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are separated by adsorption mechanisms and eluted out of the column in normal-phase
liquid chromatography (NPLC), and individual molecular species are separated based on
hydrophobicity in reversed-phase liquid chromatography (RPLC). In RPLC, the elution
sequence of lipid molecules is determined by both the chain length and the degree of un-
saturation in the fatty-acyl chains. To avoid co-elution of molecular species, an online,
normal-phase and reversed-phase two-dimensional (2D) liquid chromatography (LC)
quadrupole time-of-flight mass spectrometry (Q TOF-MS) system was developed for the
lipid profiling of Madin-Darby canine kidney (MDCK) cells and the investigation of the
lipid changes in MDCK cells treated with aristolochic acid ( T ). Different lipid classes in
MDCK cells were separated in the first dimension of the two-dimensional liquid chroma-
tograph system and lipid molecular species were further separated in the second dimen-
sion followed by mass spectrometry detection, so that the ion suppression effects were
reduced while the detection sensitivity was improved.

All lipids in MDCK cells were identified with high accuracy mass values measured
by Agilent 6530 accurate mass Q TOF-MS. The abundant molecular species were
confirmed by targeted MS/MS, meanwhile the retention time and low abundance lipid
molecules were identified with m/z value and the retention time based on the correlation
between the equivalent carbon number (ECN) and the retention time. The measured
accurate masses were applied for preliminary identification using the online database
with a mass tolerance of less than £0. 005 on the basis of the predicted elemental com-
position. 1 416 endogenous lipid species from 13 lipid classes were identified by accurate
masses, tandem mass spectra and the retention time. 11 exogenous lipid standards from
different classes, including FA 17 : 0, Hemi BMP(17 : 0), LPG(17 : 1 ), PG(14 : 0/
14 : 0), Sphingosyl PE(d17 ¢ 1/12: 0), PE(14 : 0/14 : 0), LPE(17 : 1), PS(14 : 0/
14 : 0), LPC(17 : 0), PC(14 : 1/14 : 1), SM(d18 : 1/17 = 0), were selected to be sep-
arated in five fractions for the evaluation of this method. The linear regression coeffi-
cients (R*=0.991 7-0. 998 3), the limit of detection (2-5 pg/L) and the relative stand-
ard deviation of peak area (0.9%-7.7%) and retention time (0. 01%-0.11%) were all
satisfactory.

To investigate the lipid changes in MDCK cells dosed with aristolochic acid ( T ),
16 MDCK cell samples (each containing 5 X 10° cells) were randomly separated into a
dosed group (n=28) and a control group (n=8). All 16 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 was injected after every three
injections, and no significant carryover of lipids was observed. MS data of all 16 samples
were extracted by Mass-Hunter Qualitative Analysis software and analyzed by Mass
Profiler Professional software. Through setting threshold parameters, the software
presented a list of potential biomarkers whose absolute fold-change of peak area was lar-
ger than 2 and p value less than 0. 05. By the above-mentioned approach, 15 changed
lipid species were confirmed, as their concentrations in the dosed group were 2-4 times
of those in the control group. The results would contribute to the study on therapeutic
and toxicological mechanisms of aristolochic acids and revealed that this two-dimensional

liquid chromatography quadrupole time-of-flight mass spectrometry method was a prom-
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ising tool for lipidomics research.

Key words: two-dimensional liquid chromatography mass spectrometry; Madin-Darby

canine kidney (MDCK) cells; aristolochic acid; lipidomics
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Fig. 1 Chemical structures of aristolochic acid ( [ ) and

aristolochic acid ( [ )
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(d17 = 1/12 = 0);1, 2-dimyristoyl-sn-glycero-
3-phosphoethanolamine, PE (14 : 0/14 : 0);
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Table 1 Gradient programs of the two dimensional liquid chromatography

5 —YE A 0 5 2 WO %
A/ i/ s s mam | RESE ot/ e
min (mL/min) min (mL/min)

0~9 0.1 100 0 1 0 0.3 50 50
9~21 0 100 0 2 9 0.3 50 50
20 0.3 40 60

21 0.3 20 80

29 0.3 0 100

31 0.3 0 100
21~35 0.1 100 0 1 31.01 0.3 100 0
35~37 0 100 0 2 35 0.3 100 0
37 0.3 30 70
50 0.3 5 95
37~44 0.1 100 0 1 50. 01 0.3 100 0

44~54 0.1 0 100 1

54~175 0 0 100 2 54 0.3 100 0
56 0.3 20 80

74 0.3 10 90

76 0.3 0 100

80 0.3 0 100
75~84 0.1 0 100 1 80. 01 0.3 100 0
84~91 0 0 100 2 84 0.3 100 0
86 0.3 25 75

90 0.3 20 80

91 0.3 10 90

95 0.3 0 100

100 0.3 0 100
91~104 0.1 0 100 1 100. 01 0.3 100 0
104~114 0.4 0 100 2 104 0.3 100 0
114~144 0.4 100 0 2 106 0.3 45 55
114~150 0.1 100 0 2 114 0.3 40 60
114. 01 0.3 20 80

124 0.3 20 80

139 0.3 15 85

150 0.3 0 100
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Table 2 Fragments of major lipid classes
IERRES SRS N TR 28 AR AE B 53T Fh s FRAE B A
PI [M—H]~ [M—H-R/'CH=C=0-180—R,/CH=C=0]" [R,'COO]~
[M—H—R,'COOH—R,'COOH—74] [M—H—R,'COOH—162] &}
[M—H—R,/CH=C=0—180]"
[M—H—R,'CH=C=0—R,'COOH—74]" [M—H—R,'COOH]~
[M—H—R;'COOCH—R;'COOCH,CH] "~ [M—H-R,/CH=C=0]"
[M—H—R,'COOH—R,'COOH]~
[M—H—R;'CH=C=0—R,'COOH]~
PG [M—H] [M—H—R,'COOH—R,'CH=C=0—74] [R,'COO]
[M—H—R;'COOH—R,'COO—CHCHCH ] [M—H—R;'COOH—74]
[M—H—R,'COOH—R,'COOH] [M—H—R,’CH=C=0—74]
[M—H—R,;'COOH—R,'CH=C=0] [M—H—R,'COOH]
[M—H—R,’/CH=C=0—R,’CH=C=0]" [M—H-R,'/CH=C=0]"
PC [M-+HCOO]~ [M—H—CH;—(CH;);NCHCH; —R,'CH = C= 0—R,'COOH]~ [R,'COO]~
[M—CH;—R,/CH=C=0]"
[M—CH; —R,'COOH]
[M—H—R,’'COOH]
PE [M—H]" [M—H—R,'CH=C=0—R,'COO—CH,CHOHCH] [R,'COO]
[M—H—R,'COOH—R,'COOH] [M—H—R,’'COOH]
[M—H—R,;'COOH—R,'CH=C=0] [M—H—R,/CH=C=0]
[M—H—R,/CH=C=0—R,’CH=C=0]"
PS [M—H]~ [M—H—87—R,'CH=C=0—R,'COOH]~ [R,'COO]~
[M—H—87—R,/CH=C=0—R,’CH=C=0]" [M—H—87—R,'COOH]~
[M—H—87—R,'CH=C=0]
CL [M—H]~ [M—2H—R;'COO—R,'COO—CH,CHCH,PO,CH,CHOCH, [R,'COO]~
—R;'CH=C=0-R;'COOH]~
[M—2H—R,;'COO—R,'COO—CH,CHCH,PO,CH,CHOCH, [M—2H—R;'COO—R,'COO
—R,'/CH=C=0—R,CH=C=0]" CH,CHCH,PO,CH,CHOCH, —
R,'COOH]~
[M—2H—R,'COO—R,'COO—CH; CHCH; PO, H—R;'COOH—
R,'COOH]~
[M—2H—R,'COO—R,'COO—CH,CHCH, PO, H—R;' COOH
—R,/CH=C=0]"
[M—2H—R,'COO—R,'COO—CH, CHCH, PO, H—
R;'CH=C=0—R,/CH=C=0]"
SM(d18 : 1) [M~+HCOO] [M—CH; —R,/CH=C=0]" [R,'COO]~

[M—(CH;);NCH,CH]
[M—H—N(CH3)3]~

[M—CH;s]"
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Table 3 Lipid species amounts of each class in MDCK determined by 2D LC/MS
g P2 PI PG PC PE PS LPI LPG LPC LPE LPS CL SM  FFA ¥4
HR B4y 7% 88 10 490 473 77 13 7 56 44 19 55 30 54 1416

2.2 FHIEWIE
M1 2B R P A& B 1 A A0 T A IR T
NSO L S R 7= o 151 2 R A o T i)

e S BB R 2~3 MR AR IE S 5
1 B4 FFA(17 : 0) fl Hemi BMP(17 : 0) ;%45
2B LPG(17 : AT PG(14 = 0/14 = 0) ;%5
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3SE4 PE(14 : 0/14 = 0) 1 Sphingosyl PE
(d17 2 1/12 = 0) ;%45 4 Be& LPEC17 : 0)F1 PS
(14 :0/14 : 0)3%55 5 BEf SM (d18 : 1/17 = 0),
LPC(17 : )1 PC (14 : 0/14 : 0), Fix 11
ABE BT AR HE & % 2.4 1 07 IS 10 A ok B
KV 1 36 TE R . B S R ORE K P 3% k3
s HAEA e BE K P Z B 46 A — R3S 3 A
(953 BT o T S8 B X 300 4 A o o 1% 2 IR - £
T AT R A 1 B A B W AE D R R R I
TR R o o A A JRE KPS Y 3 0 v AR
Y {8 55 AH N 0% v B ST Rk R L A

9 11 A~ B 5B o A 4Rk B L 4Rk Y
M R B R R BR CLOD) | A X A 7 it
Z(RSD) %5, 51 F 4 4. ] A, 11 Fj 56 Uk by 1
i R PE T R E K F 0,991 7, 3R B 11 Ff
o M it 7 AH I 194 90 BT PN SB35 45 5 e o7 0 9 B 2L
HRIFMEMERR. B PS4 :0/14: 00 1y
LOD %y 5 pg/L Ab, Ho A 10 B BT A5 #E 1Y
LOD # 3k 2] 2 pg/L, 0 [ BRI LR B8 B[] 14 A
AR UEN 22 20 /N T 7. 7% 0. 11% (n=6) ,
X Ut B A 9 T I R A R EG A BT I T G
FHF 1R oG 21 2 1) A 5%

x4 LI HRAERNTERIELER

Table 4 Method validation results with 11 standards

KB bl R ﬁﬂ“l‘HJ/ - KT/ EUJ%%& oz ) i/ XS A 22/ 6
min (mg/L) R? (ng/1D W ARG {5 B e
FA17:0 22. 80 y=1106x+235210 0.02~10  0.996 1 2 5.4 0. 04
Hemi BMP(17 : 0) 30. 84 y=23526x+223912 0.01~2 0.9947 2 3.6 0. 04
LPG(17 : 1) 39.76 y=38502x—46171 0.01~2 0.9937 2 6.4 0.01
PG(14: 0/14 = 0) 44. 74 y=4392x—4858 0.01~2 0. 9960 2 4.7 0.03
Sphingosyl 61.97 y=104392x—18974 0.01~2 0.9976 2 5.4 0.03
PE(d17 = 1/12 : 0)
PE(14 : 0/14 : 0) 64.17 y=23495x—16511 0.01~2 0.9983 2 5.5 0.03
LPE(17 : 1) 89. 33 y=10692x—36505 0.01~2 0.9917 2 5.0 0. 00
PS(14:0/14 = 0) 94. 18 y=991x—163 0.02~10 0.9972 5 7.7 0.11
LPC(17 = 0) 115. 85 y=8637x+434471 0.01~2 0.9943 2 4.1 0.01
PC(14 : 1/14: 1 120. 23 y=5852x—6111 0.01~2 0.9973 2 2.4 0.01
SM(d18 = 1/17 : 0)  127.75 y=23186x+804376 0.01~2 0.9977 2 0.9 0.02
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Fig. 4 PCA results of dosed with AA( I ) and

control MDCK groups
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Table 5 Changed lipid species in MDCK cells dosed with AA( ] )

g 553 F P B B [H] /min m/z A5 Ak R A5 Ak i 5L
FFA(20 : 4) 22.870 303. 2320 up 2
FFA(24 : 1) 26.214 365. 3418 up 4
LPG(22: 6) 39. 736 555.2732 up 3
LPG(20 : 4) 39.738 531.2733 up 2~3
LPG(16 ¢ 0) 39.908 483. 2725 up 2~4
LPG(18 ¢ 1) 40. 168 509. 2885 up 2

LPG(O-18 : 1) 40. 653 495. 3080 up 2
LPIC20 : 3) 88. 948 621. 3035 up 2
LPE(C20 : 5) 88.978 498. 2616 up 2~3
LPE(C20 : 4) 89. 353 500. 2776 up 2
LPE(22 : 4) 89. 988 528. 3086 up 2

LPECO-16 : 1) 90. 044 436. 2832 up 2

LPECO-18 : 1) 91.072 464. 3144 up 2
PC(O-36 ¢ 6) 128. 987 762.5438 up 2~3
PC(O-36 ¢ 5) 131.596 764.5589 up 2~3
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Fig.5 Tandem mass spectrum and fragment pathways of LPE (0-16 : 1)



4

SR UEVE S T ARV (35 BUE R BT YR B /NE b B AR R BT R R B SRR R ( 1) Xk LR

299

15 NIRRT F IS AL AT AY R
k. X Al e M AAC 1) 5 MDCK 41 g i1y
DNA JE S-G90, Ho 55 it 28 506 g BT & Bl
IR BE T FEAIRA DG AT g2 AA H 54
KA EAE R o 3 M B R BT A A 2
LR REA RS T2 HRER E T
20 o 0 T BB B A I B RS A0 A Y G R AR
PG O T B AR W AT T R — 2P R
WE. 4525 H G & i A W A8 Ak i B B 43 AT
RE 2 FR 40 LB A DRV A 7R DR 1Y) B 4
s X G B ki R 2 W B SR AR IR ' 4k —
ToA R I i ik

4 REERE

A TAE R Z 4k W AH - I ik ik o A 1
MDCK 4fifigrh 13 2&ig i3k 1 416 #4070 )E
IR T X S g Bt /e MDCK # 8 T AACT)
HI 5 & 1 A8 Ak, ok 35 B 24 00 5% R AE I IR 12
Wir PR gt T HR T B, RO -
PAE AW G S 8 o A s 0 R AR F B AR 5
Mre, B REE & 8 MEER 5B S SR
MOoHABRERFAFEMR P EBEENEZEDY
YEH

P4 ¥

[1] RUCKER V G, CHUNG B S. Aristolochic acids
from  Aristolochia (author’s

transD[J]. Planta Medica, 1975, 27(1): 68-71.

[2] PRIESTAP H A. Minor aristolochic acids from

manshuriensis

aristolochia-argentina and mass-spectral analysis
of aristolochic acids[J]. Phytochemistry, 1987,
26(2): 519-529.

[3] STIBOROVA M, FREI E, ARLT V M, et al.
Metabolic activation of carcinogenic aristolochic
acid, a risk factor for balkan endemic nephropa-
thy[J]. Mutation Research-Reviews in Mutation
Research, 2008, 658(1/2): 55-67.

[4] DEBELLE F D, VANHERWEGHEM ] LNORTIER
J L. Aristolochic acid nephropathy: A worldwide
problem[J]. Kidney International, 2008, 74(2) .
158-169.

[5] POON S L, PANG ST, MCPHERSON J R, et
al. Genome-wide mutational signatures of aris-
tolochic acid and its application as a screening

tool[J]. Science Translational Medicine, 2013, 5

(6]

7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(197) . 101.

NIE W, LV Y, YAN L, et al. Prediction and
characterisation of the system effects of aristolo-
chic acid: A novel joint network analysis towards
therapeutic and toxicological mechanisms [ ] ].
Journal of Biological Chemistry, 2015, 5(51):
51 035-51 043.

ZHAO Y Y. WANG H L, CHENG X L. et al.
Metabolomics analysis reveals the association
between lipid abnormalities and oxidative stress,
inflammation, fibrosis, and nrf2 dysfunction in
aristolochic acid-induced nephropathy[J]. Scien-
tific Reports, 2015, 5. 12 936.

ARLT V M, STIBOROVA MSCHMEISER H
H. Aristolochic acid as a probable human cancer
hazard in herbal remedies: A review[]]. Muta-
genesis, 2002, 17(4) . 265-277.

HAN X L, GROSS R W. Global analyses of cel-
lular lipidomes directly from crude extracts of bi-
ological samples by esi mass spectrometry: A
bridge to lipidomics [J]. Journal of Lipid Re-
search, 2003, 44(6). 1 071-1 079.

WENK M R. The emerging field of lipidomics
[J1. Nature Reviews Drug Discovery, 2005, 4
(7). 594-610.

WATSON A D. Lipidomics: A global approach
to lipid analysis in biological systems[]J]. Journal
of Lipid Research, 2006, 47(10): 2 101-2 111.
LI M, YANG L, BATY, et al. Analytical meth-
ods in lipidomics and their applications[J]. Ana-
lytical Chemistry, 2014, 86(1); 161-175.
CAJKA T, FIEHN O. Comprehensive analysis
of lipids in biological systems by liquid chroma-
tography-mass spectrometry[ J]. Trac Trends in
Analytical Chemistry, 2014, 61: 192-206.

NIE H G, LIU R R, YANG Y Y, et al. Lipid
profiling of rat peritoneal surface layers by online
normal- and reversed-phase 2d LC Q-TOF MS
[J]. Journal of Lipid Research, 2010, 51(9):
2 833-2 844.

LI M., FENG B S. LIANG Y. et al. Lipid profi-
ling of human plasma from peritoneal dialysis pa-
tients using an improved 2D (np/rp) LC-QTOF
MS method[J]. Analytical
Chemistry, 2013, 405(21): 6 629-6 638.

LI M, TONG X L, LV P, etal. A not-stop-flow

and Bioanalytical

online normal-/reversed-phase two-dimensional



300

=

L I

3Tk

(17]

(18]

[19]

(20]

(21]

[22]

[23]

liquid chromatography-quadrupole time-of-flight
mass spectrometry method for comprehensive lip-
id profiling of human plasma from atherosclerosis
patients [ J ]. Journal of Chromatography A,
2014, 1 372, 110-119.

TANG W, LI M, LU X H, et al. Phospholipids
profiling and outcome of peritoneal dialysis pa-
tients[ J]. Biomarkers, 2014, 19(6): 505-508.
WENG R, SHEN S S, YANG L, et al. Lipido-
mic analysis of p-chlorophenylalanine-treated
mice using continuous-flow two-dimensional lig-
uid chromatography/quadrupole time-of-flight
mass spectrometry[ ] |. Rapid Communications in
Mass Spectrometry, 2015, 29(16) . 1 491-1 500.
YANG L, CUI X G, ZHANG N N, et al. Com-
prehensive lipid profiling of plasma in patients
with benign breast tumor and breast cancer re-
veals novel biomarkers[J]. Analytical and Bioan-
alytical Chemistry, 2015, 407(17);: 5 065-5 077.
FOLCH J., LEES M. SLOANE STANLEY G
H. A simple method for the isolation and purifi-
cation of total lipids from animal tissue[J]. Jour-
nal of Biological Chemistry, 1957, 226(1); 497-
5009.

HSU F F, TURK J. Characterization of phosphati-
dylinositol, phosphatidylinositol-4-phosphate, and
phosphatidylinositol-4 . 5-bisphosphate by electros-
pray ionization tandem mass spectrometry: A mech-
anistic study[ J]. Journal of the American Society for
Mass Spectrometry, 2000, 11(11); 986-999.

HSU F F, TURK J. Studies on phosphatidylg-
lycerol with triple quadrupole tandem mass spec-
trometry with electrospray ionization: Fragmen-
tation processes and structural characterization
[J]. Journal of the American Society for Mass
Spectrometry, 2001, 12(9). 1 036-1 043.
ZHANG X, REID G E. Multistage tandem mass

spectrometry of anionic phosphatidylcholine lipid

adducts reveals novel dissociation pathways[J].

[24]

[25]

[26]

[27]

[28]

[29]

International Journal of Mass Spectrometry,
2006, 252(3): 242-255.

HSU F F, TURK ]J. Charge-remote and charge-
driven fragmentation processes in diacyl glycero-
phosphoethanolamine upon low-energy collisional
activation: A mechanistic proposal[J]. Journal of
the American Society for Mass Spectrometry,
2000, 11(10): 892-899.

HSU F F, TURK J. Charge-driven fragmentation
processes in diacyl glycerophosphatidic acids upon
low-energy collisional activation. A mechanistic pro-
posal[ J]. Journal of the American Society for Mass
Spectrometry, 2000, 11(9) . 797-803.

HSU F F, TURK J. Studies on phosphatidyl-
serine by tandem quadrupole and multiple stage
quadrupole ion-trap mass spectrometry with elec-
trospray ionization: Structural characterization
and the fragmentation processes[J]. Journal of
the American Society for Mass Spectrometry,
2005, 16(9): 1 510-1 522.

HSU F F, TURK ]J. Differentiation of 1-o-alk-
1'-enyl-2-acyl and 1-o-alkyl-2-acyl glycerophos-
pholipids by multiple-stage linear ion-trap mass
spectrometry with electrospray ionization[]J].
Journal of the American Society for Mass Spec-
trometry, 2007, 18(11). 2 065-2 073.

HSU F F. TURK J, RHOADES E R, et al.
Structural characterization of cardiolipin by tan-
dem quadrupole and multiple-stage quadrupole
ion-trap mass spectrometry with electrospray ion-
ization[ J ]. Journal of the American Society for
Mass Spectrometry, 2005, 16(4): 491-504.
HOUJOU T. YAMATANI K. NAKANISHI
H, et al

Rapid and selective identification of

molecular species in phosphatidylcholine and
sphingomyelin by conditional neutral loss scan-

ning and MS*[]].
Mass Spectrometry, 2004, 18(24). 3 123-3 130.

Rapid Communications in



