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Abstract We previously discovered that squalene mono-
hydroperoxide (SQ-OOH) was produced on human fore-
head skin and suggested that skin squalene (SQ) may be
the principal target lipid for oxidative stress (e.g., sunlight
exposure). Because of its six double bonds, SQ peroxi-
dation can yield various positional hydroperoxide isomers.
However, the structural characterization of skin SQ-OOH
isomers has never been reported. Here, we prepared pure
SQ-OOH isomers and developed an analytical method for
SQ-OOH isomers using a quadrupole/linear ion-trap mass
spectrometer (QTRAP) MS/MS system. Collision-induced dis-
sociation produced specific fragment ions for each SQ-OOH
isomer, which permitted discrimination between SQ-OOH
isomers by multiple reaction monitoring (MRM). When lipid
extract from human forehead skin was subjected to LC-MS/
MS with MRM, individual SQ-OOH isomers could be sepa-
rated and detected with a sensitivity of 0.05 ng/injection. The
total concentration of SQ-OOH isomers in forehead skin
was ~956 pg/g skin lipids, but it increased up to 2,760 pg/g
skin lipids after 3 h of sunlight exposure.ili The LC-MS/MS
method was useful for investigating the peroxidation mecha-
nisms of SQ as well as SQ-OOH-mediated skin disorders.—
Nakagawa, K., D. Ibusuki, Y. Suzuki, S. Yamashita, O. Higuchi,
S. Oikawa, and T. Miyazawa. Ion-trap tandem mass spectro-
metric analysis of squalene monohydroperoxide isomers in
sunlight-exposed human skin. J. Lipid Res. 2007. 48: 2779-2787.
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Human skin, covering the entire outside of the body, is
the largest organ and is exposed constantly to sunlight
stress, including ultraviolet (UV) light irradiation (1-3).
Because the skin is rich in lipids, consisting mainly of
squalene (SQ), triacylglycerol, wax esters, and sterols (4),
skin surface lipids are thought to be vulnerable to oxida-
tive stress from sunlight.
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Previously, we established a liquid chromatography-
chemiluminescence detection (LC-CL) method for the sen-
sitive and selective determination of lipid hydroperoxide
molecules (5, 6) and discovered that SQ is the principal
target lipid for peroxidation on the human skin surface
(7, 8). SQ is a structurally unique triterpene compound
(Fig. 1) that is an intermediate in the cholesterol biosyn-
thesis pathway (9). The presence of six double bonds al-
lows SQ to undergo photooxidation, yielding squalene
monohydroperoxide (SQ-OOH) as the primary oxidation
product (10). We and other researchers reported that using
LC-CL, or the rather insensitive LC-UV detection method
at 210 nm, SQ-OOH levels increased markedly in skin sur-
face lipids from human forehead after exposure to sunlight
(11) or UV A and B (12-14). These studies (7, 8, 10-14)
suggested that SQ-OOH accumulation could be involved
in inflammatory skin disorders such as skin cancer, cuta-
neous autoimmune disease, and skin aging.

Despite the potential significance of SQ-OOH in skin
pathology (15), detailed structural characterization of hu-
man skin SQ-OOH has never been carried out. Although
Mudiyanselage et al. (16) recently reported the analysis
of SQ-OOH in UV-exposed human sebum using LC, MS,
and NMR, the position of the hydroperoxide group in the
SQ-OOH molecule was not referred to because of diffi-
culties in preparing reliable SQ-OOH standards and the
limitations of their analytical method. Therefore, an alter-
native method for the complete structural characterization
of SQ-OOH in vivo is required to understand the mech-
anisms of SQ) peroxidation as well as SQ-OOH-mediated
skin disorders.

Abbreviations: LC-CL, liquid chromatography-chemiluminescence
detection; MRM, multiple reaction monitoring; QqLIT, hybrid quadrupole/
linear ion trap; SQ, squalene; SQ-OOH, squalene monohydroperoxide;
UV, ultraviolet.
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Fig. 1. Chemical structures of squalene (SQ) and six squalene monohydroperoxide (SQ-OOH) isomers

(2-00H-SQ, 3-O0H-SQ, 6-00H-SQ, 7-O0H-SQ, 10-O0H-SQ, and 11-O0H-SQ).

The recently developed hybrid quadrupole/linear ion
trap (QqLIT) spectrometer, QTRAP, offers specific bene-
fits for LC-MS/MS for biomolecular analysis (17, 18). With
the advent of QTRAP, both triple quadrupole and ion-
trap scans can be performed together as a single stage. The
product ion scan, multiple reaction monitoring (MRM),
and neutral loss scan provide useful structural informa-
tion about the analyte, even in the presence of back-
ground contaminants from complex biological matrices.
The structural characterization of a variety of lipids, in-
cluding sphingolipids, phospholipids, and glycated lipids,
using QTRAP has been reported (19, 20).

In the present study, we prepared six SQ-OOH isomer
standards, with each isomer differing in the position of
the hydroperoxide group (Fig. 1). Using these standards,
we developed a QTRAP LC-MS/MS method for determin-
ing SQ-OOH isomers in human skin surface lipids, and
we discuss the possible mechanisms of SQ peroxidation
in vivo as well as the pathogenicity of skin SQ-OOH.

MATERIALS AND METHODS

Materials

SQ and cytochrome ¢ were purchased from Sigma (Tokyo,
Japan). Acetone, 1-butanol, and luminol were obtained from
Wako (Osaka, Japan). All other reagents were of the highest
grade available.

Preparation of standard SQ-OOH isomers

The six standard SQ-OOH isomers (Fig. 1) were synthesized
from SQ as follows. SQ [100 mg (240 wmol)] was weighed, dis-
solved in 50 ml of ethanol (containing 0.01 mg/ml rose bengal
as a sensitizer) in a test tube, and exposed to oxygen gas for
10 s. The tube was capped and then photooxidized with a 100 W
tungsten lamp (Matsushita Electric Industrial Co., Osaka, Japan)
at 4°C for 6 h (21). The lamp was held 10 cm vertically above
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the test tube. After photooxidation, a portion (5 ml) of the re-
sultant solution was loaded onto an ethanol-equilibrated SepPak®
Plus QMA cartridge (Waters, Milford, MA). The cartridge was
eluted with an additional 5 ml of ethanol, and the eluate contain-
ing SQ-OOH moieties was collected. During the SepPak proce-
dure, the rose bengal was retained on the cartridge. The SepPak
procedure was repeated 10 times. Finally, the collected eluates
were combined, evaporated, and redissolved in 3 ml of ethanol.

A small portion (1 wl) of the ethanolic sample solution
was subjected to LC-CL with on-line MS (LC-CL-MS) (22) to
monitor the yield of SQ-OOH. For LC-CL-MS, an ODS column
(CAPCELLPAK C18, 4.6 X 250 mm; Shiseido, Tokyo, Japan) was
used with methanol at a flow rate of 1 ml/min. At the post col-
umn, the eluate was split. One portion (flow rate, 0.95 ml/min)
was mixed with a hydroperoxide-specific CL reagent (a mix-
ture of cytochrome ¢ and luminol in 50 mM borate buffer,
pH 9.3) (5-8, 22-24) and was sent to a JASCO 825-CL detec-
tor (Japan Spectroscopic Co., Tokyo, Japan). The flow rate of
the CL reagent was 0.9 ml/min. The other portion (flow rate,
0.05 ml/min) was sent to a Mariner ESI time-of-flight mass
spectrometer (Applied Biosystems, Foster City, CA). Positive ion
spectra were taken in the m/z range 300-1,000.

SQ-OOH was then isolated from the ethanolic sample solu-
tion (3 ml) using the semipreparative JASCO LC-UV (210 nm)
system with an ODS column (CAPCELLPAK C18, 20 X 250 mm;
Shiseido). The ODS column was eluted with methanol at a flow
rate of 10 ml/min. The isolated SQ-OOH (a mixture of the six
SQ-OOH isomers) was evaporated to dryness and redissolved in
1 ml of cyclohexane. The cyclohexane solution was further sub-
jected to JASCO LC-UV (210 nm) with a silica column (SG 120A,
4.6 X 250 mm; Shiseido) to isolate each individual SQ-OOH iso-
mer. The silica column was eluted with a mixture of cyclohexane-
diethylether (100:2, v/v) at a flow rate of 1 ml/min. The structure
and purity of the obtained SQ-OOH isomers were evaluated by
LC-CL-MS as described above. In addition, each SQ-OOH iso-
mer (2 mg/1 ml CDCl3) was subjected to NMR, and '"H and
3C NMR spectra were recorded on a Varian (Palo Alto, CA)
Unity 600 spectrometer (600 MHz for 'H NMR and 150 MHz
for "CNMR) at 20°C. Chemical shifts were given in ppm relative to
tetramethylsilane as an internal standard. Two-dimensional NMR,
"H-'H correlation spectroscopy, heteronuclear multiple quantum
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correlation, heteronuclear multiple bond correlation, and distor-
tionless enhancement by polarization transfer were performed.

Human skin samples and lipid extraction

Eight healthy male human volunteers (mean age, 20.4 =
1.4 years) participated in this study. All subjects gave written
informed consent to the experimental protocol, which was ap-
proved by the local research ethics committee. The study was con-
ducted on September 20, 2006 (a sunny day). Before and after
3 h of sunlight exposure (1,000-2,000 pW/ch), an acetone-wet
cotton pad (10 X 10 cm) was placed on the forehead, wiped onto
the skin surface five times, and then removed gently to collect
skin surface lipids (25). The cotton pads were transferred to tubes
containing 30 ml of acetone for lipid extraction (26). After cen-
trifugation at 1,000 g for 5 min at 4°C, acetone layers (lipid frac-
tion) were collected. This lipid extraction with acetone was carried
out twice. The combined acetone layers (i.e., total skin surface
lipids) were evaporated, and the dried extract was redissolved
in 200 pl of 1-butanol. A portion (10 wl) of the extract was sub-
jected to LC-MS/MS (as described below) for the structural de-
termination of individual skin surface SQ-OOH isomers.

LC-MS/MS instrument

The QTRAP LC-MS/MS system consisted of a Shimazu liquid
chromatograph (Kyoto, Japan), including a vacuum degasser,
quaternary pump, and autosampler, and an Applied Biosystems
4000 QTRAP tandem mass spectrometer equipped with a turbo ion
spray source. This instrument used a triple quadrupole ion path in
which the final quadrupole was used as a QqLIT mass spectrometer.

Determination of skin surface SQ-OOH isomers by
LC-MS/MS

A stock solution of SQ-OOH [4 mg (9 wmol)/ml] was pre-
pared from each standard SQ-OOH isomer dissolved in 1-butanol
and stored at —80°C until analysis. We have verified that the stock
solution remains stable for up to 3 months under such storage
conditions. Before determination of skin surface SQ-OOH, we
prepared standard SQ-OOH solutions at concentrations of 0.01,
0.1, 1.0, 2.0, and 4.0 wg/ml (a range expected to encompass
concentrations encountered in vivo). Aliquots (10 pl) of these
solutions (containing 0.1-40 ng of SQ-OOH) were subjected to
LC-MS/MS, and calibration curves were made.

Skin lipid extracts or SQ-OOH standards (10 pl each) were
separated on asilica column (Inertsil, 2.1 X 150 mm; GL Science,
Tokyo, Japan), eluted with a mixture of cyclohexane-diethylether
(100:2, v/v) at a flow rate of 0.5 ml/min, and maintained at
40°C. At the post column, SQ-OOH isomers were individually
detected by LC-MS/MS with MRM for transition of the parent
ion to the product ion. The concentration of each skin surface
SQ-OOH isomer was then calculated according to the calibration
curves. For QTRAP MS/MS, atmospheric pressure chemical ioni-
zation was used as the ion source, the collision energy for transi-
tion was set at 15 eV, the dwell time for transition was 100 ms, the
turbo gas temperature was kept at 200°C, and the spray voltage
was 5,000 V. Nitrogen values for the turbo, nebulizer, and curtain
gases were set at 70, 50, and 20 pounds per square inch, respec-
tively. Positive ion spectra were taken in the m/z range 50-450.

Other assays

The composition of skin surface lipids was analyzed by TLC
on Silica Gel G plates (20 X 20 cm glass plates, 0.25 mm thick
layer; Merck, Darmstadt, Germany) (27). Aliquots (5 pl) of the
skin lipid extracts were applied to the TLC plates, which were
then developed with hexane (to 17 cm), benzene (to 17 cm), and

finally hexane-ether-acetic acid (70:30:1, v/v/v; to 9 cm). Lipid
zones were visualized using methanolic sulfuric acid, and lipid
classes were identified by comparison with lipid standards. Con-
tents of each lipid class were evaluated densitometrically.

Statistics

Data are expressed as means * SD and were analyzed using Stu-
dent’s t-test. Differences were considered significant at P < 0.05.

RESULTS

Synthesis of the six standard SQ-OOH isomers

Figure 2A shows a typical total ion current chromato-
gram after photooxidized SQ was subjected to LC-CL-MS
using an ODS column. After photooxidation, SQ was com-
pletely oxidized, giving three peak components (a—c) as

100 - A c

Relative intensity
(%)

3I0 min
100 - B
— 465.4 [M+Na]*

460.4 [M+NH,]*

Relative intensity
(%)

300 450 600 m/z

Relative intensity
(%)

L
0 7 5
0 15 30 min

Fig. 2. Photooxidation products of SQ. SQ [100 mg (240 pwmol)]
was dissolved in 50 ml of ethanol (containing 0.01 mg/ml rose
bengal as a sensitizer), photooxidized with a 100 W tungsten
lamp at 4°C for 6 h, and analyzed by liquid chromatography-
chemiluminescence detection-MS. A: Total ion current chromato-
gram. B: Mass spectrum of the peak ¢ (5.9 min) component in
chromatogram A. C: Chemiluminescence chromatogram.
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the main oxidation products on the total ion current chro-
matogram. Peak ¢ (retention time, 5.9 min) gave a clear
ESI/MS spectrum (m/z 460.4 [M+NH,]" and m/z 465.4
[M+Na] +) identical to that of SQ-OOH (Fig. 2B). Similarly,
peak components a (retention time, 3.4 min) and b (reten-
tion time, 4.1 min) were identified as SQ-trihydroperoxide
(m/z524.4 [M+NH,]" and m/z 529.4 [M+Na] ") and SQ-
dihydroperoxide (m/z 492.4 [M+NH,]" and m/z 497.4
[M+Na]™h), respectively (data not shown). In the CL chro-
matogram, the peak components a—c all gave intense chemi-
luminescence peaks (Fig. 2C), confirming the presence of
hydroperoxide groups.

Because peak component ¢ was thought to be a mix-
ture of SQ-OOH isomers (Fig. 1), peak ¢ was isolated by
semipreparative LC-UV using an ODS column (Fig. 3A) and
then subjected to LC-UV using a silica column (Fig. 3B).
As anticipated, six peak components (1-6) were visible
in the UV chromatogram. After individual components
of peaks 1-6 were isolated, chemical structures were elu-
cidated as SQ-OOH isomers (i.e., peak 1, 11-OOH-SQ;
peak 2, 7-O0H-SQ; peak 3, 10-OOH-SQ; peak 4, 6-OOH-
SQ; peak 5, 3-OOH-SQ; and peak 6, 2-O0H-SQ; Fig. 1)
by NMR (Table 1, Fig. 4). As judged from NMR spectra,
individual SQ-OOH isomers were essentially pure (>98%)
and did not contain SQ or other compounds. The pre-
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(%)
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Fig. 3. Purification of SQ-OOH isomers. A: An ethanol solution
(3 ml) containing SQ-OOH obtained by rose bengal-catalyzed SQ
photooxidation was subjected to semipreparative LC-ultraviolet (UV)
(210 nm) using an ODS column, and the SQ-OOH peak (7.9 min; a
mixture of SQ-OOH isomers) was isolated. B: The obtained
SQ-OOH was evaporated to dryness and redissolved in 1 ml of
cyclohexane. The solution was further subjected to LC-UV
(210 nm) using a silica column to isolate each of the six SQ-OOH
isomers (peaks 1-6).
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pared SQ-OOH isomers were used as reference standards
in later experiments.

LC-MS/MS with MRM analysis of standard
SQ-OOH isomers

MS/MS analysis of standard SQ-OOH isomers was
first investigated using QTRAP with flow injection. Inter-
estingly, SQ-OOH isomers bearing hydroperoxides at the
tertiary carbon atom position (2-OOH-SQ, 6-OOH-SQ, and
10-OOH-SQ) showed intense ions at m/z 425.4 [M+H-
Hy0O] " in Q1 mass spectra (Fig. 5A), whereas SQ-OOH iso-
mers bearing hydroperoxides at secondary carbon atoms
(3-OOH-SQ, 7-OOH-SQ, and 11-OOH-SQ) revealed ions
at m/z 425.4 [M+H-HoO1" as well as m/z 443.4 [M+H]"
(Fig. 5B). This difference was useful for the discrimination
between SQs bearing hydroperoxides at the secondary and
tertiary carbon atom positions.

Therefore, we conducted product ion scanning for m/z
425.4 [M+H-Hy0]" for 200H-SQ, 6-OOH-SQ, and 10-
OOH-SQ (Fig. 6A) and for m/z443.4 [M+H] * for 3-OOH-
SQ, 7-O0H-SQ, and 11-OOH-SQ (Fig. 6B) using Q3 in
QqLIT mode. Specific fragment ions for each individual
SQ-OOH isomer were selected from the various fragment
ions observed (Table 2). For example, the intensity of
fragment ions of 2-OOH-SQ was compared with that of
6-OOH-SQ and 10-OOH-SQ, which identified the 2-OOH-
SQ-specific fragment ions as m/z 383.4, 369.4, 355.4, and
341.4 (Fig. 7).

The selected fragment ions (Table 2, Fig. 7) allowed
the selective detection of SQ-OOH isomers using LC-MS/
MS with MRM. In MRM chromatograms (Fig. 8A), each
SQ-OOH isomer was clearly separated and detected as a
single peak. All calibration curves showed good linearity
(R? = 0.999) (Fig. 8B), and detection limits were ~0.05 ng
(0.1 pmol) /injection at a signal-to-noise ratio of 3.

SQ-OOH accumulation in sunlight-exposed human skin

Skin surface lipids were collected from human fore-
heads before and after 3 h of sunlight exposure using
acetone-wet cotton pads. TLC analysis showed that skin
surface lipids before sunlight exposure consisted mainly
of wax esters (47.8 = 4.8%), triacylglycerol (22.8 = 1.9%),
and SQ (16.3 = 1.3%). After exposure, SQ composition
decreased to 11.4 = 0.9% (Table 3), which indicated that
sunlight exposure caused peroxidation and degradation
of skin SQ.

In MRM chromatograms of skin surface lipids before
sunlight exposure, all SQ-OOH isomers appeared as clear
peaks (Fig. 9). Concentrations of SQ-OOH isomers were
in the following order: 6-OOH-SQ > 11-OOH-SQ > 2-
OOH-SQ > 3-O0OH-SQ > 10-OOH-SQ > 7-OOH-SQ
(Fig. 10). After 3 h of sunlight exposure, concentrations
of SQ-OOH isomers were increased markedly.

Finally, to determine the recovery of SQ-OOH, standard
11-OOH-SQ (1-5 pg) was spiked with 5 mg of the skin
surface lipid sample and 11-OOH-SQ was extracted and
quantified using our LC-MS/MS method. The recovery rate
of 11-OOH-SQ was calculated as >90%. The high reproduc-
ibility for determining skin surface SQ-OOH (coefficient of
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TABLE 1. 'H and >C NMR data of SQ-OOH isomers (peaks 1-6)

11-O0H-SQ (peak 1) 7-O0H-SQ (peak 2) 10-O0H-SQ (peak 3)  6-OOH-SQ (peak 4) 3-OOH-SQ (peak 5) 2-O0H-SQ (peak 6)
Assignment 'H e 'H 3G 'H B¢ 'H 3G 'H 3G 'H 3¢
1 1.68 d 25.7 1.68d 25.7 1.68 d 25.7 1.68 d 25.7 5.01-5.03 brs 144.4 1.34 s 24.2
2 — 131.3 — 132.5 — 131.3 — 131.3 — 143.6 — 82.3
3 5.10 m 1249 5.17m 124.4 513 m 124.3 511 m 124.2 4.29 m 89.2 5.54m 134.3
4 2.06 m 26.7 2.20 m 26.3 2.07 m 26.4 2.00 m 39.6 1.57-1.60 m 29.0 5.68 m 136.4
5 1.98 m 39.7 2.06-2.13 m 30.8 2.00 m 39.6 2.00 m 39.6 1.97-2.01 m 35.1 2.72 m 42.6
6 — 136.1 — 147.4 — 135.1 — 84.5 — 134.9 — 135.1
7 5.10 m 124.1 434 m 89.2 5.09 m 121.3 548 m 132.1 511 m 124.2 511 m 125.5
8 2.22 m 26.2 1.60-1.68 m 29.6 216 m 26.4 5.66 m 131.3 2.08 m 26.6  2.08 m 28.2
9 2.06-2.12 m 31.0 2.06-2.60 m 35.7 1.61 m 37.6 2.78 m 31.0 1.96 m 29.7 1.98 m 39.6
10 — 147.4 — 135.3 — 84.5 — 135.3 — 133.9 — 134.9
11 4.34 m 89.0 517 m 125.0 547 m 132.1 511 m 1242 514 m 1243 511 m 124.4
12 1.53-1.63 m 315 2.05m 28.3 5.50 m 131.2 2.02 m 28.3 1.91 m 28.2 1.98 m 26.6
13 2.05 m 24.2 2.05m 28.2 2.70 m 31.0 1.98 m 39.7 2.07 m 39.7 2.02 m 39.6
14 512 m 123.3 511 m 124.1 511 m 124.3 511 m 125.6 513 m 124.3 511 m 124.3
15 — 135.0 — 134.9 — 186.7 — 134.9 — 134.5 — 134.9
16 1.98 m 26.6 217 m 26.6 2.02 m 26.7 2.02 m 26.7 1.97 m 26.6 1.98 m 26.6
17 2.06 m 39.7 1.90 m 39.7 2.08 m 39.6 2.07 m 39.7 2.04 m 39.7 2.08 m 39.7
18 5.16 m 1239 5.12m 124.2 511 m 124.2 511 m 124.2 5.09 m 124.2 511 m 124.2
19 — 136.0 — 134.2 — 134.7 — 131.9 — 135.1 — 133.2
20 1.98 m 26.6  2.09 m 26.8  2.00 m 20.4 2.00 m 225 201 m 26.5  2.00 m 26.7
21 2.06 m 39.7 1.98m 39.7 1.66 m 39.6 1.60 m 39.7 2.07 m 39.7 1.68 m 39.7
22 5.10 m 124.2 5.12m 1242 515 m 124.0 511 m 1242 508 m 125.0 510 m 124.2
23 — 131.3 — 131.3 — 131.2 — 131.3 — 131.2 — 124.3
24 1.68 d 25.7 1.68d 25.7 1.68 d 25.7 1.68 d 25.7 1.68 d 25.7 1.68 d 24.2
25 1.60 d 25.7 1.60 d 178 1604 17.6 1.60 d 215  1.70 d 171 1345 16.0
26 1.60 d 16.1 5.06-5.13 brs 113.2 1.60 d 16.1 1.60 d 21.5 1.60 d 14.0 1.58 d 16.0
27 5.06-5.11 brs 113.2 1.60 d 16.0 1.33 s 21.5 1.33 s 21.5 1.60 d 16.0 1.60 d 16.0
28 1.60 d 17.0 1.60 4 16.0 1.60 d 17.0 1.60 d 16.0 1.60 d 16.0 1.60 d 16.0
29 1.60 d 16.1 1.60 d 16.1 1.60 d 16.1 1.60 d 16.0 1.60 d 159 1.60 d 16.0
30 1.60 d 17.7 1.60 d 17.7 1.60 d 17.7 1.60 d 17.0 1.60 d 17.6 1.60 d 17.6
-OOH 7.84 s 7.86 s 7.24 s 7.22 s 7.76 s 7.27 s

variability < 5%) was confirmed and was not altered by the
storage of skin surface lipid samples at —80°C for 1 week.
These results indicated the quantitative accuracy of the
LC-MS/MS method. On the other hand, the total concen-

B 27
HOO CH
\ / s \
PN

6-O0H-SQ (peak 4)

Fig. 4. Representative heteronuclear multiple bond correlation for
two different partial structures of SQ-OOH (A, peak 1, 11-OOH-SQ;
B, peak 4, 6-OOH-SQ).

tration of skin surface SQ-OOH isomers determined by
LC-MS/MS (before sunlight exposure, 956 * 496 pug/g skin
lipids; after 3 h of exposure, 2,764 = 1,130 ng/g skin lipids)
was similar to the results obtained by LC-CL (before sun-
light exposure, 611 + 221 ug/g skin lipids; after 3 h, 1,877 =
996 wg/g skin lipids).

DISCUSSION

The increasing evidence for the involvement of skin
lipid peroxidation in inflammatory skin disorders (28, 29)
has shown the need for analytical methods to detect SQ-
OOH isomers. However, a method for the characteriza-
tion and quantitation of SQ-OOH isomers in vivo had
not yet been established. Therefore, the objectives of the
present study were to develop a preparation method of
reliable standard SQ-OOH isomers, as well as an analytical
method applicable to biological samples, and then to de-
termine the occurrence of SQ-OOH isomers in vivo.

The lack of commercially available or suitable hydroper-
oxide standards was a major problem for the measurement
of lipid hydroperoxides. Lipid hydroperoxides prepared
from photooxidized or free radical-oxidized lipids are gen-
erally used as standard compounds (30). However, the
purity of hydroperoxides in such standards is not generally
high. Impurities in standards can be attributable to ana-
Iytical errors. To develop analytical methods for SQ-OOH
isomers, pure standards are essential. Therefore, to gener-
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Fig. 5. Typical Q1 mass spectra of SQ bearing a hydroperoxide
at the tertiary carbon atom position (2-OOH-SQ) (A) or at the sec-
ondary carbon atom position (3-OOH-SQ) (B). Standard solutions
of 2-O0H-SQ or 3-OOH-SQ [each 0.4 pg (1 nmol)/ml] were in-
fused directly into the QTRAP MS/MS instrument using a syringe
pump at a flow rate of 0.01 ml/min.

ate SQ-OOH, a photooxidation reaction in the presence
of rose bengal as a catalyst was chosen, because a reaction
that generated singlet oxygen as an emitter was considered
preferable. As a result, six SQ-OOH isomers (11-OOH-SQ,
7-O0H-SQ, 10-OOH-SQ, 6-OOH-SQ, 3-OOH-SQ, and 2-
OOH-SQ) were generated as the predominant products
(Figs. 2, 3). 2-O0H-SQ, 6-OOH-SQ, and 10-OOH-SQ were
presumably racemic mixtures. It is interesting that no per-
oxidation was detected at C-4, C-8, or C-12 of SQ. Six SQ-
OOH isomers were then separated and isolated by LC
techniques and provided standard SQ-OOH with high
purity (>98%) (Fig. 3) and stability for at least 3 months
in 1-butanol at —80°C. On the other hand, according to 'H
NMR analysis of each SQ-OOH isomer, a characteristic
signal was observed at around 6 7.0-8.0. The signal was
shifted downfield by 3 ppm when SQ-OOH was dissolved
in acetone-dg (instead of CDClg). The signal disappeared
when deuterated water was added to the SQ-OOH dissolved
in acetone-dg. These features were characteristic for the pro-
ton of the hydroperoxide group. As shown in Fig. 4, struc-
tural differences around the hydroperoxide group could be
assigned mainly by heteronuclear multiple bond correlation
compared with the known chemical shift of SQ-OOH (16).

After MS/MS analysis of the synthesized SQ-OOH stan-
dards, we discovered significant differences in molecular
ion intensity between SQ isomers bearing hydroperoxides
at tertiary carbon atoms (2-OOH-SQ, 6-OOH-SQ, and 10-
OOH-SQ) and secondary carbon atoms (3-OOH-SQ, 7-
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Fig. 6. Typical Q3 mass spectra (product ion scanning) for m/z
425.4 [M+H-Hy0]" for 2200H-SQ, 6-O0H-SQ, and 10-OOH-SQ
(A) and for m/z 443.4 [M+H] " for 300H-SQ, 7-OO0H-SQ, and
11-OOH-SQ (B) using Q3 in the hybrid quadrupole/linear ion
trap mode. Each standard SQ-OOH isomer [0.4 ug (1 nmol)/ml]
was infused directly into the QTRAP MS/MS instrument using a
syringe pump at a flow rate of 0.01 ml/min.

OOH-SQ, and 11-OOH-SQ) (Fig. 5). Based on this finding,
we selected specific fragment ions for each individual SQ-
OOH isomer (Table 2, Figs. 6, 7), which permitted the
selective detection of SQ-OOH isomers using LC-MS/MS
with MRM (Fig. 8). A silica column was used, as such columns
have been used successfully in past studies for the separa-
tion of positional isomers of organic hydroperoxides (31).
Under optimized conditions, standard SQ-OOH isomers
could be clearly separated and detected on MRM chroma-
tograms. The resultant calibration curves were linear over a
wide concentration range, which allowed the calculation
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TABLE 2. Specific fragment ions for each SQ-OOH isomer

Isomer Peak Number Precursor Ion Specific Fragment Ions Multiple Reaction Monitoring Retention Time
min
2-OOH-SQ 6 425.4 341.4, 355.4, 369.4, 383.4 425.4/341.4 7.3
3-OOH-SQ 5 443.4 81.1, 357.3 4434./81.1 5.8
6-OOH-SQ 4 425.4 217.3, 297.3, 299.3 425.4/297.3 5.7
7-OOH-SQ 2 443.4 135.3, 195.4, 317.3 443.4/195.4 4.5
10-OOH-SQ 3 425.4 81.1, 95.3, 97.3, 207.3 425.4/81.1 5.5
11-OOH-SQ 1 443.4 251.4, 325.3, 343.4 443.4/343.4 4.0

of corresponding endogenous levels of SQ-OOH isomers.
The LC-MS/MS with MRM method provided almost 10-fold
greater sensitivity [detection limit, 0.05 ng (0.1 pmol) SQ-
OOH/injection] compared with the LC-CL method (7, 8).
The sensitivity of the present LC-MS/MS with MRM method
for SQ-OOH was relatively high, as LC-CL detection limits
for lipid hydroperoxides, such as phospholipid hydroper-
oxides (5, 6) and cholesterol hydroperoxides (22, 32), are
generally above the picomole range.

Normally, it is very difficult to detect SQ-OOH in bio-
logical samples because of the interference of background
contaminants, even when using LC-CL. In the present
study, the use of LC-MS/MS with MRM allowed individual
SQ-OOH isomers in skin surface lipid extracts from hu-
man forehead to be structurally identified and quantitated
(Fig. 9). Before sunlight exposure, the relative amount of
skin surface SQ-OOH to SQ was ~1.09 mol% (Figs. 9, 10),
such that small amounts of SQ had peroxidized and con-
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Fig. 7. Differences of fragment ion intensities between 2-OOH-SQ
and 6-OOH-SQ (A) and between 2-OOH-SQ and 10-OOH-SQ
(B). Because the detected fragment ion intensities varied among
these SQ-OOH isomers (e.g., see the y axis of Fig. 6A, 1.0 X 10*
to 2.0 X 10* cps), the following calculation was performed: A/
(C/D) — B, where A is the fragment ion intensity of 2-OOH-SQ
at a specific m/z, B is the fragment ion intensity of 6-OOH-SQ at
the same specific m/z, C is the total accumulated ions of 2-OOH-
SQ (1.2 X 108 cps) between m/z 50 and 415, and D is the total
accumulated ions of 6-OOH-SQ (4.2 X 10° cps) in the same m/z
range. Similarly, the difference of fragment ion intensity between
2-OOH-SQ and 10-OOH-SQ was calculated. Based on the results
shown, the 2-OOH-SQ-specific fragment ions were identified as m/z
383.4, 369.4, 355.4, and 341.4. These ions are labeled with asterisks.

verted to SQ-OOH under daily life conditions. As highly
peroxidized products such as SQ-dihydroperoxide and SQ-
trihydroperoxide were undetectable in human skin (data
not shown), sunlight stress may not be a powerful factor
in terms of daily life conditions. After 3 h of sunlight ex-
posure, the accumulation of skin surface SQ-OOH iso-
mers was observed. Given our results and previous reports
(7, 8), it appears that skin SQ-OOH level would be a useful
marker for sunlight exposure. On the other hand, percent-
ages of SQ-OOH isomers after 3 h of sunlight exposure
(17 mol% 2-OOH-SQ, 14 mol% 3-OOH-SQ, 24 mol% 6-
OOH-SQ, 11 mol% 7-OOH-SQ, 13 mol% 10-OOH-SQ,
and 21 mol% 11-OOH-SQ) were similar to those found in
6 h rose bengal-catalyzed photooxidation of SQ (19 mol%
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Fig. 8. A:Typical multiple reaction monitoring (MRM) chromato-
grams of standard SQ-OOH isomers. A mixture of six standard
SQ-OOH isomers (2-OOH-SQ, 3-OOH-SQ, 6-OOH-SQ, 7-OOH-SQ,
10-OOH-SQ, and 11-OOH-SQ); each 10 ng) was analyzed by LC-MS/
MS with MRM. B: Calibration curves of SQ-OOH isomers constructed
using different concentrations of standards (0.1-40 ng/injection).
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TABLE 3. Composition of skin surface lipids before and 3 h after
sunlight exposure

|2-00H-sQ

=
=3
=3
=3

13-00H-sQ

Constituent

Before Sunlight Exposure

After Sunlight Exposure

weight %
SQ 16.3 = 1.3 11.4 =09
Free fatty acid 5.0 % 0.7 6.2+ 1.3
Wax ester 478 = 4.8 48.4 = 4.5
Triacylglycerol 22.8 = 1.9 23.4 + 2.1
Cholesteryl ester 5.6 £ 2.7 8.4 £27
Cholesterol 28 £ 1.8 24 *1.1

Values are means £ SD.

2-O0H-SQ, 17 mol% 3-OOH-SQ, 24 mol% 6-OOH-SQ,
10 mol% 7-OOH-SQ, 13 mol% 10-OOH-SQ, and 17 mol%
11-OOH-SQ). Therefore, singlet oxygen derived from sun-
light would cause skin SQ peroxidation, and “2-OOH-SQ >
3-OOH-SQ” and “6-OOH-SQ > 7-OOH-SQ” may be ex-
plained by the greater stability of tertiary/allylic radicals.
However, another oxidant (e.g., ozone) than singlet oxy-
gen may also attack on skin SQ, and the reason for
“11-OOH-SQ > 10-OOH-SQ” was unknown. Further in-

7.3 min
1:2x10° 2-00H-5Q
5%
0+
0 5 10 min
13
1.8x10 3.00H-SQ

5.8 min

Y 55 7 mi 10 min
" .7 min
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0 45 5, 10 min
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8.2x10 11-00H-SQ
58
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Fig. 9. Typical MRM chromatograms of skin surface lipids be-
fore (thin lines) and after (thick lines) 3 h of sunlight exposure. Hu-
man forehead skin lipid extract (10 pl) was subjected to LC-MS/MS
with MRM.
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Fig. 10. Concentrations of skin surface SQ-OOH isomers before
and after 3 h of sunlight exposure. Human forehead skin lipid
extracts (10 pl) were subjected to LC-MS/MS with MRM. Values
are means * SD. * Significant difference compared with before
sunlight exposure.

vestigation will be required to evaluate the peroxidation
mechanism of skin SQ.

The human skin surface, constantly exposed to envi-
ronmental stress, is thought to be vulnerable to attack
from singlet oxygen generated by sunlight exposure (33).
Some recent studies have reported that SQ-OOH is cyto-
toxic and increases the secretion of various inflammatory
cytokines by human keratinocytes in a three-dimensional
human skin model (34). SQ-OOH also enhanced NF-kB
nuclear translocation, followed by increased expression
and secretion of the proinflammatory cytokine IL-6 (35).
Therefore, it is likely that excessive SQ peroxidation af-
fects the maintenance of cell integrity and survival, con-
tributing to pathogenesis. Sies and Stahl (36) reviewed the
interaction between oxidative stress and the antioxidative
network of skin. Therefore, the development of inhibitors
of SQ peroxidation may provide a therapeutic approach
for skin disorders. On the other hand, UV-induced DNA
damage is a critical event in skin diseases, especially cancer
(37). Constitutive skin pigmentation affects the incidence
of skin cancer, and the photoprotective function of mela-
nin in the skin is important (37). Thus, we are currently
investigating the effect of SQ peroxidation on skin DNA
and pigments.

Recently, Mountfort et al. (38) investigated oxidation
products of SQ in latent fingerprints using LC-MS and
confirmed that SQ-OOH and SQ-epoxide were formed
within 1 day when prints were exposed to light. Consid-
ering those study results (38) and the present findings
(Fig. 10), SQ oxidation products, especially 6-OOH-SQ),
11-O0OH-SQ, and 2-OOH-SQ, may become suitable targets
in forensic science.
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In conclusion, we developed a QTRAP LC-MS/MS

method for determining SQ-OOH isomers in human skin
surface lipids. Our findings provide the first structural and
quantitative evidence for the peroxidation of skin SQ
occurring during exposure to sunlight. To further under-
stand the involvement of SQ peroxidation in the patho-
physiology of skin disease, we are now using our LC-MS/
MS method to quantify SQ-OOH isomers in UV-exposed
human sebum. Based on our method, it is now feasible to
develop new analytical techniques for the determination
of skin lipid peroxidation products other than SQ-OOH.HR
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