.20 4.48±0.90 11.75±1.79 N.D. N.D. 8.17±0.32 3.99±0.95

PG 20:1/18:0 803.7 26.13 0.43±0.18 0.36±0.21 N.D. N.D. 0.76±0.06 N.D.

PI 18:1/18:1 861.2 22.61 0.44±0.11 0.26±0.05 N.D. N.D. 0.14±0.01 0.12±0.03

Species found in one type of cell

PC 12:2/20:2 726.7 24.68 0.52±0.03 0.52±0.36 N.D. N.D. N.D. N.D.

PC 14:0/22:2 786.9 44.53 1.18±0.06 0.17±0.03 N.D. N.D. N.D. N.D.

PC 18:1/16:0 761.0 44.01 3.57±0.60 0.18±0.08 N.D. N.D. N.D. N.D.

PE 22:0/16:6 767.1 44.12 0.12±0.02 0.17±0.03 N.D. N.D. N.D. N.D.

PE 20:6/20:6 779.0 33.06 0.18±0.04 0.58±0.18 N.D. N.D. N.D. N.D.

PE 22:3/18:1 795.9 45.20 0.20±0.02 0.21±0.01 N.D. N.D. N.D. N.D.

PE 18:1/18:1 745.3 51.77 0.26±0.03 0.95±0.30 N.D. N.D. N.D. N.D.

PG 16:0/20:1 776.0 26.74 0.28±0.09 0.16±0.01 N.D. N.D. N.D. N.D.

PG 16:0/16:0 721.3 23.29 0.29±0.13 0.22±0.03 N.D. N.D. N.D. N.D.

PG 20:6/16:0 764.9 19.76 0.33±0.07 0.44±0.02 N.D. N.D. N.D. N.D.

PG 18:0/14:1 720.6 21.26 0.42±0.11 0.28±0.07 N.D. N.D. N.D. N.D.

PG 18:0/20:0 805.6 25.92 0.42±0.12 0.27±0.02 N.D. N.D. N.D. N.D.

PG 16:0/18:6 737.7 17.89 0.52±0.02 0.32±0.06 N.D. N.D. N.D. N.D.

PG 16:1/16:3 713.8 15.31 0.61±0.04 0.41±0.02 N.D. N.D. N.D. N.D.

PG 16:0/18:5 741.0 14.36 1.07±0.22 1.45±0.28 N.D. N.D. N.D. N.D.

PI 18:0/18:0 865.1 24.10 0.35±0.08 0.25±0.04 N.D. N.D. N.D. N.D.

PI 18:0/20:4 885.8 20.66 0.36±0.09 N.D. N.D. N.D. N.D. N.D.

PI 20:3/18:3 882.7 18.46 0.50±0.05 0.32±0.05 N.D. N.D. N.D. N.D.

PI 18:0/16:3 832.9 14.67 0.80±0.04 0.33±0.04 N.D. N.D. N.D. N.D.
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Table 1 (continued)

Class Acyl chain structure m/z tr (min) Relative to IS (n=3)

PrEC DU145 LNCaP

Before After Before After Before After

PI 18:5/18:2 851.6 12.31 1.23±0.10 0.50±0.06 N.D. N.D. N.D. N.D.

PA 18:2/20:0 727.9 26.06 0.23±0.05 0.12±0.02 N.D. N.D. N.D. N.D.

PA 18:0/20:5 722.7 23.29 0.24±0.03 0.31±0.02 N.D. N.D. N.D. N.D.

PA 18:1/22:4 747.7 24.80 0.26±0.10 0.30±0.14 N.D. N.D. N.D. N.D.

PC 18:4/16:0 746.9 37.60 N.D. N.D. 0.08±0.01 0.11±0.02 N.D. N.D.

PC 22:4/16:0 811.0 52.09 N.D. N.D. 0.09±0.02 0.08±0.02 N.D. N.D.

PC 22:2/14:1 785.0 37.48 N.D. N.D. 0.59±0.11 0.31±0.08 N.D. N.D.

PC 18:0/18:0 788.8 51.91 N.D. N.D. 0.70±0.13 0.64±0.36 N.D. N.D.

PC 14:4/16:0 697.0 23.13 N.D. N.D. 0.94±0.10 N.D. N.D. N.D.

PE 20:4/18:5 756.1 37.35 N.D. N.D. 0.09±0.02 0.12±0.01 N.D. N.D.

PG 18:0/16:1 747.4 21.79 N.D. N.D. 0.71±0.08 0.45±0.03 N.D. N.D.

PI 18:0/20:4 885.8 21.95 N.D. N.D. 0.19±0.06 0.31±0.05 N.D. N.D.

PI 18:1/18:0 863.2 21.87 N.D. N.D. 0.22±0.06 N.D. N.D. N.D.

PI 18:1/20:4 883.6 21.22 N.D. N.D. 0.32±0.04 0.52±0.07 N.D. N.D.

PS 16:2/16:2 724.4 6.95 N.D. N.D. 0.19±0.03 0.20±0.06 N.D. N.D.

PS 18:1/22:5 834.4 5.27 N.D. N.D. 0.31±0.05 0.36±0.10 N.D. N.D.

PS 18:1/16:0 761.5 13.09 N.D. N.D. 1.77±0.40 1.18±0.06 N.D. N.D.

PA 18:0/20:4 722.6 26.59 N.D. N.D. 0.17±0.05 0.44±0.05 N.D. N.D.

PA 20:1/22:6 771.8 21.77 N.D. N.D. 0.82±0.05 0.52±0.02 N.D. N.D.

PC 14:2/20:0 758.3 39.66 N.D. N.D. N.D. N.D. 0.02±0.002 0.03±0.01

PC 20:3/18:3 806.6 36.68 N.D. N.D. N.D. N.D. 0.03±0.001 0.01±0.002

PC 20:6/16:0 778.7 41.37 N.D. N.D. N.D. N.D. 0.04±0.016 0.02±0.003

PC 18:4/22:0 838.4 57.85 N.D. N.D. N.D. N.D. 0.08±0.07 0.01±0.003

PC 20:0/16:0 790.8 51.78 N.D. N.D. N.D. N.D. 0.10±0.06 0.07±0.01

PE 18:0/18:0 751.7 54.10 N.D. N.D. N.D. 0.09±0.02 0.07±0.05 0.01±0.001

PG 18:6/16:0 738.7 18.66 N.D. N.D. N.D. N.D. 0.20±0.10 0.10±0.01

PI 18:1/20:2 887.8 22.16 N.D. N.D. N.D. N.D. 0.17±0.06 0.10±0.01

PI 14:3/14:3 741.2 14.62 N.D. N.D. N.D. N.D. 0.38±0.09 N.D.

PA 18:0/20:6 719.2 22.30 N.D. N.D. N.D. N.D. 0.08±0.01 0.06±0.01

Species that emerged after treatment with D-allose

PC 18:2/22:5 658.8 57.46 N.D. 0.36±0.09 N.D. N.D. N.D. N.D.

PC 18:0/18:2 786.7 44.04 N.D. N.D. N.D. N.D. N.D. 0.03±0.01

PE 20:0/14:2 716.7 41.59 N.D. 0.30±0.06 N.D. N.D. N.D. N.D.

PE 20:0/16:5 738.9 43.38 N.D. N.D. N.D. 0.17±0.02 N.D. N.D.

PS 16:5/16:5 712.2 6.06 N.D. 0.20±0.06 N.D. N.D. N.D. N.D.

PI 16:0/22:5 879.0 21.05 N.D. N.D. N.D. 0.24±0.05 N.D. N.D.

PS 18:4/18:4 776.0 3.93 N.D. N.D. N.D. 0.36±0.02 N.D. N.D.

PS 18:1/18:1 786.4 13.09 N.D. N.D. N.D. 0.82±0.11 N.D. N.D.

PA 20:0/18:0 731.2 22.50 N.D. N.D. N.D. 0.73±0.12 N.D. N.D.

PS 18:3/18:0 784.1 12.13 N.D. N.D. N.D. N.D. N.D. 0.06±0.01

PS 16:1/18:1 758.7 13.17 N.D. N.D. N.D. N.D. N.D. 0.11±0.003

PS 18:1/18:0 788.7 16.24 N.D. N.D. N.D. N.D. N.D. 0.13±0.02

Relative peak area is based on the peak area of the internal standard. PL species are classified by occurrence in each cell line, and the center bar
line distinguishes the species analyzed in positive or negative ion mode of MS. IS for each ion mode is 0.2 μM 14:0/14:0-PC for positive ion
mode and 0.05 μM 16:0/16:0-PI for negative ion mode

N.D. not detected
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The number of identified PL molecules from the three
cell lines before and after treatment with D-allose is
compared in Fig. 2. Each cell line originally displayed
different PL distributions except for a small number of
common species. For instance, 14 PL species were found
in all three cell lines and 11 PL species were found in only
two cell lines. These are listed in Table 1, respectively.
The number of commonly found PL species appeared to
be smaller than the total number of identified PL
molecules; however, some species (14:0/14:0-PE, 16:2/
16:0-PG, and 20:0/20:0-PS) among the commonly found
PL species in Table 1 were highly abundant compared
with the relative peak area of the other species. Since the
current experimental data show the relative peak area
compared with the internal standard, an accurate calcula-
tion of the concentration of each species is needed by
including the effect of acyl chain length on MS intensity,
but this was not included in this study. After treatment
with D-allose, the number of commonly found PL species
from all cell lines did not change significantly; however,
the total number of PL species increased approximately
10% (from 73 to 80). This increase in the total number of
PL species was largely due to the emergence of 12 new PL
species after treatment (see Table 1). In particular, six
species among the 12 new PLs in Table 1 were PS
molecules, which are further discussed below. Besides the
new PL species, notable changes were observed for some
PL species after D-allose treatment. For instance, the
relative concentration of 14:0/14:0-PE in PrEC cells
before treatment was 16.67±1.91 (peak area ratio against
IS, Table 1), which was considerably greater than other
PC or PE species. However, the relative concentration
of this species increased to 49.44±7.54 after treatment,
while concentrations of the same species in DU 145
and LNCaP cells did not change significantly. Similar
trends were found for 22:0/16:0-PC and 20:2/16:0-PE.
These results are plotted in Fig. 3a–c. After treatment,
two abundant PL species (with relatively large concen-
trations) such as 16:2/16:0-PG and 20:6/18:1-PA (see
Table 1 and Fig. 3d, e) showed a significant concentra-

tion increase in PrEC cells, but a considerable decrease
(two- to fivefold) in LNCaP cells. These are highly
abundant species compared with the other PL mole-
cules. The increase in the concentrations of these
molecules in PrEC cells as well as the negligible
change or significant decrease in cancer cells can be
explained by D-allose not influencing the programmed
cell death in normal cells (PrEC), therefore allowing these
cells to grow during the period of D-allose treatment. In
contrast, for cancer cells, D-allose inhibited cell growth,
and thus, the major PL components (the five species
mentioned above) had relatively small changes or big
decreases in concentration. It was previously reported
[13] that proliferation of human prostate cancer cells
was inhibited by D-allose: MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) cell proliferation
assay of the 48-h treated cells showed a significant dose-
dependent inhibition of cell growth down to 8.7% of
DU145and 49.5% for LNCaP compared with untreated
cells, while a similar treatment to PrEC cells had no
significant effect, showing 98.1%. Another interesting
finding in Table 1 was that for 20:0/20:0-PS, in Table 1
(plotted in Fig. 3f), which was found in all cell lines
before treatment but was not detected after treatment with
D-allose. It is known that PS is closely associated with
apoptosis [34–36]. PS molecules, which are minor in
number and are mainly located at the cytoplasmic side of
the plasma membrane, transit rapidly toward the outer
membrane leaflet and are recognized by phagocytes as the
cells undergo programmed cell death. It is also known that
PS is synthesized from PC or PE by enzymes before
externalization of PS molecules [37, 38]. In Table 1, six
PS species were newly found after treatment. PS
species identified from cancer cells after D-allose
treatment were 18:4/18:4-PS and 18:1/18:1-PS for
DU145 and 18:3/18:0-PS, 16:1/18:1-PS, and 18:1/18:0-
PS for LNCaP cells. It is interesting to note that these five
PS molecules contain acyl chains of 18 carbons with a
single or no unsaturation in most cases. Although these
data are not sufficient to deduce which PS could be
related to apoptotic signaling, it is expected that PS
molecules that emerged during D-allose treatment could be
candidates for the “eat me” signal in programmed cell death.

PCA was carried out for PL species to examine
significant differences during D-allose treatment. First,
species that exhibited a more than 2.5-fold change in
concentration after D-allose treatment were selected; Table 2
is a compilation of concentration ratios for these species.
Figure 4a illustrates the statistical differences in the profiles
of the selected PL species among the three cell lines before
and after D-allose treatment. Data points for each cell line in
Fig. 4a are represented by open symbols (before D-allose
treatment) and filled symbols (after treatment): circles for
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Total number =73 80 
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Fig. 2 Numbers of identified PL species from each cell line before
and after treatment with D-allose
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PrEC, squares for DU145, and triangles for LNCaP cells.
Clustered data points represent the reproducibility of
repeated measurements (n=3) for each sample. The data
points for the treated cell lines (filled symbols) in Fig. 4a
are individually clustered away from the center of the plot
(for untreated samples) apart from each other. This suggests
that some species show a clear difference in relative
concentration after D-allose treatment, as shown in the
accompanying plot in Fig. 4b. Correlations of the two plots
(Fig. 4a, b) can be established by matching the same

geometrical locations in the two plots. Each component
appearing at a specific location in Fig. 4b represents a
relative abundance before or after treatment depending on
its equivalent location in Fig. 4a. For instance, PL species
from PrEC that demonstrated significant increases in
concentration can be found in the lower right area of
Fig. 4b matched to the ellipsoidal region of Fig. 4a. The PL
species labeled C6, E4, and S2, (molecular structure of each
label can be found in Table 2) demonstrated significant
increases in concentration (more than a threefold increase)
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in PrEC after D-allose treatment. These three species
emerged after D-allose treatment; therefore, the concentra-
tion ratio cannot be calculated (expressed with upper arrow
in Table 2). Moreover, species E2, G1, C2, E1, and E3,
which had a more than threefold increase in concentration,
are clustered into two nearby groups. On the other hand,
data points clustered toward the center of the plot within the
same ellipsoid represent concentrations that were significantly
higher prior to treatment, which implies a significant decrease
in concentration as a result of treatment. These species were
I2, C3, C4, and S1, in order of decreased concentration (the
concentration ratios of these species in Table 2 are 0.35, 0.14,
0.05, and almost 0, respectively). For DU145 cells, C1 and
I1 increased significantly (6.8- and 4.3-fold, respectively)
after treatment along with the four new species (E5, I3, S3,
and S4), which overlap in Fig. 4b. Likewise, for LNCaP
cells, S1 was shown to significantly decrease after treatment
along with the four new species (C7, S5, S6, and S7) that are
clustered at the upper left corner of the plot.

Conclusions

In this study, a shotgun lipidomic approach with nLC-ESI-
MS-MS was utilized to determine the relative concentrations
and distributions of PLs from the two prostate cancer cell lines
and a normal prostate cell line after treatment with D-allose
during cell growth. While D-allose treatment was found to
induce significant increases in concentration of some highly
abundant PL species (14:0/14:0-PE, 16:2/16:0-PG, and 20:6/
18:1-PA) from the normal prostate epithelial cell line (PrEC),
it had a negligible or negative effect on the same PL species
from the prostate cancer cell lines (DU145 and LNCaP).
This observation may reflect the fact that PrEC grew
continuously without inhibition from D-allose, but prolifer-
ation of cancer cells was inhibited. This result agrees with

Table 2 Relative changes of PL species showing more than 2.5-fold
variation in concentration after treatment with D-allose

Class Label Acyl chain
structure

PrEC DU145 LNCaP

PC C1 18:2/18:4 3.84±1.33 6.75±6.12 0.35±0.20

PC C2 22:0/16:0 9.99±3.87 1.49±0.15

PC C3 14:0/22:2 0.14±0.03

PC C4 18:1/16:0 0.05±0.02

PC C5 14:4/16:0 ↓

PC C6 18:2/22:5 ↑

PC C7 18:0/18:2 ↑

PE E1 14:0/14:0 2.97±0.57 1.17±0.22 0.99±0.26

PE E2 20:2/16:0 3.48±1.15 1.56±0.79 ↑

PE E3 20:6/20:6 3.27±1.23

PE E4 20:0/14:2 ↑

PE E5 20:0/16:5 ↑

PG G1 16:2/16:0 2.41±0.72 0.80±0.21 0.17±0.03

PI I1 16:1/18:0 ↓ 4.29±1.86

PI I2 16:3/16:0 0.35±0.06 ↓

PI I3 16:0/22:5 ↑

PS S1 20:0/20:0 ↓ ↓ ↓

PS S2 16:5/16:5 ↑

PS S3 18:4/18:4 ↑

PS S4 18:1/18:1 ↑

PS S5 18:3/18:0 ↑

PS S6 16:1/18:1 ↑

PS S7 18:1/18:0 ↑

PA A1 20:0/22:6 0.87±0.33 ↓ 1.12±0.29

PA A2 20:6/18:1 2.17±0.92 0.49±0.12

PA A3 20:0/18:0 ↑

Each PL species is labeled for identification in the PCA analysis

↑: not calculable for the case of new emergence after D-allose

↓: not calculable for the case of disappearance after D-allose
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ponents labeled in Table 2 (b).
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significant abundance before or
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the experimental findings of previous studies [13]. When D-
allose was added during the growth phases of the three cell
lines, six new PS molecules were identified, which is
noteworthy since PS is known to be a recognition element
for phagocytes during programmed cell death. Five of the six
new PSs expressed in both prostate cancer cell lines mostly
contain acyl chains of 18 carbons with a single or no
unsaturation in most cases. The current study deals with the
relative changes in only 85 PL species; however, it
demonstrates the feasibility of investigating the roles of PL
molecules in the proliferation and programmed death of cells
using an agent that controls cell growth. A more systematic
study on qualitative and quantitative analyses can be
obtained, provided with the development of a sophisticated
search engine and an improved separation of complicated PL
species which can reduce the ionic suppression of low
abundant species during ESI.
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