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a b s t r a c t

Recently, global analysis of triacylglycerols (TAGs) has become increasingly important in studies of abnor-
mality of lipid metabolism in metabolic syndrome. TAGs consist of various molecular species, caused by
their three fatty acyl chains with a large variety of carbon chain lengths and degrees of unsaturation.
Therefore, most previously reported methods have been insufficient in global detection of TAGs includ-
ing their structural isomers and TAGs with oxidized or odd number acyl carbon chain. Here we report an
effective method for global analysis of TAG molecular species from complex lipid mixtures of mouse liver
and white adipose tissue (WAT) using reverse-phased high resolution liquid chromatography (LC) cou-
pled with electrospray ionization (ESI)-quadrapole/time of flight hybrid mass spectrometer (QTOF-MS).
ipidomics For effective profiling of TAG molecular species, sensitive two-dimensional (2D) maps were constructed
and individual structures were correctly identified by the elution profile and MS/MS. As a result, TAGs
including their structural isomers and TAGs with an odd number acyl carbon chain were separated and
detected effectively on the 2D map as compared with conventional high performance LC. It was also found
that our 2D profiling method was useful in searching characteristic molecular species globally. In mouse
WAT, novel oxidized TAGs, which were mainly formed by hydroperoxidation of one of their linoleic acyl

etect
chains, were effectively d

. Introduction

Excessive accumulation of triacylglycerols (TAGs) in liver and
dipose tissue is one of the risk factors for the metabolic syndrome
1,2]. Therefore, global analysis of TAGs becomes important to eluci-
ate the pathology. The current analytical methods for TAGs include
linical colorimetric kits using lipoprotein lipase (LPL) to hydrolyze
he fatty acids from the TAGs [3–5]. However, determination of the
pecific TAG molecular species is difficult using these kits, because
hey nonspecifically analyze the fatty acids released by LPL. Thus,

n alternative approach that utilizes liquid chromatography (LC)
oupled with electrospray ionization mass spectrometry (ESI-MS)
nd atmospheric pressure chemical ionization mass spectrometry
APCI-MS) has received interest for detailed structural analysis of
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∗ Corresponding author at: Department of Metabolome, Graduate School of
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ed in comparison with TAG molecular species of mouse liver.
© 2009 Elsevier B.V. All rights reserved.

TAGs [6–8]. In particular, LC/ESI-MS is considered to be a useful soft
ionization method and effective in quantification and identification
of TAG molecular species [9–13]. A recent application of ESI-MS for
TAG analysis has involved neutral loss scanning of the fatty acyl
chains and this method has been used frequently and effectively
in distinguishing TAG molecular species from complex lipid mix-
tures extracted by Bligh and Dyer’s method [14–16]. But, neutral
loss scanning is insufficient to discriminate among the close m/z
value TAGs such as normal TAGs and modified TAGs with oxidized
acyl carbon chain and to permit quantitative determination of the
structural isomers without separating them by LC. For these rea-
sons, this scanning is difficult to detect a variety of TAGs globally
and quantitatively.

Therefore, we attempted to establish an effective method for
global analysis of TAG molecular species in complex lipid mixtures
of mouse liver and white adipose tissue (WAT) using reverse-
phased ultra-performance liquid chromatography (UPLC) coupled

with ESI-MS using a quadrapole/time of flight hybrid mass spec-
trometer (QTOF-MS) with high mass accuracy. The high resolution
LC allows an increase in separation efficiency due to the reduced
particle size and fits for analysis of TAGs including many complex
molecular species such as structural isomers.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:rytagu@m.u-tokyo.ac.jp
dx.doi.org/10.1016/j.jchromb.2009.03.047
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Fig. 1. Two-dimensional (2D) maps of complex lipid mixtures from mouse liver
and white adipose tissue (WAT) by reverse-phase high resolution LC/ESI-QTOF MS
analysis. The lipid mixtures of mouse liver were eluted in the following order:
PLs = DAGs > SMs = Cers > TAGs (panel A). TAGs containing long fatty acyl chains were
characteristically detected in mouse liver. Meanwhile, the lipid mixtures of WAT
were mainly constituted of TAGs, and hydroperoxy TAGs and TAGs containing short
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were more than 58, were characteristically detected (panel A). Even
though PLs, DAGs, SMs and Cers were also contained in mouse liver,
atty acyl chain were distinctively found among them (panel B). The 2D maps was
onstructed with X (retention time) and Y (m/z value) axes, and abundance of individ-
al TAGs was indicated by single color density (originally adjusted by color gradient).

We also created two-dimensional (2D) profiling maps of indi-
idual precursor ions of TAGs, constructed with X (retention time)
nd Y (m/z value) axes, and abundance of the individual TAGs was
djusted by the color density [9,10]. For detailed profiling of the
AG molecular species of mouse liver and WAT, these TAG struc-
ures were analyzed by the elution profile and MS/MS, and these
rofiling maps were compared for investigation of the distinctive
AG distributions.

. Experimental

.1. Materials

Acetic acid, acetonitrile, chloroform, isopropanol and methanol

ith LC grade, 28% aqueous ammonia were purchased from Wako

ure Chemicals (Osaka, Japan).
Deionized water was obtained using a Milli-Q water system

Millipore, Milford, MA, USA).
877 (2009) 2639–2647

2.2. Preparation of samples

TAGs in C57BL/6 mouse (purchased from SLC, Shizuoka, Japan)
liver (100 mg) and WAT (100 mg) were extracted using Bligh and
Dyer’s method in the following procedure [16]: the liver and WAT
were homogenized with 6 mL chloroform/methanol (1:2) for 10
strokes and left for 1 h at room temperature. Each phase separa-
tion was achieved by adding 2 mL chloroform and 2 mL water. After
vortexing, the mixture was centrifuged at 3000 rpm for 10 min. The
bottom organic layer containing the total lipid extract was collected
and dried under a gentle stream of nitrogen, and then dissolved
in chloroform/methanol (2:1) at a concentration of 10 �g (tissue
weight)/�L.

2.3. LC conditions

Reverse-phased LC separation was achieved using ACQUITY
UPLC BEH column (1.0 mm × 150 mm i.d., particle size 1.7 �m,
Waters Corporation, Milford, MA, USA) at 45 ◦C. The mobile phase
was acetonitrile/methanol/water:19/19/2 (0.1% acetic acid + 0.028%
ammonia) (A), and isopropanol (0.1% acetic acid + 0.028% ammonia)
(B), and the composition was produced by mixing these solvents.
The gradient consisted of holding solvent (A/B:90/10) for 5 min,
then linearly converting to solvent (A/B:60/40) for 35 min and
then linearly converting solvent (A/B:45/55) for 50 min. The mobile
phase was pumped at a flow rate of 50 �L/min and the column pres-
sure was adjusted lower than 5000 psi. Typically, 2 �L of sample
solution was injected.

2.4. ESI-MS conditions

The ESI-MS analysis was performed using a quadrapole/time
of flight hybrid mass spectrometer (QTOF microTM, Micromass,
Manchester, UK) with an ACQUITY UPLC system (Waters Corpo-
ration). The mass range of the instrument was set at m/z 200–1100
and scan duration of MS and MS/MS at 0.5 s in positive ion mode.
The capillary voltage was set at 3.5 kV, cone voltage at 30 V, and
source block temperature at 100 ◦C. The collision gas used for
MS/MS experiments was argon (7.5 × 105 mbar), and the collision
energy was set at 30 V.2D map of individual precursor ions of TAGs,
constructed with X (retention time) and Y (m/z value) axes, and
abundance of individual TAGs was indicated by single color density
in figures (originally adjusted by color gradient).

3. Results and discussion

3.1. 2D profiling analysis of TG molecular species from mouse liver
and WAT

Individual lipid molecules of complex lipid mixtures from mouse
liver and WAT were easily assigned for 90 min as shown by these 2D
maps (X-axis: retention time; Y-axis: m/z value) (Fig. 1A and B); the
lipid molecules were eluted in the following order: phospholipids
(PLs) = diacylglycerols (DAGs) > sphingomyelins (SMs) = ceramides
(Cers) > TAGs. Even without purification of these TAGs from the
complex lipid mixtures, individual TAG molecular species were sep-
arated and the distribution differences between mouse liver and
WAT were visually obtainable in our method. In mouse liver, TAGs
containing long fatty acyl chains, whose total carbon chain length
TAGs were mainly included in mouse WAT. In addition, hydroperoxy
TAGs and TAGs containing short fatty acyl chain, whose total car-
bon chain length were less than 42, were distinctively found among
them (panel B).
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Table 1
Major TAG molecular species from mouse liver identified by MS/MS analysis.

Total chain length (CN) Total degree of unsaturation (UN) m/z ([M+NH4]+) Identified TAG molecular species Retention time (min)

64 14 1020.80 18:2–22:6–24:6 61.8
13 1022.82 18:2–22:6–24:5 64.5
12 1024.83 18:1–22:6–24:5 68.4

62 14 992.77 18:2–22:6–22:6 59.1
13 994.79 18:2–22:5–22:6/18:1–22:6–22:6 60.8/63.0
12 996.80 18:1–22:5–22:6 64.6
11 998.82 18:0–22:5–22:6 68.6

60 13 966.76 18:2–20:5–22:6 57.6
12 968.77 18:2–20:4–22:6/16:0–22:6–22:6 61.2/63.2
11 970.79 18:1–20:4–22:6 64.8
10 972.80 18:2–18:2–24:6 67.1

9 974.82 18:1–18:2–24:6/18:2–20:1–22:6 69.1/70.7
8 976.83 18:1–18:1–24:6/18:1–20:1–22:6 72.0/73.2

58 12 940.74 16:1–20:5–22:6 56.3
11 942.76 16:1–20:4–22:6 59.3
10 944.77 18:2–18:2–22:6/16:0–20:4:22:6 62.6/65.2

9 946.79 18:2–18:2–22:5/18:1–18:2–22:6 64.4/66.5
8 948.80 16:0–18:2–24:6/18:1–18:2–22:5 68.2/70.5
7 950.82 18:0–18:2–22:5/18:0–18:1–22:6 72.1/75.4
6 952.83 16:0–18:1–24:5 76.4

56 10 916.74 18:2–18:3–20:5/16:1–18:3–22:6 57.7/58.6
9 918.76 18:2–18:2–20:5/16:1–18:2–22:6 61.1/62.2
8 920.77 16:1–18:2–22:5 66.8
7 922.79 16:0–18:2–22:5/16:0–18:1–22:6 68.6/70.8
6 924.80 16:0–18:1–22:5 72.5
5 926.82 16:0–18:0–22:5/16:0–18:1–22:4/18:0–18:1–20:4 75.2/76.6/78.3
4 928.83 18:1–18:2–20:1 79.6
3 930.85 18:1–18:1–20:1 85.6

54 8 892.74 18:2–18:3–18:3 60.7
7 894.76 18:2–18:2–18:3/16:0–18:2–20:5 62.7/65.4
6 896.77 18:2–18:2–18:2/18:1–18:2–18:3/16:0–18:2–20:4 66.4/67.5/68.7
5 898.79 18:1–18:2–18:2/18:0–18:2–18:3/16:0–18:1–20:4 70.3/71.2/72.8
4 900.80 18:1–18:1–18:2/18:0–18:2–18:2 74.1/75.4
3 902.82 18:1–18:1–18:1/18:0–18:1–18:2 79.3/80.5
2 904.83 18:0–18:1–18:1 86.7

53 5 884.77 17:1–18:2–18:2 68.0
4 886.79 17:0–18:2–18:2 72.0
3 888.80 17:0–18:1–18:2/17:1–18:1–18:1 76.5/77.3
2 890.82 17:0–18:1–18:1 83.2

52 6 868.74 16:1–18:2–18:3/16:0–16:1–20:5 62.1/64.1
5 870.76 16:1–18:2–18:2/16:0–18:2–18:3 66.0/67.1
4 872.77 16:1–18:1–18:2/16:0–18:2–18:2 69.8/70.8
3 874.79 16:1–18:1–18:1/16:0–18:1–18:2 73.7/74.9
2 876.80 16:0–18:1–18:1/16:0–18:0–18:2 79.8/81.0
1 878.82 16:0–18:0–18:1 67.8

51 4 858.76 15:0–18:2–18:2 68.2
3 860.77 15:0–18:1–18:2 72.3
2 862.82 15:0–18:1–18:1 77.0
1 864.80 15:0–18:0–18:1 84.0

50 5 842.72 16:1–16:1–18:3/14:0–18:2–18:3 61.7/62.4
4 844.74 16:1–16:1–18:2/14:0–18:2–18:2/16:0–16:1–18:3 65.2/65.8/66.4
3 846.76 16:1–16:1–18:1/16:0–16:1–18:2/16:0–16:0–18:3 69.1/70.1/71.1
2 848.77 16:0–16:1–18:1/16:0–16:0–18:2 74.1/75.2
1 850.79 16:0–16:0–18:1 80.5

49 3 832.74 15:0–16:1–18:2 67.7
2 834.76 15:0–16:0–18:2 72.1
1 836.77 15:0–16:0–18:1 77.3

48 4 816.71 12:0–18:2–18:2/14:0–16:1–18:3 61.1/61.7
3 818.72 14:0–16:1–18:2/14:0–16:0–18:3 65.5/66.4
2 820.74 14:0–16:1–18:1/14:0–16:0–18:2 69.3/70.2
1 822.76 14:0–16:0–18:1 74.4
0 824.77 16:0–16:0–16:0 81.2

46 2 792.71 12:0–16:1–18:1/12:0–16:0–18:2 64.9/65.6
1 794.72 12:0–16:0–18:1 69.7
0 796.74 14:0–16:0–16:0 75.2

44 2 764.68 10:0–16:0–18:2 60.8
1 766.69 10:0–16:0–18:1 65.2

Individual structures of these TAG molecular species were confirmed by the MS/MS analysis.
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Table 2
Major TAG molecular species from mouse WAT identified by MS/MS analysis.

Total chain length (CN) Total degree of unsaturation (UN) m/z ([M+NH4]+) Identified hydroperoxy TAG molecular species Retention time (min)

54 6 928.76 18:2–18:2–18:2[OOH] 50.6
5 930.78 18:1–18:2–18:2[OOH] 54.0
4 932.79 18:1–18:1–18:2[OOH] 56.8
3 934.81 18:0–18:1–18:2[OOH] 61.1

52 5 902.74 16:1–18:2–18:2[OOH] 50.5
4 904.76 16:0–18:2–18:2[OOH] 53.3
3 906.78 16:0–18:1–18:2[OOH] 56.6

50 4 876.73 16:1–16:1–18:2[OOH] 50.1
3 878.74 16:0–16:1–18:2[OOH] 53.2
2 880.76 16:0–16:0–18:2[OOH] 56.9

Total chain length (CN) Total degree of unsaturation (UN) m/z ([M+NH4]+) Identified TAG molecular species Retention time (min)

56 9 918.76 18:2–18:2–20:5/16:1–18:2–22:6 59.7/60.6
8 920.77 18:2–18:2–20:4/18:1–18:2–20:5 61.9/63.0
7 922.79 16:0–18:2–22:5 66.2
6 924.80 18:1–18:1–20:4/16:0–18:1–22:5 68.7/69.7

54 7 894.76 18:2–18:2–18:3/16:1–18:1–20:5/16:0–18:2–20:5 61.0/62.8/63.3
6 896.77 18:2–18:2–18:2/18:1–18:2–18:3 64.3/66.1
5 898.79 18:1–18:2–18:2 67.2
4 900.80 18:1–18:1–18:2/18:0–18:2–18:2 71.0/72.5
3 902.82 18:1–18:1–18:1/18:0–18:1–18:2 75.1/76.6
2 904.83 18:0–18:1–18:1 81.5

53 5 884.77 17:1–18:2–18:2 65.7
4 886.79 17:1–18:1–18:2/17:0–18:2–18:2 69.1/69.9
3 888.80 17:1–18:1–18:1/17:0–18:1–18:2 72.8/73.7
2 890.82 17:0–18:1–18:1 78.5

52 6 868.74 16:1–18:2–18:3/16:0–18:3–18:3 60.5/61.7
5 870.76 16:1–18:2–18:2/16:0–18:2–18:3 63.5/64.5
4 872.77 16:1–18:1–18:2/16:0–18:2–18:2 67.1/68.4
3 874.79 16:1–18:1–18:1/16:0–18:1–18:2 70.7/71.9
2 876.80 16:0–18:1–18:1/16:0–18:0–18:2 75.8/77.1
1 878.82 16:0–18:0–18:1 82.5

51 3 860.77 15:0–18:1–18:2 69.6
2 862.82 15:0–18:1–18:1/16:0–17:1–18:1 73.2/74.2
1 864.80 16:0–17:0–18:1 79.1

50 5 842.72 16:1–16:1–18:3/14:0–18:2–18:3 60.0/60.8
4 844.74 16:1–16:1–18:2/14:0–18:2–18:2/16:0–16:1–18:3 63.0/63.6/64.5
3 846.76 16:1–16:1–18:1/16:0–16:1–18:2/16:0–16:0–18:3 66.6/67.3/68.7
2 848.77 16:0–16:1–18:1/16:0–16:0–18:2 71.1/72.2
1 850.79 16:0–16:0–18:1 76.6
0 852.80 16:0–16:0–18:0 83.3

49 3 832.74 15:0–16:1–18:2 65.5
2 834.76 15:0–16:0–18:2 69.9
1 836.77 15:0–16:0–18:1 73.7

48 4 816.71 12:0–18:2–18:2/14:0–16:1–18:3 59.4/60.3
3 818.72 14:0–16:1–18:2/14:0–16:0–18:3 63.1/64.5
2 820.74 14:0–16:1–18:1/14:0–16:0–18:2 66.9/67.8
1 822.76 14:0–16:0–18:1 71.6
0 824.77 16:0–16:0–16:0 72.2

47 2 806.72 13:0–16:0–18:2 65.6
1 808.74 13:0–16:0–18:1 70.0
0 810.76 13:0–16:0–18:0 74.1

46 4 788.68 10:0–18:2–18:2 55.6
3 790.69 10:0–18:1–18:2/12:0–16:0–18:3 59.2/60.2
2 792.71 12:0–16:1–18:1/12:0–16:0–18:2 62.8/63.5
1 794.72 12:0–16:0–18:1 67.2
0 796.74 14:0–16:0–16:0 72.2

44 3 762.66 10:0–16:1–18:2 55.2
2 764.68 10:0–16:0–18:2 59.1
1 766.69 10:0–16:0–18:1 63.0
0 768.71 12:0–16:0–16:0 67.5

42 3 734.63 6:0–18:1–18:2 51.6
2 736.65 12:0–12:0–18:2 55.0
1 738.66 12:0–12:0–18:1 58.7
0 740.68 12:0–14:0–16:0 63.2

40 3 706.60 4:0–18:1–18:2 48.5
2 708.61 6:0–16:0–18:2 51.8
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Table 2 (Continued )

Total chain length (CN) Total degree of unsaturation (UN) m/z ([M+NH4]+) Identified TAG molecular species Retention time (min)

1 710.63 6:0–16:0–18:1 55.3
0 712.65 12:0–14:0–14:0 59.0
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ndividual structures of these TAG molecular species were confirmed by the MS/MS

.2. MS/MS analysis of major TAGs from mouse liver and WAT
For detailed analysis of these TAG structures, each spot on
he 2D maps was analyzed by MS/MS. In the MS/MS analy-
is, DAG ion products ([DAG−OH]+) were produced by loss of
he fatty acyl residue from the TAG ion ([M+NH4]+), and the

ig. 2. Mass chromatogram and MS/MS spectra of (A) 18:2–18:2–20:5 (m/z 918.76), (B) 1
hase high resolution LC/ESI-QTOF MS/MS analysis. Each TAG structure was determined b
esidue from the TAG ion) and MAG ion products ([MAG−OH]+ produced by loss of the tw
f other molecular species, and retention time were respectively indicated by starburst (�
4:0–16:0–18:2 48.6
4:0–16:0–18:1 52.1

sis.

constitution of the individual fatty acyl chains was revealed by
calculation of the lost fatty acyl residue [6,7,17]. Monoacylglyc-

erol (MAG) ion products ([MAG−OH]+) were derived from loss
of the two fatty acyl residues, and structure of the individual
fatty acyl chains was directly understandable. For example, MS/MS
fragmentation of TAG ion ([M+NH4]+; m/z 918.76 from mouse

4:0–16:0–18:1 (m/z 822.76) and (C) 4:0–18:1–18:2 (m/z 706.60) TAGs by reverse-
ased on individual DAG ion products ([DAG−OH]+ produced by loss of the fatty acyl
o fatty acyl residues from the TAG ion). The structural isomeric and isotopic peaks
), triangle (�) and RT.
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ig. 3. Mass chromatogram and MS/MS spectra of (A) 16:1–18:1–18:1 and (B) 16:0–
ith an odd number acyl carbon chain by reverse-phase high resolution LC/ESI-QTO

hain were successfully separated and identified by the individual DAG ion products
eaks of other molecular species were respectively indicated by starburst (�) and tr

iver) produced DAG ion products (m/z 621.49 → 18:2–20:5, m/z
99.50 → 18:2–18:2) and MAG ion products (m/z 359.26 → 20:5,
/z 337.27 → 18:2) (Fig. 2A). From these MS/MS spectra, it was

dentified as 18:2–18:2–20:5 TAG containing long-chain polyun-
aturated fatty acids (PUFAs). Similarly, 14:0–16:0–18:1 TAG (m/z
22.76 from mouse liver) containing saturated fatty acid (SFA) and
onounsaturated fatty acid (MUFA) and 4:0–18:1–18:2 TAG (m/z

06.60 from mouse WAT) containing a short-chain fatty acid were
etermined based on individual DAG and MAG ion products (Fig. 2B
nd C).
Our method also allowed us to separate and distinguish TAG
tructural isomers. For example, each of the structural isomers (m/z
74.79 from mouse liver), which was difficult to separate by our
onventional reverse-phased LC (data not shown), was successfully
eparated and respectively identified as 16:1–18:1–18:1 (A) and
18:2 (m/z 874.79) TAG structural isomers, and (C) 15:0–16:0–18:1 (m/z 836.77) TAG
/MS analysis. Each TAG structural isomer and TAG with an odd number acyl carbon
−OH]+) and MAG ion products ([MAG−OH]+). The structural isomeric and isotopic
(�).

16:0–18:1–18:2 (B) based on individual DAG and MAG ion products
(Fig. 3A and B).

Furthermore, some spots were detected other than these
major TAGs on the 2D maps. As a result of MS/MS analy-
sis, they were found to be TAGs containing an odd number
acyl carbon chain. For example, MS/MS fragmentation of
TAG ion ([M+NH4]+; m/z 836.77 from mouse liver) produced
DAG ion products ([DAG−OH]+; m/z 577.52 → 16:0–18:1, m/z
563.50 → 15:0–18:1, m/z 537.49 → 15:0–16:0) and MAG ion prod-
ucts ([MAG−OH]+; m/z 339.29 → 18:1, m/z 313.27 → 16:0, m/z

299.26 → 15:0) (Fig. 3C). From these MS/MS spectra, it was iden-
tified as 15:0–16:0–18:1 TAG. Our method enabled us to detect
globally not only major TAGs including these structural iso-
mers but also TAGs with an odd number acyl carbon chain
(Tables 1 and 2).
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ig. 4. 2D map of TAG molecular species from mouse liver by reverse-phase high re
S/MS analysis were present on the 2D map. Many of TAGs containing long-chain p
ith the same total carbon chain length (CN) and TAGs with the same total degree o

n the 2D map were not unidentified by MS/MS analysis, but most of them were re

From the presentation of individual TAG structures on the 2D
ap of mouse liver, it revealed that TAGs containing short-chain SFA

nd MUFA, and TAGs containing long-chain PUFAs were eluted rela-
ively earlier than other TAGs as previously reported with PLs (Fig. 4)
9,10]. Furthermore, TAGs containing a higher degree of unsatu-
ated fatty acid were eluted earlier among the TAGs with the same
otal carbon chain length. In addition, TAGs containing shorter chain
engths were eluted earlier among the TAGs with the same degree
f unsaturation. These results show that TAG molecular species are
egularly eluted according to their carbon chain lengths and degrees
f unsaturation, and individual TAG structures, despite minor TAG
olecular species, are readily predicted by the elution regularity

rom the 2D map, even if MS/MS analysis are difficult for the small
mount.

.3. Detection of novel hydroperoxy TAGs from mouse WAT

WAT is thought to serve as the primary energy depot in the body
y storing TAGs and investigation of the distinctive TAG distribu-
ions might be important in elucidating obesity. We then performed
rofiling analysis of TAG molecular species by applying our method
o mouse WAT.

Compared with TAG profiling of mouse liver (Fig. 1A), a number
f TAGs eluted earlier were detected on the 2D map (Fig. 1B).

For elucidation of these TAG structures, they were ana-
yzed by MS/MS. For example, MS/MS fragmentation of TAG
on ([M+NH4]+; m/z 932.79) produced hydroperoxy DAG ion
roducts (produced by loss of H2O or H2O2 from [hydroper-
xy DAG−OH]+ derived from loss of the fatty acyl residue
rom the TAG ion; m/z 615.50 → [18:1–18:2(OOH)]–H2O,

/z 599.50 → [18:1–18:2(OOH)]–H2O2) and DAG ion product
[DAG−OH]+ produced by loss of the hydroperoxy linoleic acyl
hain from the TAG ion; m/z 603.54 → 18:1–18:1), and hydroper-

xy MAG ion products (produced by loss of H2O or 2H2O from
hydroperoxy MAG−OH]+ derived from loss of the two fatty acyl
esidues from the TAG ion; m/z 351.25 → [18:2(OOH)]–H2O, m/z
33.24 → [18:2(OOH)]–2H2O) and MAG ion product ([18:1-OH]+;
/z 339.29 produced by loss of the hydroperoxy acyl chain and
n LC/ESI-QTOF MS/MS analysis. Individual TAG molecular species identified by the
saturated fatty acids (PUFAs) were characteristically detected in mouse liver. TAGs
turation (UN) were respectively indicated by solid line and dotted line. Some spots
redicted by the elution regularity.

fatty acyl residue from the TAG ion) (Fig. 5A) [18]. Thus, this TAG
was composed of 18:1–18:1–18:2(OOH), which were formed by
oxidation of one of the linoleic acyl chains; little was known previ-
ously regarding the presence of this TAG in WAT. The hydrophobic
environment in WAT would contribute to the stability, even though
the hydroperoxy acyl chain of TAG is considered an unstable
structure. In other instances, 18:2–18:2–18:2(OOH) (m/z 928.76),
16:0–18:2–18:2(OOH) (m/z 904.76) and 16:0–16:0–18:2(OOH)
(m/z 880.76) TAGs were similarly determined based on individual
hydroperoxy DAG and DAG ion products, and hydroperoxy MAG
and MAG ion products (Fig. 5B–D). These hydroperoxy TAGs in WAT
might be sources of precursors for some oxidized fatty acid medi-
ators during the progress of obesity or succeeding inflammation
[19,20].

For example, in our preliminary experiment, increase of
hydroperoxy TAGs was observed in some obese model mice at
inflamed sites and these TAGs might be available for indication of
obesity and succeeding inflammation (manuscript in preparation).

From the presentation of individual TAG structures on the 2D
map, the WAT also contained more TAG molecular species contain-
ing short-chain SFA and MUFA (Fig. 6 and Table 2) than mouse liver
(Fig. 4 and Table 1). These findings demonstrate that the 2D pro-
files using our method are effective in globally examining different
distribution patterns of TAG molecular species and detecting novel
molecules such hydroperoxy TAGs, because neutral loss scanning is
insufficient to discriminate among the close m/z value TAGs without
separating them by LC.

Our method remains to be solved for the quantitative evalua-
tion of TAG molecular species readily from the 2D map, because
abundance of individual TAGs was adjusted by the color gra-
dient. But, the difference of TAG profiles is readily detected
from the sensitive 2D map using our method and the varia-
tions of TAGs including the minor molecular species are easily

obtained. For the further global quantitative analysis, we are
trying to create three-dimensional maps, constructed with X
(retention time), Y (m/z value) and Z (intensity) axes, and to
prepare the automated differential display system as subtraction
maps.
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Fig. 5. Mass chromatogram and MS/MS spectra of (A) 18:1–18:1–18:2(OOH) (m/z 932.79), (B) 18:2–18:2–18:2(OOH) (m/z 928.76), (C) 16:0–18:2–18:2(OOH) (m/z 904.76) and
(D) 16:0–16:0–18:2(OOH) (m/z 880.76) TAGs from mouse WAT by reverse-phase high resolution LC/ESI-QTOF MS/MS analysis. Each TAG was determined based on individual
hydroperoxy DAG ion products (produced by loss of H2O or H2O2 from [hydroperoxy DAG−OH]+ derived from loss of the fatty acyl residue from the TAG ion) and DAG ion
product ([DAG−OH]+ produced by loss of the hydroperoxy linoleic acyl chain from the TAG ion), and on hydroperoxy MAG ion products (produced by loss of H2O or 2H2O
from [hydroperoxy MAG−OH]+ derived from loss of the two fatty acyl residues from the TAG ion) and MAG ion products ([MAG−OH]+ produced by loss of the hydroperoxy
acyl chain and fatty acyl residue from the TAG ion). The isotopic peak of other molecular species was indicated by triangle (�).
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S/MS analysis were present on the 2D map. Many of hydroperoxy TAGs and TAGs
AT. TAGs with the same total carbon chain length (CN) and TAGs with the same to

Our method is also capable of analyzing not only TAGs but also
Ls, DAGs, SMs and Cers at the same time, so this may be beneficial
o elucidate variations of these molecular species more globally for
he abnormality of lipid metabolism such as obesity.

. Conclusion

We have developed a method for global analysis of TAG molec-
lar species including structural isomers, hydroperoxy and odd
umber acyl carbon chain from the complex lipid mixtures with-
ut TAG purification. The 2D profile enables visible and reliable

dentification of these molecular species and detection of charac-
eristic molecular species such as novel hydroperoxy TAGs in mouse

AT. Our method will be useful for studying changes in the relative
rofiling of TAG molecular species and identifying lipid biomarkers.
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