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Abstract An online, two-dimensional (2D) liquid chroma-
tography (LC) quadrupole time-of-flight mass spectrometry
(QToF-MS) method was developed for lipid profiling of rat
peritoneal surface layers, in which the lipid classes and spe-
cies could be simultaneously separated in one injection with
a significantly increased sensitivity. Different lipid classes
were separated on a normal-phase column in the first di-
mension and lipid molecular species were separated on a
reversed-phase column in the second dimension, so that the
ion suppression effects were reduced while the detection
sensitivity was improved. Identified were 721 endogenous
lipid species from 12 lipid classes, in which 415 structures
were confirmed using tandem mass spectra, and the other
306 lipid molecular species were identified by accurate
masses. The linearity, limit of detection, and repeatability
were all satisfactory. The method was applied to the investi-
gation of the lipid changes in rat peritoneal surface layer
after peritoneal dialysis, and 32 potential lipid biomarkers
were identified, as their concentrations in the dosed group
were 2.2-12.5 times of those in the control group.ll The
results revealed that this 2D LC-MS system was a promising
tool for lipid profiling of complex biological samples.—Nie,
H.,R. Liu, Y. Yang, Y. Bai, Y. Guan, D. Qian, T. Wang, and H.
Liu. Lipid profiling of rat peritoneal surface layers by online
normal- and reversed-phase 2D LC QToF-MS. J. Lipid Res.
2010. 51: 2833-2844.

Supplementary key words lipidomic ® free fatty acid ® phospholipid ®
lyso-phospholipid ¢ plasmalogen ¢ peritoneal dialysis ® peritoneum ®
biomarker e two-dimensional liquid chromatography e mass
spectrometry

Lipids contain a wide variety of hydrophobic or ampho-
teric biological molecules, which are fundamental struc-
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tural components of the cellular membranes that form a
protective barrier around cells and modulate the mem-
brane fluidity and trafficking. Lipids play a crucial role in
numerous physiological processes in virtually all living or-
ganisms (1-3). It is known that lipids are involved in intra-
cellular signal transduction and affect the function of
integral membrane proteins by interacting with the pro-
tein molecules. On the peritoneal membrane, the lipid
layer acts as a barrier to the transport of water-soluble sol-
utes while permitting water flux (4). Peritoneal dialysis
may induce changes of the composition and structure of
the peritoneal surface layer and the peritoneal transport
function (5). Qualitative and quantitative investigation of
those lipids will promote a better understanding of the
mechanism of increased peritoneal transport after flushed
by the dialysate.

The traditional strategies for the analysis of lipids are
thin-layer chromatography (TLC) (6-8) or high-perfor-
mance liquid chromatography (HPLC) coupled with UV
absorbance or evaporative light-scattering detection (9-
12). To obtain lipid structural information, gas chroma-

Abbreviations: 1(2)D, one (two)-dimensional; ECN, equivalent car-
bon number; LG, liquid chromatography; LOD, limit of detection; LPC,
lysoglycerophosphocholine; LPE, lysoglycerophosphoethanolamine;
LPG, lysoglycerophosphoglycerol; LPI, lysoglycerophosphoinositol;
LPL, lysoglycerophospholipids; LpPC, lysoplasmenyl (lysoplasmanyl)
PC; LpPE, lysoplasmenyl (lysoplasmanyl) PE; LpPL, lysoplasmenyl
(lysoplasmanyl) glycerophospholipid; LPS, lysoglycerophosphoserine;
MS, mass spectrometry; NPLC, normal-phase LC; PC, glycerophospho-
choline; PCA, principal component analysis; PE, glycerophosphoetha-
nolamine; PG, glycerophosphoglycerol; PI, glycerophosphoinositol;
PL, glycerophospholipid; pPL, plasmenyl (plasmanyl) glycerophospho-
lipid (subclass of glycerophospholipids); PS, glycerophosphoserine;
QToF, quadrupole time-of-flight; RPLC, reversed-phase LC; RSD, rela-
tive standard deviation; SPE, sphingosyl phosphoethanolamine; SM,
sphingomyelin.
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tography (GC) and gas-chromatography mass spectrometry
(GC-MS) were utilized (13-16), prior to which time con-
suming hydrolysis and derivatization reactions of lipids
should have been performed. This problem was solved
with the advent of electrospray ionization (ESI), resulting
in the indispensability of MS today in lipid research. For
the analysis of lipids extracted from complex biological
samples, there are two major strategies based on the ESI-
MS approach. One is the direct infusion “shotgun”
method, which has a shorter analytical time due to the
lack of chromatography separation (17, 18); however, the
ion suppression effects among lipids decrease the detec-
tion sensitivity, especially for low-abundance lipid species.
The other is liquid-chromatography mass spectrometry
(LC-MS), which is often employed to avoid ionization sup-
pression and mass overlapping. In normal-phase liquid
chromatography (NPLC), lipids are separated by adsorp-
tion mechanisms and eluted from the column by class, in
the order of neutral lipids to polar lipids (19-21). In re-
versed-phase liquid chromatography (RPLC), compounds
are separated based on hydrophobicity. In this case, the
elution sequence of lipid molecules is determined by both
the chain length and the degree of unsaturation in the
fatty-acyl chains. To avoid coelution of molecular species
from the same lipid class, RPLC is usually performed to
separate individual molecular species of a particular lipid
class (22-26). The combination of NPLC and RPLC was
suggested by Pulfer and Murphy (27) to achieve complete
separation of extracted lipids from a complex biological
matrix. Lesnefsky (28), Houjou (29), and Peterson (30)
separated individual lipid classes by NPLC, and the frac-
tion of each class of interest was collected and rerun on an
reversed-phase (RP) column for the further separation of
lipid molecule species. Although more lipid species could
be separated by these offline, two-dimensional (2D) LC
methods, it is obvious that these methods were time con-
suming and labor intensive. To overcome these shortcom-
ings and obtain reliable quantitative results, online
combination of NPLC and RPLC should be used, but the
immiscibility of two mobile phases has resulted in only a
few published articles on this topic so far. In 2004, Dugo
(31) first realized an online comprehensive NPLC and
RPLC system for the separation of lemon essential oil. The
flow rate of the first dimension NPLC was only 20 pl/min
and a much higher flow rate, 4 ml/min, was applied in the
second dimension RPLC. The effluent from normal-phase
column collected in the interface loop was so greatly di-
luted by the reversed-phase solvents that immiscibility and
band spreading were solved. However, small injection vol-
ume and too much dilution largely decreased the sensitiv-
ity of this 2D LC system. Recently, Tian et al. (32) designed
a solvent-evaporating interface for online combination of
NPLC and RPLC. The mobile phase from the NPLC was
evaporated under vacuum in the interface loop, which not
only solved the mobile phase immiscibility but also en-
riched the components. So far, this method has not been
applied to the lipid analysis and its repeatability, which
needs further improvement and systematical optimization,
was not satisfactory for quantitative analysis of lipids.
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In this study, the valve and loop of the evaporating inter-
face of the above-mentioned device were redesigned and
prepared to achieve better repeatability and recovery for
determination of lipids. The temperature and vacuum con-
ditions of the interface were also systematically optimized.
In addition, the columns and chromatographic conditions
were investigated. As a result, online separation of different
lipid classes and different molecular species within one in-
jection through this NP/RP 2D LC was achieved with satis-
factory repeatability, sensitivity, and recovery. We applied
this method to profile lipids of rat peritoneal surface layers,
and eight times as much lipid species were detected com-
pared with our previous 1D LC results (33). Furthermore,
32 potential biomarkers from two lipid subclasses were
identified after comparing the lipids from peritoneal sur-
face layers of control rats and peritoneal dialysis rats, which
would be helpful to the investigation of the correlation be-
tween the peritoneum structure and its function. There-
fore, the 2D LC-MS method established in this work could
be a useful and promising method in lipidomic research.

MATERIALS AND METHODS

Key compounds and reagents

The following synthetic lipid standards were purchased from
Avanti Polar Lipids (Alabaster, AL): 1,2-dimyristoyl-sn-glycero-
3-phospho-(1’-rac-glycerol) (sodium salt) [PG(14:0/14:0)]; 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine [PE(14:0/14:0)];
1,2-dimyristelaidoyl-sn-glycero-3-phosphocholine  [PC(14:1/
14:1)]; N-(dodecanoyl)-heptadecasphing-4-enine-1-phosphoe-
thanolamine, Sphingosyl PE(d17:1) [SPE(d17:1/12:0)1; 1-(10Z-
heptadecenoyl)-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium
salt) [LPG(17:1)]; and 1-(10Z-heptadecenoyl)-sn-glycero-3-
phosphoethanolamine [LPE(17:1)]. N-hexane, isopropanol,
and chloroform of HPLC grade from Dikma Technology (US)
and purified water from Hangzhou Wahaha Group Co., (Zhejiang,
China) were used. Ammonium formate was from Sigma-Aldrich
(US). The peritoneal dialysis solution containing 4.25% glucose
was obtained from Baxter Healthcare (Beijing, China).

Preparation of lipids from Sprague-Dawley rat peritoneal
surface

All animal protocols used were approved by the Animal Care
and Use Committee of Peking University. Lipids in the rat perito-
neal surface layer were prepared as previously described (33).
Four male Sprague-Dawley (SD) rats (220-250 g body weight)
were euthanized. Then 20 ml of Folch solution (chloroform/
methanol, 2:1, v/v) was infused into the peritoneal cavity for 30 s
and drained completely. This procedure was used to extract the
peritoneal surface layer completely without damaging the meso-
thelial cells (34). The same amounts of six lipid standards [0.1 pg
PG(14:0/14:0), 0.1 wg PE(14:0/14:0), 0.1 ng PC(14:1/14:1), 0.1
wg SPE(d17:1/12:0), 0.1 wg LPG(17:1), 0.1 pg LPE (17:1)] were
added into 0.5 ml crude solution. The lipids in the crude solu-
tion were extracted by a modified Folch extraction method (35,
36). The lipid extracts were dried by evaporation under nitrogen.
Then the dried lipid extracts were redissolved in 0.5 ml Folch
solution for HPLC injection.

Preparation of lipidomics application

The 12 SD rats (220-250 g body weight) were divided into two
equivalent groups, one as the control group and the other as the
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dosed group. Each rat of the dosed group received one intraperi-
toneal injection of 25 ml 4.25% glucose dialysis solution per day.
On day 7, 4 h after the last intraperitoneal injection, the six rats
of the dosed group were euthanized, and the dialysate was
drained completely. Lipids in peritoneal surfaces of all 12 rats
were extracted with the method described above.

LC system

1D LC system. The experiments were performed on an Agi-
lent 1100 series HPLC system equipped with quaternary pump,
online degasser, autosampler, and thermostated column com-
partment (Agilent Technologies, Karlsruhe, Germany). Aliquots
(20 pl) of lipid samples were injected onto a Rx-SIL silica column
(2.1 x 150 mm, 5 pm, Agilent, US) with mobile phase flow rate of
0.1 ml/min. Mobile phase Al and B1 were hexane/isopropanol/
water (30/70/2, v/v/v) and methanol/water (100/2, v/v), re-
spectively, both containing 5 mmol/l ammonium formate. The
gradient elution began 100% Al for 23 min, followed by a change
to 100% solvent B1 at 23.01 min, which lasted until 39 min. The
thermostatted column compartment was operated at 25°C.

2D LC system. The 2D LC system for lipid profiling (Fig. 1)
was built based on the configuration reported previously (32), on
which some alterations and modifications were performed to
make it more suitable for the lipid separation. The same condi-
tions of above 1D LC, including the instrument, column, and
mobile phase, were utilized to perform the separation in the first
dimension of the 2D LC system. In the second dimension, an Agi-
lent 1200-series binary pump connected to an online degasser
(Agilent) delivered the mobile phase through an Eclipse Plus C8
column (2.1 x 10 mm, 3.5 wm, Agilent). Between the two dimen-
sions, there was a six-port, two-position manual valve (IDEX Health
and Science, US) with the interface loop in which eluate from
the first dimension was trapped and then transferred to second
dimension. In the second dimension, solvent A2 and B2 were
methanol/water (50/50, v/v) and methanol, both containing 5
mmol/l ammonium formate, respectively. The temperature of
the loop was maintained at 50°C by a homemade, electric-heated,
thermostatic water bath. The E2M2 rough pump, obtained from
Edwards Vacuum (Crawley, UK), was utilized for the solvent
evaporation in the interface. The gradient programs of both the
first and the second dimension and the valve switching program

NP column RP column

Mass
Autosampler
spectrometer
Vacuum
pump
Position 1
NP column RP celumn Mass
Autosampler
spectrometer

Vacuum
pump

Position 2

Fig. 1. Scheme of the 2D LC system. Valve in position 1 (top):
Mobile phase eluted from the NP column was evaporated by the
vacuum pump when it flowed through the loop, and the analytes
were trapped in the loop. Valve in position 2 (bottom): Trapped
analytes were flushed onto the RP column by mobile phase from
pump 2 for further separation. At the same time, the vacaum pump
and pump 1 were both stopped until the valve was switched to posi-
tion 1. 2D, two dimensional; LC, liquid chromatography; NP, nor-
mal phase; RP, reversed phase.

in the 2D LC system were formulated in Table 1. The thermo-
stated column compartment was operated at 25°C for the Rx-SIL
and 40°C for the Eclipse Plus C8.

Mass spectrometry system

In the 1D LC-MS system, the L.C was coupled online to an Agi-
lent 6530 Accurate-Mass Quadrupole Time-of-Flight mass spec-
trometer (QToF MS) equipped with an Agilent Jet Stream ESI
source (Agilent). In the 2D LC-MS system, this Agilent 6530
QToF MS was coupled online with the second dimensional LC
system, and the eluate from the second column flowed directly
into the Jet Stream ESI source. Same MS parameters were set in
the two systems. The Jet Stream ESI source was operated in nega-
tive mode, and instrument parameters were set as follows: sheath
gas temperature, 350°C; sheath gas flow, 8 L./min; nebulizer, 20
psi; dry gas temperature, 300°C; dry gas flow, 5 L./min; and capil-
lary entrance voltage, 3500 V. Fragmentor and Skimmerl were
operated at 190 V and 65 V, respectively. The MS scan data were
collected at a rate of 1.02 spectra/s in the range of m/z 100-2000.
The m/z of all ions in the mass spectra were corrected by
two reference ions [Trifluoroacetate anion and Hexakis(1H,
1H, 3H-tetrafluoropropoxy)phosphazine, m/z 112.985587 and
966.000725, Agilent P/N G1969-85001], which insured mass er-
ror less than 3 ppm in our experiment. In the targeted MS/MS
mode, the MS and the MS/MS information were collected in the
same m/z range at the same rate as the MS scan, and collision
energy was 40 V. Iso. width of precursor ion was set as narrow
(~1.3 m/z).

All the MS and MS/MS data were collected with MassHunter
Data Acquisition B.02.00 (Agilent), and MassHunter Qualitative
Analysis B.02.00 (Agilent) was applied to identify lipid species.
Peak areas of the validation standards and potential biomarkers
were integrated from extracted ion chromatograms (EIC) by
MassHunter Quantitative Analysis B.03.01 (Agilent), and the lin-
earity of six validation standards were constructed by this soft-
ware. All EICs were obtained with + 5 ppm m/z expansion. Mass
Profiler Professional 2.0 (Agilent) and Microsoft Office Excel
2007 (Microsoft, Redmond, WA) were used for statistical data
analysis and data visualization.

RESULTS AND DISCUSSION

1D and 2D separation of lipids

In the 1D LC system, the lipid extracts of SD rat peri-
toneal surface layers added with phosphatidylglyceral
[PG(14:0/14:0)], phosphoethanolamine [PE (14:0/14:0)1,
phosphocholine [PC(14:1/14:1)], sphingosyl phospho-
ethanolamine [SPE(d17:1/12:0)], lyso-phosphatidylglyceral
[LPG(17:1)], and lyso-phosphoethanolamine [LPE(17:1)]
as validation standards were separated by the normal-phase
column. Twelve endogenous lipid classes, including free
fatty acid (FFA), glycerophosphoglycerol (PG), lysoglyc-
erophosphoglycerol (LPG), glycerophosphoinositol (PI),
glycerophosphoethanolamine (PE), lysoglycerophospho-
ethanolamine (LPE), lysoglycerophosphoinositol (LPI), lyso-
glycerophosphoserine (LPS), glycerophosphoserine (PS),
glycerophosphocholine (PC), sphingomyelin (SM), and
lysoglycerophosphocholine (LPC) were determined (Fig.
2A). In the 2D LC, the normal-phase eluate was divided
into five fractions (Fig. 2A). Time segments of the five frac-
tions are shown in Table 1 (left). With the coordination of
gradient programs of the two pumps and the switching of
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Fig. 2. A: BPC of the lipids in rat peritoneal surface layer in 1D LC-MS system. Twelve endogenous lipid classes and one validation stan-
dard [SPE (d17:1/12:0)] were separated by NPLC. B: BPC of the lipids in rat peritoneal surface layer in 2D LC-MS system. In the first di-
mension, lipids were separated by NPLC, the same as in the 1D LC-MS system. The eluate from the normal-phase column was divided into
five fractions and transferred onto the RPLC column, respectively, for further separation in the second dimension. 1(2)D, one (two)-
dimensional; BPC, base peak chromatogram; LC, liquid chromatography; NPLC, normal-phase liquid chromatography; RPLC, reversed-phase

liquid chromatography SPE, sphingosyl phosphoethanolamine.

the interface valve (Table 1, right), each fraction in the
first dimension was individually collected in the interface
loop and injected onto the second RP column for further
separation. Consequently, eluates of the five fractions in
the first dimension were separated, respectively, into five
corresponding segments in the second dimensional LC
(Fig. 2).

The detailed operation was as follows. In the first frac-
tion, the lipids eluted from the first column flowed into
the valve and the mobile phase was continuously being
evaporated (Fig. 1, position 1). At the end of the first frac-
tion, the first dimensional LC pump stopped, and the in-
terface loop was switched into the second dimensional LC
system (Fig. 1, position 2). The mobile phase delivered by
the second pump flushed the analytes of the first fraction
out of the loop onto the second column. While the eluate
of the first fraction was separated with gradient elution in
the second dimension, the first pump was standby, and the
separation in the first column was stopped until the inter-
face loop was switched back to the first dimension LC sys-
tem (Fig. 1, position 1) at the beginning of next fraction.

2838 Journal of Lipid Research Volume 51, 2010

The first pump restarted to deliver mobile phase for the
separation in the first column, and simultaneously, the
loop began to collect the eluate of the second fraction and
the second column started a 4 min equilibration. With the
same process, all analytes in the five fractions were sepa-
rated individually in the second dimensional RPLC.

As shown in Fig. 2, more peaks could be obtained by the
2D LC-MS system than by the 1D LC-MS system. Two di-
mensional LC can provide a higher peak capacity by mul-
tiplying the separation capacity of each dimension, and
the combination of NPLC and RPLC can further enhance
the resolving power because it is the most orthogonal in
nature (37). In addition to the higher peak capacity, a sig-
nificant advantage of our 2D LC system is that the separa-
tion of lipid classes and species could be completed within
one injection.

In lipidomic research, NPLC is used to separate lipid
classes based on the difference of their polarity. The dif-
ferent lipid species of the same class eluted together from
the column, however, would bring about ion suppression
effects among these lipid species in the ion source of the
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mass spectrometer. RPLC is usually carried out to separate
the lipid molecular species according to the lipophilicity,
in which the lipid classes could not be separated. When
lipids are analyzed only by RPLC, the lipid molecules of
different classes detected together would result in de-
creased ionization efficiency because of the ionizing
competition among lipid molecules. Meanwhile, identifi-
cation of the lipids becomes more difficult due to coelu-
tion of the molecular species from different classes.
Therefore, for the comprehensive analysis of complex
lipid samples, it is better to utilize NPLC to perform the
separation of lipid classes and RPLC to separate the
downstream molecular species (27). In our 2D LC-MS
system, all 12 endogenous lipid classes did not achieve
baseline separation in the first dimension and the ana-
lytical speed of each class in the second dimension was
not fast enough, so the separation in the first dimension
were divided into five fractions for further separation on
the RP column. Compared with the 1D LC-MS system,
the 2D LC-MS method offered a much higher peak ca-
pacity, reduced ion suppression effects among lipid mo-
lecular species, and facilitated the identification of the
lipid molecular species.

Qualitative analysis of lipids

All lipids in the rat peritoneal surface layer were iden-
tified with high-accuracy mass values measured by
Agilent 6530 Accurate-Mass QToF MS. The abundant
molecular species were confirmed by targeted MS/MS
and retention time, and low-abundance lipid molecules
were identified with retention time and m/z value. The
measured accurate masses were applied for preliminary
identification using Lipid MS Predict software (v1.5,
LIPDMAPS) or compared with exact masses calculated
by MassHunter Qualitative Analysis with a mass toler-
ance of less than 3 ppm on the basis of the predicted el-
emental composition.

All the lipids except for free fatty acids could generate
MS/MS fragmentation in targeted MS/MS mode by Agi-
lent 6530 QToF MS, so the structures of the most abun-
dant lipid species could be confirmed by the tandem MS
spectra with high accurate masses. The identification of
one molecular species of PE is presented in detail as an
example. According to the retention time of the PE stan-
dard, the PE class should be eluted from the column with
retention time at 55-85 min, and our example’s retention
time was 69.95 min. Its measured m/z 790.5390 was
searched in Lipid MS Predict as a deprotonated PE ion
with 0.1 amu mass tolerance. Several candidates were listed
in this software, but considering our 3 ppm mass toler-
ance, only one ion formula C;sH7;NOgP" (calculated mass:
790.5392) was acceptable; the error was —0.3 ppm. Ac-
cording to the search result, the lipid species was identi-
fied as PE(40:6). To confirm this species, targeted MS/MS
of the ions (m/z = 790.54, Iso. width: ~1.3 m/z) was per-
formed by the QToF MS in negative mode, and the tan-
dem mass spectrum is shown in Fig. 3. Based on the
fragmentation of PE reported before (38), the m/z
327.2334 ion and the 283.2586 ion were 22:6-carboxylate

anion and 18:0-carboxylate anion, respectively. The ions at
m/z 480.3097 and 462.2987 corresponded to losing the
22:6-fatty acyl substituent as a ketene and as an acid, re-
spectively. The neutral loss of the 18:0-fatty acyl chain as a
ketene and as an acid yielded corresponding ions at m/z
524.2784 and 506.2681. The mass spectrum was featured
by the m/z 196.0374 ion corresponding to the loss of one
fatty acyl chain as an acid and the other as a ketene, along
with the phosphoethanolamine anion at m/z 140.0115.
The profile of the mass spectrum indicated that this
compound was PE(18:0/22:6) also called PE(40:6). The
fragmentations in negative mode of lipids, including
plasmenyl and plasmanyl glycerophospholipids (pPL,
subclasses of glycerophospholipids ) and other glycero-
phospholipids (PL), lysoplasmenyl and lysoplasmanyl
glycerophospholipids (LpPL, subclasses of glycerophos-
pholipids) and other lysoglycerophospholipids (LPL),
and sphingomyelin (SM), have been well investigated
(38-44). Based on the reported fragment pathways and
feature fragment ions of each lipid class, structural in-
formation of the most abundant lipid species has been
confirmed in our work.

However, some lipid species with low abundance could
not generate reliable MS/MS spectra and, consequently,
could not be determined by the above approach. Kim’s
work (45) indicated that lipid species were separated ac-
cording to chain length and degree of unsaturation on
reversed- phase column. A mathematical relationship be-
tween the equivalent carbon number (ECN) of a lipid mo-
lecular species in fatty acid moieties and the relative
retention time of the species in the isocratic RPLC system
has been calculated by Brouwers (24). In our experiment,
similar regulation was found in the second dimensional
separation, which could aid the identification of those low
abundance lipid species. Fig. 4 shows the EICs of PE mo-
lecular species extracted with calculated masses, from
which we can observe that PE species having the same total
carbon number in two fatty acid chains were eluted in the
order of the decrease of double-bond number in aliphatic
groups. Five of the PEs with carbon number 36, from
PE(36:1) to PE(36:5), were abundant enough to generate
MS/MS spectra and to be determined by those mass
spectra (supplementary Table I); the low-abundance
peak at m/z 734.4766 that was in a line with the five could
thereby be identified as PE(36:6). Similarly, the peak (m/z
796.5862) was identified as PE(40:3) by comparing its re-
tention time with the other seven peaks, which had been
confirmed as PE species containing 40 carbon atoms.

In the end, a total of 721 endogenous lipid species from
12 lipid classes were determined by accurate mass and re-
tention time, and 415 structures were further identified
with tandem mass spectrometry data. Because of the sepa-
ration of different lipid species and enrichment feature of
the 2D LC system, along with the improvement of the sen-
sitivities of low-abundance lipid species by the Agilent Jet
Stream Technologies ESI source, more lipid species were
detected and identified in rat peritoneal surface layer
by this 2D LC QToF-MS system than by 1D LC ion trap
MS (33).
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Fig. 3. Targeted MS/MS spectrum of the precursor ion (m/z = 790.54; Iso. width: ~1.3 m/z) in the negative mode obtained by an Accu-
rate-Mass QToF MS. MS, mass spectrometry; QToF, quadrupole time-of-flight.

Evaluation of the method

In preparation for the application of lipid profiling, the
calibration curves (supplementary Fig. I) of this 2D LC-MS
method were constructed for six nonendogenous lipid
standards, including PG(14:0/14:0), PE(14:0/14:0),
PC(14:1/14:1), SPE(d17:0/12:0), LPG(17:1), LPE(17:1),
spiked to 0.5 ml crude solution at six concentrations
(C1-C6: 0.01, 0.02, 0.1, 0.2, 1, 2 pg/ml). The average peak
area of triplicate measurements at each concentration
level was calculated from the extracted ion chromatograms
as described in “Materials and Methods”, and the calibration

equations of peak area (y) versus concentration (x) of six
lipid standards are shown in Table 2. The linearity was sat-
isfactory, with coefficients (R%) greater than 0.9917 for all
the six validation standards. The LODs (at signal-to-noise
ratio of 3) of six validation standards in this highly sensi-
tive 2D LC-MS system could reach 2 ng/ml. As for repeat-
ability, the same amounts (50 ng) of six lipid validation
standards were spiked to 0.5 ml crude solution, and the
relative standard deviation (RSD) of the peak areas and
retention times of each lipid standard was calculated based
on six injections of this prepared sample. The RSDs of
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Fig. 4. EICs of the [M-H] ions of PE molecular species which were classified based on acyl carbon chains.
EIC, extract ion chromatogram; PE, glycerophosphoethanolamine.
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TABLE 2. Calibration curves for six nonendogenous lipid standards

b

Calibration Linear Range LOD RSD %" RSD%
Standards Equations” (pg/ml) R2 (ng/ml) (area) (RT)
PG(14:0/14:0) y = 4393x + 4859 0.01-2 0.9960 2 4.7 0.03
PE(14:0/14:0) y = 3496x + 1652 0.01-2 0.9983 2 5.5 0.03
PC(14:1/14:1) y =5853x — 611 0.01-2 0.9973 2 2.4 0.01
LPG(17:1) y =8502x — 46171 0.01-2 0.9937 2 6.4 0.01
LPE(17:1) y = 10692x — 36506 0.01-2 0.9917 2 5.0 0.00
SPE(d17:1/12:0) y =10439x — 18975 0.01-2 0.9976 2 5.4 0.03

The calibration equations, linear regression coefficients, LOD, and RSD of peak area“ and RT for each validation
standard. EIC, extract ion chromatogram; LOD, limit of detection; LPE, lysoglycerophosphoethanolamine; LPG,
lysoglycerophosphoglycerol; PC,glycerophosphocholine; PE,glycerophosphoethanolamine; PG,glycerophosphoglycerol;

RSD, relative standard deviation; RT, retention time; SPE, sphingosyl phosphoethanolamine.
‘y = peak area and x = concentration of corresponding validation standard (pg/ml).

'n=6,0.1 pg/ml.
‘Peak area represents the EIC.

peak area and retention time ranged 2.4-6.4% and 0.00-
0.03%, respectively. All the results indicated that our 2D
LC-MS method could be applied for lipid profiling.

Comparison of dosed group and control group

The surface lipid layer on the peritoneal membrane acts
as a barrier to the transport of water-soluble solutes while
permits water flux (4). Peritoneal dialysis, as a treatment
to uremia and renal failure, affects the structure of the
peritoneal surface layer and causes increasing transport
(5). Therefore, study on changes of the lipids in the peri-
toneal surface layer will help us to understand the mecha-
nism of increased peritoneal transport.

To investigate lipid changes after peritioneal dialysis,
12 SD rats were randomly separated into a dosed group
(n =6) and a control group (n = 6). All 12 samples were
detected by the 2D LC-MS method. The dosed group
and control group were alternately injected to reduce
systemic error. During the sequence, one blank sample
(20 pl Folch solution) was injected after every fourth
sample, and no significant carryover of lipids was ob-
served. MS data of all 12 samples were extracted by Mass-
Hunter Qualitative Analysis software and analyzed by
Mass Profiler Professional software. The statistical results
are presented in a 3D principal component analysis

(PCA) score plot (Fig. 5). Fig. 5 shows that the 12 sam-
ples could be clearly separated into two groups: con-
trol and dosed. Through setting threshold parameters,
the software presented a list of potential biomarkers
whose absolute fold-change of peak area was larger than
2 and P value less than 0.05. By the above-mentioned
approach, 32 potential biomarkers were further identi-
fied, all belonging to two subclasses: lyso-plasmenyl or
lyso-plasmanyl PE and PC. The lipid species and mean
peak areas of LpPE are given in Fig. 6A and those of
LpPC in Fig. 6B. All mean peak areas of the potential
biomarkers experienced increments in the dosed group.
For LpPE, they were from 2.8- to 6.0-fold of those in con-
trol group; for LpPC, they were from 2.2- to 12.5-fold of
those in the control group.

Our experimental results suggest that lipid species of
LpPE and LpPC increased significantly with the stimula-
tion of dialysate. This conclusion partially agrees with the
results of Wang et al. (5) that was achieved using TLC.
According to the detection limitation of TLC, only abun-
dant lipid classes were identified in their study. Using 2D
LC QToF-MS method, we discovered not only molecular
species of interest but also detailed qualitative and quan-
titative information about those potential biomarkers. For
example, we found that only two subclasses of LPL, LpPE

Y-Axis

A
. Control Group
a
o A
A Dosed Group

Fig. 5. 3D score plot of principal component anal-
ysis of MS data of the control group (M) and dosed
group (A).

Z-Axis
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Fig. 6. A: Mean peak areas of LpPE in control group (black bars) and dosed group (gray bars). B: Mean
peak areas of LpPC in control group (black bars) and dosed group (gray bars). LpPC, lysoplasmenyl (lyso-

plasmanyl) PC; LpPE, lysoplasmenyl (lysoplasmanyl)

and LpPC, in the peritoneal surface layer were related to
the degenerated peritoneal function. Previous surface-
active phospholipid research in peritoneal dialysis (46)
was focused on the correlation between PC and perito-
neal function, such as changes of PC in peritoneal surface
or dialysate and recovery of destroyed peritoneum by PC
replenishment through intraperitoneal, intravenous, and
oral administration. Combined with our research, there
are two reasons for the focus: I) PC was the major class
both in rat peritoneal surface (33) and dialysate (47),
which means even a small proportion of PC altered by
some stimulation could be enough to be detected. It is
reasonable that these changes are not crucial but detect-
able by traditional analytical approaches; and 2) previous
detection methods, such as TLC and 1D LC-MS (5, 33,
47), cannot determine LpPL molecular species, let
alone the discovery of their changes. In our study, sig-
nificant PC differences have not been observed between
the control and dosed groups, but the LpPL species was
observed to be dramatically increased in rat peritoneal

2842 Journal of Lipid Research Volume 51, 2010

PE.

surface after dialysate stimulation, which will be very
useful to better understand peritoneal degradation and
improve the peritoneal dialyses treatment. The results
of our study support the potential of this validated
method for lipid profiling of different biological or clin-
ical samples.

CONCLUSION

To profile lipids, we introduced a novel 2D LC-MS
method equipped with a solvent evaporating interface.
Compared with the previous 1D method, seven times more
lipid molecular species from 12 endogenous lipid classes
were determined with one injection after an efficient sepa-
ration, which dramatically improves detection sensitivity.
The results of method validation were satisfied for a 2D
LC-MS system and acceptable for lipid profiling. Statistical
analysis identified the differences between control and
dosed groups. In total, 32 potential biomarkers with sig-
nificant changes in the peak area were detected, which
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suggests a future for the 2D LC-MS method in lipidomic
and clinical research.Bf
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