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Abstract
To assess the contribution of singlet molecular oxygen [O2 (1Dg)] to lipid peroxidation in vivo, this study combined gas
chromatography-mass spectrometry with thin layer chromatography to analyse peroxidized lipids in the skin of hairless mice.
Hydroxyoctadecenoate isomers and unconjugated hydroxyoctadecadienoate isomers derived from peroxidized oleic acid and
linoleic acid, respectively, which are specific to O2 (1Dg)-dependent oxygenation, were detected in the skin of live mice under
ordinary feeding conditions. Short-term ultraviolet A (UVA)-irradiation of the skin in vivo elevated levels of the
unconjugated hydroxyoctadecadienoate isomers significantly, whereas the irradiation of skin homogenate in vitro increased
levels of all isomers derived from both O2 (1Dg) and free radical-dependent oxygenation to a much greater extent. This is the
first report to demonstrate the occurrence of O2 (1Dg)-specific oxygenation of unsaturated fatty acids in living animals.
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Introduction

Singlet molecular oxygen [O2 (1Dg)] is involved in

reactive oxygen species (ROS) responsible for a

variety of pathophysiological events by reacting with

bioactive components directly or modulating cellular

redox signalling. O2 (1Dg) is highly electrophilic and

therefore attacks the p-bonds of organic compounds

to produce hydroperoxides or endoperoxides (ene

reaction), although this ROS is not an oxygen radical

inducing a radical chain reaction [1]. O2 (1Dg)-

dependent oxygenation of unsaturated fatty acids

and their esters has long been known to yield an

isomeric mixture of hydroperoxides [2]. The radical

chain reaction of membrane lipids also yields an

isomeric mixture via the peroxyl radical as

an intermediate. Nevertheless, the hydroperoxide

isomers formed by O2 (1Dg)-based oxygenation differ

in composition from those derived from the radical

chain reaction, as the oxygenation is a non-radical

reaction [3].

There seem to be three mechanisms for the

generation of O2 (1Dg) in biological systems. One is

the self-reaction of peroxyl radicals involving a cyclic

mechanism from a linear tetraoxide intermediate

proposed by Russell [4]. Direct evidence for the

production of O2 (1Dg) from lipid peroxyl radicals

was recently obtained using 18O-labelled linoleic acid

hydroperoxides (LA-OOH) [5,6]. The second me-

chanism is the reaction of hypochlorous acid (HOCl)

with hydrogen peroxide in phagocytic cells [7]. The

third is the Type-II reaction of photosensitized oxida-

tion in which an excited photosensitizer transfers its
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energy to a ground state oxygen molecule to form O2

(1Dg). Yasui and Sakurai [8,9] confirmed the genera-

tion of O2 (1Dg) in the skin of live rodents exposed to

ultraviolet light A (UVA) using chemiluminescent

detection and imaging. Yamazaki et al. [10] found

that the product of the O2 (1Dg)-specific oxygenation

of cholesterol, cholesterol 5a-hydroperoxide, accu-

mulated in the skin of rats treated with an oral dose of

a photosensitizer and subsequently exposed to visible

light. We recently combined thin layer chromatogra-

phy (TLC) with gas chromatography-electron ioniza-

tion-mass spectrometry/selective ion monitoring

(GC-EI-MS/SIM) to quantify peroxidized cholesterol

and succeeded in detecting cholesterol 5a-hydroper-

oxide in the skin of live hairless mice [11]. However,

no direct evidence of the O2 (1Dg)-specific oxygena-

tion of esterified and free unsaturated fatty acids in

vivo was obtained.

In the present study, we aimed to detect and

quantify O2 (1Dg)-specific oxygenation products of

two major C-18 unsaturated fatty acids, oleic acid

and linoleic acid in esterified and free forms, as these

peroxidized lipids seem to not only exert cytotoxic

effects but also act as a photo-oxidative stress signal

[12,13]. The results indicate that O2 (1Dg)-dependent

oxygenation of esterified oleic acid and linoleic acid

occurs in the skin in vivo.

Materials and methods

Chemicals and reagents

Methyl oleate (methyl 9Z-octadecenoate) and methyl

linoleate (methyl 9Z, 12Z-octadecadienoate) were

purchased from Nu-Chek Prep. Inc. (Elysian, MN).

Uniformly 13C-labelled methyl oleate (U-13C-methyl

oleate) and uniformly 13C-labelled methyl linoleate

(U-13C-methyl linoleate) were obtained from Spectra

Stable Isotopes (Columbia, MD). Isomeric mixtures

of methyl oleate hydroperoxides (MO-OOHs) and

methyl linoleate hydroperoxides (ML-OOHs) were

prepared from both labelled and unlabelled methyl

oleate and methyl linoleate using methylene blue-

sensitized photo-oxidation according to methods

described previously [2]. The purity of MO-OOHs

and ML-OOHs was checked by TLC and their

concentrations were determined with a lipid hydro-

peroxide (LPO) assay kit (Cayman Chemical Co.

Ann Arbor, MI) [14]. The extract was stored at

�308C after filtration with Milex R-HV (Millipore,

Billerica, MA). Just before the GC-EI-MS/SIM

analysis, MO-OOHs and ML-OOHs were converted

to trimethylsilyl derivatives by reducing their hydro-

peroxyl groups to hydroxyl groups with NaBH4 and

subsequent trimethylsilylation with trimethylsilyldia-

zomethane as described elsewhere [2,15]. All other

reagents and solvents were of guaranteed reagent

grade from Kanto Chemical Co. (Tokyo, Japan).

Experiments with animals

Male Hos;HR-1 hairless mice, 8 weeks old, were

purchased from SLC Japan, Inc. (Hamamatsu, Ja-

pan) and maintained under standard experimental

conditions (258C, 60% humidity; light and dark cycle

every 12 h) according to the Guidelines for Animal

Experimentation of the University of Tokushima.

Mice were fed with standard chow (Oriental Yeast

Co. Ltd., Tokyo, Japan) and water ad libitum for 3

weeks. For the experiment in vivo, mice were then

exposed to irradiation with a UVA projection lamp

(Matsushita Electric Industrial Co. Ltd. Osaka,

Japan) for 8 h. The total amount of UVA delivered

to the skin was adjusted to 47 J/cm2. After the

irradiation, mice were anaesthetized with sodium

pentobarbital (50 mg/kg) and a section of dorsal

skin, 1.0 cm�2.0 cm, was obtained to avoid

contamination from hypodermic fats and stored at

�808C prior to the analysis but for no more than 5

days. For the experiment in vitro, skin without

irradiation was prepared as above and also stored at

�808C.

Preparation of skin samples for GC-EI-MS/SIM

For the experiment in vivo, nine volumes of 0.1 M

Tris-HCl buffer (pH 7.4) was added to the dorsal skin

preparation and then the mixture was homogenized

with a Polytron homogenizer (Kinematica AG, Littau/

luzern, Switzerland). For the experiment in vitro, skin

homogenate was prepared as above and then exposed

to UVA light at the same intensity as in the experiment

in vivo for 8 h at 378C. In both experiments, total

lipids were immediately extracted from 1.0 ml of the

homogenates by the method of Bligh and Dyer [16]

after the addition of internal standard mixtures, each

5 nmol of U-13C-MO-OOHs and U-13C-ML-OOHs.

The extract was evaporated in vacuo and the residual

lipids were dissolved in 200 ml of methanol solution.

For the reduction of the hydroperoxyl group and the

oxo group of peroxidized lipids in the solution, a few

crystals of NaBH4 were added to the solution and kept

in an ice bath for 1 h. Then a few drops of acetic acid

were added and lipids were again extracted by the

method of Bligh and Dyer [16] and finally the solvent

was evaporated in vacuo. For the transmethylation of

the hydroxyl derivative of esterified lipids, the residue

was then mixed with 28% sodium methoxide in

600 mL of methanol solution and left at 608C for 1

h. After a few drops of acetic acid were added to the

solution, water (1.0 ml) and hexane (1.0 ml) were

added successively. After centrifugation, the hexane

layer was collected as the solution containing methyl

esters of hydroxyl fatty acids. For the methylation of

free fatty acids in the extracted lipids, the residue was

dissolved into 200 mL of methanol and 30 mL of 10%

trimethylsilyldiazomethane in hexane solution (Tokyo

Chemical Industry Co. Ltd, Tokyo, Japan) and left at
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room temperature for 30 min. After the addition of a

few drops of acetic acid, the solvent was removed and

a chloroform solution was added. Both solutions were

charged onto a silica gel 60F254 TLC plate (0.25 mm

thickness, Merck) and developed with a solvent of

hexane and diethyl ether (1:1, by vol). The plate was

then blotted onto a PVDF membrane as described

previously [17,18]. After the blotting, the spot whose

Rf value corresponded to standard hydroxyl deriva-

tives of methyl oleate and linoleate (Rf�0.3090.05)

was cut out and immersed into a solution of chloro-

form and methanol (1:1, by vol) with shaking for

1 min. Then, the solvent was evaporated in vacuo and

the residue was mixed with 50 ml of N, O-bis

(trimethylsilyl) trifluoroacetamide in acetonitrile so-

lution and incubated at 608C for 5 min for the

preparation of trimethylsilyl derivatives. For the

analysis of the fatty acid composition of skin lipids,

the lipid extract obtained from non-irradiated skin

homogenate was analysed with GLC after trans-

methylation using a fused silica capillary column,

CP-Wax (0.32 mm�30 m length�0.2 mm thick-

ness; Supelco, Bellefone, PA) [19].

GC-EI-MS/SIM

The GC-EI-MS analysis was performed with an

AQP5050 mass spectrometer (Shimadzu Co., Kyoto,

Japan) equipped with a SPB-1 fused silica capillary

column (30 m�0.25 mm ID, 10 mm film thickness;

Supelco, Bellefonte, PA) and splitless injection of

1 ml in the electron impact ionization mode at 70 eV

[20]. The carrier gas, helium, was applied at a flow

rate of 1.0 ml/min. The injection temperature was set

at 2608C and the column oven was held at 508C for

2 min before being elevated to 2908C at a rate of

108C/min. The column oven was kept at the final

temperature for 10 min. Mass spectra were obtained

in the full-scan mode over a mass range from m/z

50 to 600. SIM was performed at a dwell time of

200 ms.

Results

GC-EI-MS/SIM of standard MO-OOHs and

ML-OOHs for the quantification of peroxidized

oleate and linoleate in the skin

Scheme 1 shows the fragmentation patterns of the

trimethylsilyl derivatives of isomeric MO-OHs and

ML-OHs in the mass spectrometric analysis. O2

(1Dg)-specific oxygenation of methyl oleate is known

to produce equal amounts of the 9- and 10-isomers

[21,22]. The fragment ions due to a-cleavage of

the trimethylsilyloxyl group are formed at m/z 227

for the 9-isomer and m/z 271 for the 10-isomer [2].

R1 H= 3 HC(C 2)6-

R2 HC(-= 2)6 HCOOC 3

R3 H= 3 HC(C 3)3-

R1 R2

O
iS

HO-9 AO

R1 R2

O
iS

HO-01 AO

R3 R2

O
iS

HO-9 AL

R3 R2

O
iS

HO-01 AL

R3 R2

O
iS

HO-21 AL

R3 R2

O
iS

HO-31 AL

)423(113z/m

)532( 522z/m

)182( 172z/m

)291( 581z/m

)532( 522z/m

)423(113z/m

)732( 722z/m

)182( 172z/m

Scheme 1. Fragmentation patterns of the trimethylsilyl derivative of methyl hydroxyloctadecenoate from MO-OOHs and trimeylsilyl

derivative of methyl hyroxyloctadecadienoate from ML-OOHs. Isomer-specific a-cleavage ions were obtained. Numbers (m/z) in

parentheses are calculated from U-13C-MO-OOHs and U-13C-ML-OOHs. OA 9-OH; methyl 9-hydroxy-10E-octadecenoate; OA 10-OH:

methyl 10-hydroxy-9E-octadenoate; LA 9-OH: methyl 9-hydroxy-10E,12Z-octadecadienoate; LA 10-OH; methyl 10-hydroxy-8E,12Z-

octadecadienoate; LA 12-OH; methyl 12-hydroxy-9Z,13E-octadecadienoate; LA 13-OH; methyl 13-judroxy-9Z,11E-octadecadienoate.
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For the trimethylsilyl derivatives of U-13C-MO-OHs,

characteristic fragment ions occur at m/z 237 and m/z

281 for the 9- and 10-isomers, respectively. In the

case of methyl linoleate, the two unconjugated diene

isomers (the 10-isomer and 12-isomer) and two

conjugated diene isomers (the 9-isomer and 13-

isomer) are evenly formed by O2 (1Dg)-specific

oxygenation [21�23]. Fragment ions at m/z 271 and

m/z 185 are ascribed to a-cleavage of the unconju-

gated 10- and 12-isomers of the trimethylsilyl deri-

vatives, respectively [2,20]. The fragment ions at m/z

281 and m/z 192 are also characteristic of the 10- and

12-isomers derived from U-13C-MO-OHs. Both ions

at m/z 225 and m/z 311 containing pentadiene

structure are characteristic of conjugated 9- and 13-

isomers [2,20]. The fragment ions at m/z 235 and

324 are from the conjugated isomers of U-13C-ML-

OHs similarly to unlabelled conjugated isomers. We

therefore selected these fragment ions for SIM to

quantify isomeric MO-OOHs and ML-OOHs in the

GC-EI-MS analysis.

Figure 1 shows the result of GC-EI-MS/SIM for

isomeric MO-OOHs. The fragment ions derived

from the 9-isomer and 10-isomer, both labelled

and unlabelled, were clearly detected in the chro-

matogram (Rt�19.5 min). The standard curves

with the peak area ratio (unlabelled to labelled)

obtained by the mixture of unlabelled and labelled

MO-OOHs were linear in both the 9- and 10-

isomers (r�0.999) in the range between 0.1�
5.0 nmol in the sample solution (data not shown).

Figure 2 also shows representative SIM chromato-

grams with characteristic ions for trimethylsilyl

derivatives of ML-OHs. The fragment ions for the

unconjugated 10- and 12-isomers both appeared at

Rt�19.3 min. In addition, the characteristic ions

for the conjugated 9- and 13-isomers appeared at

Rt�19.5�19.6 min. Therefore, the 9-isomer and

13-isomer could not be well distinguished because of

similar retention times and the same fragment ions

in the SIM chromatogram. Thus, the sum of the

peak areas arising from the 9- and 13-isomers was

used for the standard curve with the mixture of

labelled and unlabelled ML-OOHs for the calcula-

tion of isomeric ML-OOHs. The standard curve

with the peak area ratio obtained for the mixture of

unlabelled and labelled forms was linear for both the

10- and 12-isomer and the sum of the 9- and 13-

isomer (r�0.998, 0.999 and 0.999, respectively) in

the range 0.1�2.5 nmol in the sample solution (data

not shown). Collectively, it is concluded that GC-

EI-MS/SIM for trimethylsilyl derivatives is capable

of quantifying hydroperoxide isomers derived from

oleate and linoleate in biological samples separately,

when U-13C MO-OOH and U-13C-ML-OOH are

used as internal standards and the peroxidized oleate

and linoleate in esterified and free forms are con-

verted to their methyl esters.

Figure 1. GC-EI-MS/SIM analysis of isomeric MO-OHs. MO-OHs were prepared by methylene blue-sensitized photo-oxidation and

analysed as trimethylsilyl derivatives. (A) SIM chromatogram of unlabelled MO-OHs and (B) the mass spectrum at RT�19.5 min. (C)

SIM chromatogram of labelled U-13C-MO-OHs and (D) the mass spectrum at Rt�19.5 min.
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Detection and quantification of peroxidized oleate and

linoleate isomers of mouse skin lipids in free form and

esterified form

The fatty acid composition of mouse skin lipids

determined by GLC was as follows; unsaturated

fatty acids; 18:1 (23.091.5%), 18:2 (19.190.2%),

20:4 (14.191.3%), 22:6 (6.890.4%), saturated

fatty acids; 16:0 (21.890.7%), 18:0 (11.590.4%).

Therefore, oleic acid (18:1) and linoleic acid (18:2)

were major C18 unsaturated fatty acids serving as the

target for the analysis of peroxidized lipids. At first,

peroxidized skin lipids were reduced to their hydroxyl

derivatives by treatment with NaBH4. Then, they

were converted to methyl ester by two different

methods, transmethylation with sodium methoxide

for esterified oleate and linoleate and methylation of

the carboxyl group with diazomethane for free oleic

acid and linoleic acid. We employed TLC-blotting

for isolation of the resulting hydroxyl long-chain fatty

acid methyl esters. After trimethylsilylation, GC-EI-

MS/SIM was applied to the trimethylsilyl derivatives

as described for the standard MO-OHs and ML-

OHs. Isomeric hydroxyoctadecenoic acid derived

from peroxidized oleate and hydroxyoctadecadienoic

acid from peroxidized linoleate were quantified

successfully by applying the standard curve using

labelled and unlabeled MO-OOHs and ML-OOHs.

Figure 3 shows a typical SIM chromatogram for

peroxidized oleate and linoleate in the esterified form

obtained from live mouse skin without UVA-irradia-

tion. The peaks for the 9-isomer and 10-isomer

derived from peroxidized oleate appeared at Rt�
19.5 min (Figure 3A). The peaks for the unconju-

gated 10- and 12-isomers and the conjugated 9- and

13-isomers derived from peroxidized linoleate were

present at Rt�19.3 min and Rt�19.5�19.6 min,

respectively (Figure 2B). All possible isomers ascrib-

able to O2 (1Dg)-specific oxygenation of oleate and

linoleate were quantified using this technique as

shown in Table I. Peroxidized oleate and linoleate

in esterified form were apparently predominant as

compared with those in free form, indicating that

lipid peroxidation mainly occurs at unsaturated fatty

acids not in free form but in esterified form. The

unconjugated 10- and 12-isomers in peroxidized

linoleate are specific for O2 (1Dg)-dependent oxyge-

nation of linoleate, although the conjugated 9- and

13-isomers are derived from both O2 (1Dg)-specific

oxygenation and the free radical chain oxidation [21�
23]. In addition, the 9- and 10- isomers are

characteristic of O2 (1Dg)-specific oxygenation of

oleate [21,22]. It is therefore concluded that O2

(1Dg) is, at least partly, responsible for the peroxida-

tion of lipids occurring in the skin of live hairless

mice. The fact that the sum of the conjugated 9- and

13-isomers was significantly higher than the sum of

the 10- and 12-isomers in peroxidized linoleate in

esterified form demonstrated that free radical-

mediated lipid peroxidation proceeds concurrently

Figure 2. GC-EI-MS/SIM analysis of isomeric ML-OHs. ML-OHs were prepared by methylene blue-sensitized photo-oxidation and

analysed as trimethylsilyl derivatives. (A) SIM chromatogram of unlabelled ML-OHs and (B) the mass spectrum at RT�19.3 min. (C)

mass spectrum at RT�19.5 min. (D) SIM chromatogram of labelled U-13C-ML-OHs and (E) the mass spectrum at Rt�19.3 min. (F) the

mass spectrum at RT�19.5 min.
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with O2 (1Dg)-dependent oxygenation and the result-

ing products accumulate considerably in the skin,

because the free radical-mediated peroxidation of

linoleate is known to produce equal amounts of the

conjugated 9- and 13-isomers exclusively [3,24].

Effect of in vivo and in vitro UVA-irradiation to the skin

on peroxidized oleate and linoleate

To know the difference between in vivo and in vitro

lipid peroxidation occurring in UVA-exposed skin of

hairless mice, GC-EI-MS/SIM was applied to skin

lipid samples prepared by two different procedures.

The mice were kept for 8 h with or without

continuous UVA irradiation and then skin tissue

was stripped and homogenized (in vivo study).

Alternatively, homogenate was first prepared from

skin tissue and then incubated for 8 h with or without

continuous UVA irradiation (in vitro study). In both

cases, the strength of the UVA was the same and

lipids were immediately extracted after the irradia-

tion. Table II shows the quantitative data for perox-

idized oleate and linoleate in esterified form after 8 h

with and without UVA-irradiation. In the in vivo

experiment, little difference was observed between

the amount of each isomer with UVA-irradiation and

without UVA-irradiation except for that of the con-

jugated 10- and 12-isomers for peroxidized linoleate.

Thus, it is apparent that in vivo, UVA-irradiation

induced O2 (1Dg)-driven oxygenation but did not

accelerate free radical radical-mediated lipid perox-

idation. In contrast, levels of all isomers were elevated

significantly by in vitro exposure to UVA as compared

with those without treatment. In particular, the

conjugated 9- and 13-isomers together accounted

for most of the peroxidized linoleate. Even without

UVA irradiation, the sum of the 9- and 13-isomers

was much greater in the in vitro experiment than in

vivo experiment. Therefore, free radical-mediated

lipid peroxidation occurred predominantly and the

exposure to UVA accelerated free radical-driven lipid

peroxidation in vitro.

Discussion

We already developed a method for detecting lipid

hydroperoxide isomers by combining TLC blotting

and GC-MS/SIM and used it to identify cholesteryl

ester hydroperoxide isomers in oxidized human low

density lipoprotein [20]. Here we applied the techni-

que to a quantitative analysis of esterified and free

fatty acid hydroperoxide isomers in mouse skin. For

the precise quantification of peroxidized oleate and

linoleate, we introduced an isomeric mixture of,

respectively, U-13C labelled hydroperoxides, U-13C

MO-OOH and U-13C ML-OOH, as internal stan-

dards. We found neither any significant increase in

MO-OOH/ML-OOH with the freezing and thawing

procedure, nor the effect of non-oxidized methyl

Figure 3. SIM chromatogram for peroxidized oleate and linole-

ate in esterified form from hairless mouse skin. Total lipids were

extracted from the skin and subjected to GC-EI-MS/SIM as

trimethylsilyl derivatives after reduction with NaBH4 and trans-

methylation. SIM chromatograms were obtained by use of specific

fragment ions for isomeric MO-OHs (A) and isomeric ML-OHs

(B). OA 9-OH; methyl 9-hydroxy-10E-octadecenoate; OA 10-

OH: methyl 10-hydroxy-9E-octadenoate; LA 9-OH: methyl

9-hydroxy-10E,12Z-octadecadienoate; LA 10-OH; methyl 10-

hydroxy-8E,12Z-octadecadienoate; LA 12-OH; methyl 12-hydro-

xy-9Z,13E-octadecadienoate; LA 13-OH; methyl 13-hydroxy-

9Z,11E-octadecadienoate.

Table I. Determination of peroxidizied oleic acid and linoleic acid in esterified form and free form as the isomers of methyl trimethylsilyl

derivatives of methyl hydroxyoctadecenoate (OA-OH) and trimethylsilyl derivatives of hydroxyocdadecadienoate (LA-OH) in hairless mouse

skin (nmol/g tissue).

(nmol/g tissue) OA 9-OH OA 10-OH LA 10-OH LA 12-OH LA 9/13-OH

Esterified form 4.290.8 3.990.6 3.790.7 3.290.8 25.093.6

Free form 0.290.1 0.690.1 0.190.1 0.290.1 1.790.8

Total lipids were extracted from non-treated mice skin tissue and peroxidized oleate and linoleate were reduced by NaBH4 and concentrated

by TLC blotting. Resulting hydroxy fatty acids were converted to their methyl ester and subjected to GC-EI-MS/SIM analysis as trimethyl-

silyl derivatives. Data were expressed as the mean value9SD (n�5).
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linoleate added to the skin on MO-OOH/ML-OOH

contents (data not shown). Thus, this methodology is

suitable for determining the peroxidized lipids pre-

sent in skin without interference from artificial

hydroperoxides. By using GC-MS, Yoshida and

Niki [25] quantified the total amount of hydroxyoc-

tadecadienoic acid, which includes the esterified and

free forms of LA-OOH and its hydroxyl derivatives in

human plasma and ethythrocytes. They also sug-

gested that the total level of hydroxyloctadecadienoic

acid is a suitable oxidative stress marker in vivo.

Nevertheless, they did not refer to the isomers of

hydroxyoctadecadienoic acid derived from O2 (1Dg)

oxygenation. Van Kuijk et al. [26] confirmed that

photo-oxidation of rat retina total lipids yielded

unique unconjugated hydroperoxide isomers of ara-

chidonoyl and docosahexanoyl esters arising from O2

(1Dg) oxygenation of phospholipids. Furthermore, we

found that the 9- and 10-isomers of peroxidized

phosphatidylcholine resulting from the reaction of

O2 (1Dg) with its oleic acid moiety in mouse skin

homogenate were increased by UV-A irradiation in

vitro [19]. However, the current study demonstrated

that O2 (1Dg) oxygenation-specific peroxidation pro-

ducts, that is the 9- and 10-isomers from oleic acid

and the unconjugated 10- and 12-isomers from

linoleic acid, accumulate in a biological system in

vivo. This serves as evidence that O2 (1Dg) can be

generated in the skin of hairless mice under normal

feeding conditions. Our method did not distinguish

lipid hydroperoxides from their keto/hydroxyl deriva-

tives as the analysis was accomplished after the

reduction of hydroperoxyl and oxo groups to hydrox-

yl groups. However, the esterified form of peroxidized

fatty acid could be distinguished from the free form.

Table I clearly shows the peroxidized lipids accumu-

lated in the skin to be mostly derived from the

esterified form. Our preliminary study revealed that

free fatty acid makes up �10% of the total amount of

skin lipids. It is therefore suggested that for O2 (1Dg)

oxygenation, esterified lipids constituting the majority

of skin lipids are preferred.

The distribution of isomeric hydroperoxides de-

rived from oleic acid and linoleic acid reflects the

contribution of O2 (1Dg) oxygenation to the perox-

idation of lipids in the skin. O2 (1Dg) oxygenation of

linoleic acid yields equal amounts of the 9-, 10-, 12

and 13-isomers, whereas free radical-dependent per-

oxidation including the radical chain reaction pro-

duces the conjugated 9- and 13-isomers exclusively

[3]. The 9- and 10-isomers from oleic acid can be

ascribed to the O2 (1Dg) oxygenation of oleic acid,

because free radical oxygenation of oleic acid produ-

cing the 8-, 9-, 10- and 11-isomers hardly occurs as

compared with O2 (1Dg) oxygenation [27]. Thus,

O2 (1Dg) oxygenation preceded free radical-depen-

dent peroxidation in esterified oleic acid and linoleic

acid in hairless mouse skin in vivo.

It is unclear why O2 (1Dg) oxygenation occurred in

the mouse skin under ordinary feeding conditions.

Exposure to visible light may enhance photosensitized

oxidation of Type II in the skin of hairless mice. A

self-reaction of lipid peroxyl radicals may also parti-

cipate in the generation of O2 (1Dg) as lipid peroxyl

radicals were reported to be generated in live hairless

mice exposed to UV irradiation [28]. Our results

clearly demonstrated that a single exposure to UVA in

vivo does not enhance the production of hydroper-

oxide as compared with the exposure of skin homo-

genate in vitro (Table II). Interestingly, O2 (1Dg)

oxygenation also occurred significantly in vitro, as

the unconjugated 10- and 12-isomers from linoleate

and the 9- and 10-isomers from oleic acid also

increased in the UVA-irradiated skin homogenate.

Thus, the extent to which lipids are peroxidized in

vitro seems to be exaggerated.

O2 (1Dg) is suggested to be involved in the cross-

linking of collagen by activating interstitial collage-

nase, that is matrix-metalloproteinases (MMPs) [29].

Furthermore, it is reported that lipid hydroperoxides

participate in the expression of MMPs during photo-

ageing [30]. Thus, O2 (1Dg) oxygenation and the

resulting lipid hydroperoxides may be responsible for

the induction of photoageing. Further study is

Table II. Contents of the isomers of methyl hydroxyloctadecenoate from peroxidized oleate (OA-OH) and the isomers of methyl

hydroxyoctadecadienoate from peroxidized linoleate (LA-OH) in esterified form obtained from hairless mouse skin with and without UVA-

irradiation (nmol/g tissue). (A) in vivo experiment (B) in vitro experiment.

OA 9-OH OA 10-OH LA 10-OH LA-12-OH LA 9/13-OH

(A) In vivo

(�) UVA 6.4391.73 6.0791.64 3.7391.27 3.0691.13 23.895.4

(�) UVA 8.0491.50 7.4291.10 5.4690.80* 5.2090.98* 23.594.0

(B) In vitro

(�) UVA 7.8390.68 8.3290.59 2.4490.22 2.6190.18 132.9916.8

(�) UVA 23.0591.39* 23.7292.11* 10.4891.56* 10.7191.25* 362.6956.3*

Total lipids were extracted from the mice skin tissue and peroxidized oleate and linoleate were reduced by NaBH4 and concentrated by TLC

blotting. Resulting hydroxyl fatty acids in esterified form were converted to their methyl ester and subjected to GC-EI-MS/SIM analysis as

trimethylsilyl derivatives. Data were expressed as the mean value9SD (n�5). * Significantly different from the value obtained from the

mice without UVA((�)UVA) (pB0.05).
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warranted to know the relationship between the O2

(1Dg)-mediated peroxidation of lipids and the activa-

tion of MMPs in the skin.

References

[1] Foote CS. Photosensitized oxygenation and the role of singlet

oxygen. Acc Chem Res 1968;1:104.

[2] Terao J, Matsushita S. Products formed by photosensitized

oxidation of unsaturated fatty acid esters. J Am Oil Chem Soc

1977;54:234�238.

[3] Frankel EN. Chemistry of free radical and singlet oxidation of

lipids. Prog Lipid Res 1984;23:97�221.

[4] Russell GA. Deuterium-isotope effects in the autoxidation of

alkyl hydrocarbons. Mechanism of the interaction of peroxyl

radicals. J Am Chem Soc 1957;79:3871�3877.

[5] Miyamoto S, Martinez GR, Medeiros MHG, DiMasio P.

Singlet molecular oxygen generated from lipid hydroperoxides

by the Russel mechanism: Studies using 18O-labeled linoleic

acid hydroperoxide and monomol light emission measure-

ments. J Am Chem Soc 2003;125:6172�6179.

[6] Miyamoto S, Martinez GR, Martins APB, Medeiros MHG,

Dimacio P. Direct evidence of singlet molecular oxygen O2

(1Dg) production in the reaction of linoleic acid hydroperoxide

with peroxynitrite. J Am Chem Soc 2003;125:4510�4517.

[7] Steinbeck MJ, Khan AU, Karnovsky MJ. Intracellular singlet

oxygen generation by phagocytosing neutrophils in response

to particles coated with a chemical trap. J Biol Chem 1992;

267:13425�13433.

[8] Yasui H, Sakurai H. Age-dependent generation of reactive

oxygen species in the skin of live hairless rats exposed to UVA

light. Exp Dermatol 2003;12:655�661.

[9] Yasui H, Sakurai H. Chemiluminescent detection and ima-

ging of reactive oxygen species in live mouse skin exposed to

UVA. Biochem Biophys Res Comm 2000;269:131�136.

[10] Yamazaki S, Ozawa M, Hiratsuka A, Watabe T. Photogenera-

tion of 3b-hydroxy-5a-cholest-6-ene-5-hydroperoxide in rat

skin: evidence for occurrence of singlet oxygen in vivo. Free

Radic Biol Med 1999;27:301�308.

[11] Minami Y, Yokoi S, Setoyama M, Bando N, Takeda S, Kawai

Y, Terao J. Combination of TLC blotting and gas chromato-

graphy-mass spectrometry for analysis of peroxidized choles-

terol. Lipids 2007;42:1055�1063.

[12] Girotti AW, Kriska IT. Role of lipid hydroperoxides in photo-

oxidative stress signaling. Antioxid Redox Signal 2004;6:301�
310.

[13] Girotti AW. Photosensitized oxidation of membrane lipids:

reaction pathways, cytotoxic effects, and cytoprotective me-

chanisms. J Photochem Photobiol 2001;B63:103�113.

[14] Cramer GL, Mille Jr JF, Pendleton RB, Lands WE. Iodo-

metric measurement of lipid hydroperoxides in human

plasma. Anal Biochem 1991;193:204�211.

[15] Terao J, Shibata SS, Matsushita S. Selective quantification of

arachidonic acid hydroperoxides and their hydroxyl deriva-

tives in reverse-phase high performance liquid chromatogra-

phy. Anal Biochem 1988;169:415�423.

[16] Bligh EG, Dyer WJ. A rapid method of total lipid extraction

and purification. Can J Biochem Physiol 1959;37:911�917.

[17] Terao J, Miyoshi S, Miyamoto S. Thin-layer chromatography

blotting for the fluorescence detection of phospholipid

hydroperoxides and cholesteryl ester hydroperoxides. J Chro-

matogr 2001;B765:199�203.

[18] Miyamoto S, Dupas C, Murota K, Terao J. Phospholipid

hydroperoxides are detoxified by phospholipase A2 and GSH

peroxidase in rat gastric mucosa. Lipids 2003;38:641�649.

[19] Bando N, Hayashi H, Wakamatsu S, Inakuma T, Miyoshi M,

Nagao A, Yamauchi R, Terao J. Participation of singlet oxygen

in ultraviolet-A-induced lipid peroxidation in mouse skin and

its inhibition by dietary b-carotene: An ex vivo study. Free

Radic Biol Med 2004;37:1854�1863.

[20] Kawai Y, Miyoshi M, Moon JH, Terao J. Detection of

cholesteryl ester hydroperoxide isomers using gas chromato-

graphy-mass spectrometry combined with thin-layer chroma-

tography blotting. Anal Biochem 2007;360:130�137.

[21] Frankel EN, Neff WE, Besler T. Analysis of autoxidized fats

by gas chromatography: V photosensitized oxidation. Lipids

1977;14:961�967.

[22] Terao J, Matsushita S. The isomeric composition of mono-

hydroperoxides produced by oxidation of unsaturated fatty

acid esters with singlet oxygen. J Food Process Preserv

1979;3:329�337.

[23] Thomas M, Pryor WA. Singlet oxygen oxygenation of methyl

linoleate. Isolation and characterization of NaBH4-reduced

products. Lipids 1980;15:544�548.

[24] Frankel EN, Neff WE, Rohwedder WKK, Khambay BPS,

Garwood RF, Weedon BCL. Analysis of autoxidized fats by

gas chromatography. I Methyl linoleate. Lipids 1977;12:908�
913.

[25] Yoshida Y, Niki E. Detection of lipid peroxidation in vivo:

total hydroxy-octadecadienoic acid and 7-hydroxycholesterol

as oxidative stress marker. Free Radic Res 2004;38:787�794.

[26] van Kuijk FJ, Thomas DW, Stephens RJ, Dratz EA. Gas

chromatography-mass spectrometry method for determina-

tion of phospholipids peroxides; I Transesterification to form

methyl esters. J Free Radic Biol Med 1985;1:215�225.

[27] Howard JA, Ingold KU. Absolute rate constants for hydro-

carbon autoxidation VI. Alkylaromatic and olefinic hydro-

carbon. Can J Chem 1967;45:793.

[28] Takeshita K, Chi C, Hirata H, Ono M, Ozawa T. In vivo

generation of free radicals in the skin of live mice under

ultraviolet light, measured by L-band EPR spectroscopy. Free

Radic Biol Med 2006;40:876�885.

[29] Wlaschek M, Briviba K, Striklin GP, Sies H, Scharffetter-

Kochanek K. Singlet oxygen may mediate the ultraviolet A-

induced synthesis of interstitialcollagenase. J Invest Dermatol

1995;104:194�198.

[30] Polte T, Tyrrell RM. Involvement of lipid peroxidation and

organic peroxide in UVA-induced metalloproteinase-1 ex-

pression. Free Radic Biol Med 2004;36:1566�1574.

204 Yuko Minami et al.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

ew
ca

st
le

 U
ni

ve
rs

ity
 o

n 
12

/0
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


