
The skin is an organ functioning as a physical barrier to
protect the body against hazards of the environment. Radia-
tion is one such hazard and pathophysiological changes in
the skin caused by X-ray irradiation include erythema,
desquamation, and alopecia for early changes within hours
and weeks and dermal atrophy and telangiectasia for later 
effects.1—3) The most serious manifestations are skin ulcera-
tion, necrosis and cancer.

Oxidative stress is considered one of the major causes of
ionizing radiation-induced damage.4—7) Exposure to ionizing
radiation leads to the generation of extra reactive oxygen
species and free radicals,8,9) which attack sensitive enzymes,
constitutive proteins, DNA and membrane lipids. When the
intrinsic repair and free radical scavenger systems are not
able to counteract these insults, irreversible oxidative damage
occurs.

To investigate the relationship between radiation-induced
damage and oxidative stress, it is important to evaluate the
oxidative stress quantitatively. However, appropriate markers
for the evaluation of in vivo oxidative stress in the skin and a
method for their measurement have not been fully estab-
lished.

X-Ray irradiation of aqueous solution produces free radi-
cals such as the hydroxyl radical and hydrogen radical.9)

When lipids are attacked by such free radicals, a lipid peroxi-
dation chain reaction occurs. Ascorbic acid and glutathione
(GSH) are typical intrinsic antioxidants present in high con-
centrations in the body. Ascorbic acid reacts with free radi-
cals at near diffusion-controlled rates to produce the ascorbyl
radical and non-radical products. The ascorbyl radical is also
produced by the recycling of vitamin E from its radical form
by ascorbic acid.10) Since the ascorbyl radical has a relatively
long lifespan and is easily detectable even at room tempera-

ture by ESR, the amount of ascorbyl radical may serve as a
natural indicator of oxidative stress.11—13) Glutathione (GSH)
is a potent antioxidant and forms oxidized disulfide (GSSG)
when exposed to oxidative stress. Since intracellular GSH is
usually maintained in the reduced state, the GSH/GSSG ratio
may be an indicator of oxidative stress.14,15) In the present
study, therefore, we examined lipid peroxidation, ascorbyl
radical formation, and glutathione redox status as a possible
quantitative marker for oxidative stress in mouse skin 
incurred by X-ray irradiation.

Experimental
Reagents Leupeptin, aprotinin, pepstatin, sodium orthovanadate,

sodium fluoride, NADPH, bovine serum albumin, glutathione reductase,
GSH and GSSG were products of Sigma (St. Louis, MO, U.S.A.).
Metaphosphoric acid, fluorodinitrobenzene, trifluoroacetic acid, and 1-oc-
tane sulfonic acid were products of Wako Ltd. (Osaka, Japan). Bathophenan-
throline disulfonic acid was obtained from Dojindo Laboratories (Ku-
mamoto, Japan). Water was double distilled and treated with an ultrapure
water apparatus (Simpli Lab, Nihon Millipore K.K., Tokyo, Japan).

X-Ray Irradiation of Mice Four-week-old male hairless mice
(Hos:HR-1) were purchased from Japan SLC Co. (Hamamatsu, Japan) and
kept in the animal house of the National Institute of Radiological Sciences,
with water and food freely available. Whole-body irradiation of mice was
performed using an X-ray generator (Pantak HF-320S, Shimadzu, Kyoto,
Japan) at a dose rate of 1.0 Gy/min. The research was conducted with the 
approval of the institution’s animal use committee.

Preparation of Skin Samples Skin tissue was removed from the backs
of the mice at different time points after irradiation, immediately frozen in
liquid nitrogen, and then stored at �80 °C. For measuring lipid peroxidation
and levels of glutathione, the frozen skin samples were pulverized into a
powder in liquid nitrogen using a freezer mill (6750 Freezer/Mill, SPEX
Certiprep, NJ, U.S.A.). For ESR measurements, skin tissue (55 mg,
4.5�0.6 cm2, 0.6 mm in thickness) was stripped from the backs of the mice.

Lipid Peroxidation Measurements Hairless mice were divided into
three groups of six, one for a control and two for 50 Gy whole-body X-ray
irradiation. The skin samples of the irradiated groups were collected at 30 h
and 78 h and stored at �80 °C after being frozen in liquid nitrogen. Lipid
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To find efficient methods to evaluate oxidative stress in mouse skin caused by X-ray irradiation, several
markers and methodologies were examined. Hairless mice were irradiated with 50 Gy X-rays and skin 
homogenates or skin strips were prepared. Lipid peroxidation was measured using the skin homogenate as the
level of thiobarbituric acid reactive substances. The level of lipid peroxidation increased with time after irradia-
tion and was twice that of the control at 78 h. ESR spectra of skin strips showed a clear signal for the ascorbyl
radical, which increased with time after irradiation in a manner similar to that of lipid peroxidation. To measure
levels of glutathione (GSH) and its oxidized forms (GSSG) simultaneously, two HPLC methods, sample derivati-
zation with 1-fluoro-2,4-dinitrobenzene and detection with a UV detector (method A) and no derivatization and
detection with an electrochemical detector (method B), were compared and the latter was found to be better. No
significant change was observed within 24 h after irradiation in the levels of GSH and GSSG measured by
method B. The GSH/GSSG ratio may be a less sensitive parameter for the evaluation of acute oxidative stress
caused by X-ray irradiation in the skin. Monitoring the ascorbyl radical seems to be a good way to evaluate ox-
idative stress in skin in vivo.
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peroxidation was evaluated as thiobarbituric acid (TBA) reactive substances
(TBARS) according to Ohkawa16) with minor modifications. Briefly, the skin
tissue was pulverized into a powder using a freezer/mill and homogenized
with 4 volumes of a 1.15% KCl solution in an ice-water bath. The reaction
mixture contained 0.1 ml of skin homogenate, 0.2 ml of 8.1% sodium dode-
cyl sulfate, 1.5 ml of a 20% acetic acid solution and 1.5 ml of a 0.8% aque-
ous solution of TBA. The mixture was made up to 4 ml with water and
heated at 95 °C for 1 h. After cooling, the mixture was added to 1.0 ml of
water and 5.0 ml of a mixture of n-butanol and pyridine (15 : 1, v/v) and then
shaken vigorously. After centrifugation at 3500 rpm for 20 min, the ab-
sorbance of the organic layer (upper layer) was measured at 532 nm. The
TBARS level was expressed as the amount of malondialdehyde (MDA),
which was produced by the hydrolysis of 1,1,3,3-tetraethoxypropane as a
standard.

ESR Measurements Skin stripped from the back of the mouse was
placed into a tissue cell and ESR spectra were measured with an X-band
ESR spectrometer (LFR-30, JEOL, Tokyo, Japan) at the following settings:
frequency 9.4 GHz, power 4.0 mW, field center 334.0 mT, sweep width
�5.0 mT, sweep time 15 min, modulation width 0.1 mT, gain 1000, time
constant 1.0 s. The signal intensity is calculated as the ratio of signal height
to a manganese marker placed in a cavity of the instrument. Simulation of
the ESR spectrum was done using software commercially available (Radical
Research Co., Tokyo, Japan).

Glutathione Measurements by HPLC after Derivatization (Method A)
Skin tissue powder was mixed with 9 volumes of a buffer containing 6%
metaphosphoric acid and 1 mM bathophenanthroline disulfonic acid, and ho-
mogenized in an ice-water bath. The suspension was centrifuged at 7790�g
for 5 min at 4 °C and the pH of the supernatant (500 m l) was adjusted to 8.5
using 480 m l of 2.4 M KHCO3 and about 120 m l of 2 M KOH. Derivatization
was achieved by adding 1 ml of 1% 1-fluoro-2,4-dinitrobenzene (DNFB) in
ethanol and incubating in the dark at 40 °C for 2 h. Next, 150 m l of 70% per-
chloric acid was added to the yellow reaction mixture and the mixture was
centrifuged at 5600�g for 5 min. The supernatant was filtered through a
0.22 mm polyvinylidene fluoride (PVDF) membrane filter (4 mm Millex GV,
Millipore) and 15 m l of the filtrate was applied to an HPLC system
(Nanospace SI-2, Shiseido, Tokyo, Japan) with a UV detector (at 365 nm).
The HPLC system is of gradient capability and equipped with an auto-sam-
pler. Mobile phase A was 0.1% trifluoroacetic acid in water and mobile
phase B was 0.1% trifluoroacetic acid in acetonitrile. The column was a
C18, MG, 5 mm, 2.0 mmf�250 mm (Shiseido, Japan). The analysis time for
one sample was 55 min.

Glutathione Measurements by HPLC with the Electrochemical Detec-
tor (Method B) With the same procedure as method A, skin tissue powder
was mixed with 9 volumes of a buffer containing 6% metaphosphoric acid
and 1 mM bathophenanthroline disulfonic acid, and homogenized in an ice-
water bath. The supernatant was filtered through a 0.22 mm PVDF mem-
brane filter (4 mm Millex GV, Millipore) and the filtrate was directly applied
to an HPLC system with a coulometric electrochemical detector. The HPLC
system consists of a high pressure pump (Model 582, ESA, Inc., Bedford,
MA, U.S.A.), a hand injector (Rheodyne 7161) with a 100 m l injection loop,
and a C18 column (4.6 mmf�250 mm, MC Medical Co., Tokyo, Japan).
The elution was 0.6 ml/min and the mobile phase contained 0.1 M phosphate
buffer (pH 2.6 adjusted with 85% phosphoric acid), 0.15 mM 1-octane sul-
fonic acid, 4% methanol, and 0.005% KCG reagent (ESA, Inc.). The detec-
tor was a Coulochem II (ESA, Inc.) with a Model 5010 analytical cell con-
taining two porous graphite electrodes and a Model 5020 guard cell. The
guard cell was set at �900 mV, electrode 1 at �700 mV, and electrode 2 at
�850 mV. Full-scale output was set at 50 mA for electrode 1 and 1 mA for
electrode 2. Recording and analysis of the chromatogram was performed
using commercial software (CHROMELEONTM chromatography managing
system, Dionex Co., Sunnyvale, CA, U.S.A.).

Measurement of Glutathione Reductase Activity The glutathione 
reductase activity was measured using an enzymatic coupling of the reduc-
tion of GSSG to GSH with the oxidation of reduced nicotinamide adenine
dinucleotide phosphate (NADPH) to nicotinamide adenine dinucleotide
phosphate (NADP). A solution containing 200 m l of 100 mM ethylenedi-
aminetetraacetic acid buffer (pH 7.6), 50 m l of 1 mM NADPH, 50 m l of
10 mM GSSG, 50 m l of 10 mg/ml bovine serum albumin, and 100 m l of water
was pre-incubated at 25 °C for 5 min. The solution was transferred to a 
cuvette and 50 m l of a sample solution or standard glutathione reductase 
solution was added, and then absorbance at 340 nm was continuously mea-
sured at 25 °C.

Statistical Analysis An analysis of variance (ANOVA) was used to
compare the difference between groups. The difference between two groups

was evaluated with the Newman–Keuls test. The level of significance was
taken as p�0.05.

Results
Lipid Peroxidation of the Mouse Skin after X-Ray Irra-

diation Figure 1 shows the change in the lipid peroxidation
level of mouse skin homogenate after 50 Gy of X-ray irradia-
tion. The lipid peroxidation measured as the MDA level pro-
gressed with time after the irradiation. The level was signifi-
cantly higher than the control at 30 h after the irradiation and
about twice the control value at 78 h.

Effects of X-Ray Irradiation on the Ascorbyl Radical in
the Skin Figure 2A shows ESR spectra of the ascorbyl rad-
ical in mouse skin. A weak doublet signal was observed in
spectrum a), which was obtained for the skin sample before
irradiation. The signals at both ends are the third and fourth
lines of the manganese signal used for a marker. A stronger
doublet signal was observed for the skin sample obtained at
78 h after X-ray irradiation b). The doublet signal was simu-
lated with a computer and the simulated spectrum is shown
in c). The parameters, hyperfine splitting of 0.1833 mT and a
g-value of 2.0052, correspond to the ascorbyl radical.12,17)

Figure 2B shows the time course of signal intensity of the
ascorbyl radical after X-ray irradiation. The signal gradually
strengthened with time after the irradiation. Similar to the
lipid peroxidation level shown in Fig. 1, the signal intensity
was significantly greater at 30 h and about twice the control
value at 78 h post-irradiation (Fig. 2C). Since we used differ-
ent manganese markers for the experiments in Figs. 2B and
C, we cannot directly compare the signal intensity of those
figures shown as relative intensity to the manganese marker.

Effects of X-Ray Irradiation on Skin Glutathione Con-
centration At first we assessed two HPLC methods
(method A and method B) of measuring glutathione (GSH)
and its oxidized form (GSSG) simultaneously. Method A 
derivatizes GSH and GSSG with DNFB and detects them
with a UV-visible detector after separation with an HPLC-
column. Method B separates GSH and GSSG on an HPLC
column without derivatization and detects them with an elec-
trochemical detector. When a tissue sample was used to mea-
sure GSH and GSSG, both methods showed acceptable lin-
earity and recovery (data not shown). The sensitivity of the
two methods was similar. When commercial GSH and GSSG
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Fig. 1. Lipid Peroxidation of Mouse Skin after X-Ray Irradiation

We used two irradiated and one sham-control group of six mice each. Skin samples
were collected without irradiation and at 30 h and 78 h after irradiation. The skin ho-
mogenate was used to measure malondialdehyde levels with a thiobarbituric acid assay.
The values are means�S.E. obtained for 6 mice each. Statistical significance:
∗ p�0.05, ∗∗ p�0.01.



were measured, method B provided less impurity (GSSG in
GSH, and GSH in GSSG) than method A and the value was
almost equal to the expected one (Fig. 3). In addition,
method B needed less handling to prepare the sample than
did method A. Therefore, we used method B for later mea-
surements of GSH and GSSG.

Table 1 shows the amount of GSH and GSSG in different
tissues of mice. As shown in the table, skin has more GSSG

and less GSH than the liver and brain. 
Figures 4A and B show the amount of GSH and GSSG, 

respectively, in mouse skin irradiated with 50 Gy X-rays. No
significant change was observed for GSH or GSSG even at
24 h after the irradiation. In a different experiment where a
1 ml of a 200 mM GSH aqueous solution in a test tube was ir-
radiated with 50 Gy, the GSH concentration decreased to
195 mM, whereas 2.3 mM of GSSG appeared. The activity of
glutathione reductase increased at 2 h but recovered at 24 h
after the irradiation (Fig. 4C).

Discussion
In general, X-ray irradiation of biological samples pro-

duces free radicals, which cause lipid peroxidation. Previ-
ously, we have reported that lipid peroxidation occurs in
mouse liver after 15 Gy of whole body X-ray irradiation.18) In
the present study, we show that lipid peroxidation also occurs
in mouse skin after X-ray irradiation (Fig. 1A).

We also found that the amount of the ascorbyl radical in
the skin increases after X-ray irradiation. Since this increase
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Fig. 2. Change in Amount of the Ascorbyl Radical in Mouse Skin after X-Ray Irradiation

(A) a) An ESR spectrum of a skin sample prepared from a mouse without irradiation. b) An ESR spectrum of a skin sample prepared from a mouse at 78 h after 50 Gy of X-ray
irradiation. c) A simulated spectrum using parameters of 0.1833 mT for hyperfine splitting and 2.0052 for the g-value. The doublet signal at the center corresponds to the ascorbyl
radical. The strong signals at both ends are from standard manganese. (B) Time-course of the change in the amount of ascorbyl radical in mouse skin after 50 Gy of X-ray irradia-
tion. At each time point after the irradiation, a strip of skin (55 mg, area�4.5�0.6 cm, thickness�0.6 mm), was cut from the mouse and put into a tissue cell, and then X-band ESR
spectra were measured to quantify the amount of ascorbyl radical in the skin. (C) Signal intensity of ascorbyl radical in mouse skin after 50 Gy of X-ray irradiation. We used two ir-
radiated and one sham-control group of six mice each. Skin samples were collected without irradiation and at 30 h and 78 h after irradiation. The signal intensity is calculated as the
ratio of signal height to a manganese marker. The values are means�S.E. obtained for 6 mice each. Statistical significance: ∗ p�0.05, ∗∗ p�0.01.

(A)

(C)

(B)

Fig. 3. Comparison of Two HPLC Methods for Simultaneous Measure-
ment of GSH and GSSG

Standard GSH and GSSG solutions (100 mM each) were prepared from commercial
GSH and GSSG and the purity of each standard solution was evaluated by HPLC with a
UV detector (215 nm). The proportion of GSSG in the standard GSH solution was
0.35% (open bar of Standard). That of GSH in the standard GSSG solution was 0.26%
(hatched bar of Standard). The standard GSH and GSSG solutions were diluted to 1 mM

and the contents of GSSG in GSH (open bar) and GSH in GSSG (hatched bar) were
measured with methods A and B. For a description of methods A and B, see the Materi-
als and Methods section in the text. The values are means�S.D. (n�3).

Table 1. GSH and GSSG Concentrations in Several Tissues of Mice

Skin Liver Brain

GSH (nmol/g tissue) 337�68 3185�355 1627�86
GSSG (nmol/g tissue) 39.3�13.9 15.2�9.4 4.4�2.6
GSH/GSSG 8.6 210 370

Concentrations of GSH and GSSG in tissue homogenates were measured by method
B as described in the text. The values are means�S.D. (n�4 for skin and 3 for liver
and brain).



parallels the increase in lipid peroxidation (increase of
TBARS), the change may reflect oxidative stress in the skin.
Lipid peroxidation is prevented by vitamin E; the vitamin E
radical formed in the membrane phase is reduced back to vit-
amin E by ascorbic acid in the water phase forming ascorbyl
radical.19—22) This recycling reaction could be one of the
mechanisms for producing ascorbyl radical in the skin. Find-
ing the parallel increase of lipid peroxidation and ascorbyl
radical after X-irradiation support this hypothesis. There are
several reports that the production of the ascorbyl radical is
related to oxidative stress in biological systems. Timmins and
Davis reported that measuring the amount of ascorbyl radical
by ESR spectroscopy is useful for studying the production 
of free radicals in intact tissues.23) It was reported that the
amount of ascorbyl radical in plasma increased significantly
in rats under oxidative stress caused by iron overloading.12)

The level of ascorbyl radical in cerebrospinal fluid reportedly
had a strong correlation in acute lymphoblastic leukemia 

patients undergoing chemotherapy.17) Since attempts to spin
trap radicals in skin irradiated with UV or ionizing radiation
have been unsuccessful and ascorbic acid is a natural intrin-
sic antioxidant present at high concentrations in tissues, the
ascorbyl radical may be a good marker for the quantitative
evaluation of oxidative stress in the living body as indicated
in this study.

Glutathione (GSH) is also an intrinsic antioxidant whose
concentration in tissues is high. When oxidized, a dimer
(GSSG) is formed and the equilibrium between GSH and
GSSG is thought to be a possible marker reflecting the redox
status of a living body.15,24) In fact, Navarro et al. have 
reported that X-ray irradiation increases blood GSSG.25) In
the present study, we examine whether the redox equilibrium
of GSH and GSSG can be used as a marker for oxidative
stress in mouse skin. For this purpose, it is important to mea-
sure the amounts of GSH and GSSG simultaneously. HPLC
is best for the quantitative measurement of GSH and GSSG
and two reported methods seemed to be good: detection with
a UV-visible detector after sample derivatization with 1-flu-
oro-2,4-dinitrobenzene (DNFB) (method A)26—28) and direct
detection with an electrochemical detector (method B).29—32)

First, we examined which method best suits our purposes and
found that method B is superior because: 1) There was less
conversion to the other component (GSH to GSSG or GSSG
to GSH) with method B. Method A has a process of derivati-
zation reaction, during which conversion of GSH to GSSG
and GSSG to GSH could occur. When old DNFB was used
for derivatization, more conversion (artifact) was observed
with method A (data not shown). 2) Less handling is required
for sample preparation using method B. 3) Although the sen-
sitivity was similar between the two methods, less starting
sample volume was required for method B than method A.

When mice were irradiated with a high dose (50 Gy) of 
X-rays, no significant change in the concentrations of GSH
and GSSG was observed. When the GSH solution was irradi-
ated with 50 Gy, a reduction in the amount of GSH and the
production of GSSG were observed. A yield of 2.3 mM of
GSSG could be produced by the reaction with 4.6 mM of the
hydroxyl radical, which corresponds to about 30% of the rad-
ical calculated to be produced by 50 Gy irradiation of water
based on the G value (2.7) of hydroxyl radical formation by
radiation. Glutathione couples various metabolic reactions in
living systems. Therefore, the absence of a significant change
in the levels of GSH and GSSG suggests strong homeostatic
metabolism, which may recover GSH by reducing the oxida-
tive GSSG. The increase in glutathione reductase activity 
observed at 2 h after irradiation may imply such a metabolic
response. In addition, there is a GSSG export system in ery-
throcytes and liver cells.33) If such a system exists in skin
cells, the export of GSSG from the skin cells might also con-
tribute to the absence of significant change in the GSH/
GSSG ratio.

It is interesting that the skin has a higher concentration of
GSSG and lower GSH/GSSG value than the liver or brain.
Since the skin is exposed to various forms of environmental
stress, it is reasonable for oxidative stress to be greater in the
skin than in the inner organs.

In conclusion, among the parameters examined, that is, the
level of lipid peroxidation, the amount of ascorbyl radical,
and the GSH/GSSG ratio, the amount of ascorbyl radical
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Fig. 4. Change in Levels of GSH (A), GSSG (B), and Glutathione Reduc-
tase Activity (C) in X-Ray Irradiated Mouse Skin

Content and activity were measured in skin homogenate prepared from mice without
irradiation (Control), immediately after irradiation (Immed.), 2 h after irradiation (2 h)
and 24 h after irradiation (24 h). Statistical significance: ∗ p�0.05.

(A)

(B)

(C)



may be best for the quantitative evaluation of oxidative stress
in the skin, because it increases with time after X-ray irradia-
tion and measuring it is easier than measuring lipid peroxida-
tion. In the present study, we used stripped skin samples for
ESR measurements, which restrict the application of this
method. If the sensitivity of in vivo ESR instruments can be
improved, one could measure the amount of ascorbyl radical
in the skin of living mice and a non-invasive evaluation of
oxidative stress in the skin could be possible.
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