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Heme oxygenase catalyzes heme degradation and is an important component of the antioxi-
dant defense. Nonprotein thiols participate in redox regulation of heme oxygenase gene
expression. Changes in heme oxygenase activity and levels of nonprotein thiols in the liver,
lungs, and brain of C57Bl/6 mice were studied on days 1-7 after whole-body γ-irradiation in
a dose of 10 Gy. The maximum increase in heme oxygenase activity was observed in the
liver (to 196% in females and to 250% in males) and was associated with an 8-fold increase
in the level of heme oxygenase-1 (inducible form of the enzyme) mRNA. The increase in
heme oxygenase activity was less pronounced in the lungs, while in the brain this parameter
slightly decreased. Changes in the levels of nonprotein thiols were sex-dependent: in the liver
and lungs this parameter increased in females and decreased in males.
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Microsomal enzyme heme oxygenase (HO; EC 1.14.
99.3) is an important component of intracellular anti-
oxidant defense, realizing oxidative degradation of the
heme molecule with the formation of carbon mono-
xide, Fe2+, and biliverdin, which, in turn, is rapidly
reduced to bilirubin by biliverdin reductase [5,8,11].
In mammals HO is presented by 3 isoforms: inducible
isoform HO-1 and two constitutive isoforms HO-2 and
HO-3 [6]. HO-1 belongs to heat shock proteins and is
also known as HSP32 [4]. Induction of HO-1 by phy-
sical and chemical agents inducing ROS generation in
the body is an adaptive defense response to oxidative
stress [2,4]. The protective role of HO is attributed to
removal of free heme (prooxidant) and formation of
bioactive products [8,11]. HO ensures the only known
biologically significant route of elimination of cyto-

toxic free heme forming during degradation of hemo-
proteins. Bilirubin is the main end-product of heme
degradation and a potent antioxidant [3], while carbon
monoxide actively participates in the signal transduc-
tion and exhibits potent antiinflammatory properties
[6]. Bivalent iron released during heme degradation is
characterized (similarly as free heme) by prooxidant
effects, but increased level of iron is rapidly compen-
sated by induction of ferritin synthesis [15]. Ferritin
is an iron-binding protein preventing involvement of
these ions in oxidative processes. The important role
of HO in the regulation of cell homeostasis is also due
to the fact that its substrate (heme) is a prosthetic
group for many vital enzymes, including cytochrome
P-450, NO-synthase, soluble guanylate cyclase, cata-
lase, glutathione peroxidase, and other hemoproteins.
Hence, HO can modify the antioxidant status by dif-
ferent ways, in contrast to other antioxidant enzymes
realizing only one route of ROS elimination.

The key component of redox regulation of signal
transduction and expression of antioxidant enzymes is
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reduced glutathione, which, as a direct capturer of free
radicals and a component of the glutathione peroxi-
dase system, possesses intrinsic antioxidant activity
[7,9]. Reduced glutathione constitutes the greater (up
to 90%) part of free intracellular nonprotein thiol (NPT)
pool.

Here we studied changes in HO activity and NPT
levels in the liver, lungs, and brain of C57Bl/6 mice
after whole-body γ-irradiation in a lethal dose.

MATERIALS AND METHODS

Experiments were carried out on 7-8-week-old male
and female C57Bl/6 mice (Daehan Biolink). The ani-
mals were kept under common vivarium conditions
(KIRAMS: Korea Institute of Radiological & Medical
Sciences): 12:12 h light:dark regimen, 22±2oC, rela-
tive humidity 50%, standard granulated fodder, and
water ad libitum. Care of and experimental procedures
on animals were carried out in accordance with the
KIRAMS regulations. Whole-body γ-irradiation was
carried out on a Theratron 780 device (Atomic Energy
of Canada, Ltd.) with a 60Co source in a single dose
of 10 Gy (0.5 Gy/min dose power).

Activity of HO was determined by chloroform
extraction of bilirubin formed in the incubation mix-
ture, its measurement by spectrophotometry [10], and
was expressed in picomoles of bilirubin formed per
mg protein over 1 h. Protein concentration was mea-
sured by the standard method [12].

The content of NPT was measured as described
previously [13] and expressed in µmol/g tissue.

The level of HO-1 mRNA expression was evalua-
ted by reverse transcription PCR (RT-PCR). RNA was
extracted from mouse liver samples using RNAzol

(Tel-Test). cDNA was obtained is a reaction mixture
(total volume 50 µl) containing 50 mM Tris-HCl buf-
fer (pH 8.3), 3 mM MgCl2, 75 mM KCl, 2.5 µg/ml
pd(N)6-primer, 0.5 mM each dNTP, 10 U AMV re-
verse transcriptase (Amersham Pharmacia Biotech),
and 1 µg RNA extracted from liver samples. The re-
sultant cDNA was amplified by PCR in a reaction
mixture (total volume 40 µl) containing 10 mM Tris-
HCl buffer (pH 8.3), 1.5 mM MgCl2, 50 mM KCl, 0.5
mM each dNTP, 1.0 µM 5'- and 3'-primers, 0.5 U Taq-
DNA-polymerase (Takara), and 10 µl cDNA prepara-
tion. Primers for HO-1: 5'-primer 5'-AACAAGCAG
AACCCAGTC-3' and 3'-primer 5'-TGTCATCTCCAG
AGTGTTC-3'; for β-actin: 5'-primer 5'-TGGAATC
CTGTGGCATCCATGAAA-3' and 3'-primer 5'-TA
AAACGCAGCTCAGTAACAGTCCG-3'. PCR was
carried out in a thermocycler (Hybaid), 30 sec at 94,
56, and 72oC, a total of 32 cycles. Amplification pro-
ducts were visualized by electrophoresis in 1% agaro-
se gel in the presence of ethidium bromide (0.5 µg/ml).
The density of bands was evaluated on a Flour-S Multi-
mager analyzer (Bio-Rad). The levels of HO-1 mRNA
expression were evaluated in comparison with β-actin
mRNA expression.

The results were statistically processed using
GraphPad Prism 3.0 software. The data were presented
as M±SEM; 4-8 mice of experimental and respective
control groups were examined per point. Changes in
HO activity and NPT levels were evaluated in groups
of irradiated animals in comparison with the corre-
sponding controls for all periods after γ-irradiation.
The significance of differences between irradiated and
control animals was evaluated using Student’s t test.
The significance of differences in the levels of HO-1
mRNA expression was analyzed using the Kruskal—

Fig. 1. Heme oxygenase activity (HO; 1) and level of nonprotein thiols (NPT; 2) in the liver of female (a) and male C57BL/6 mice after
whole-body γ-irradiation (b). *p<0.05, **p<0.01, ***p<0.001 compared to the control group.
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Wallis test. The differences between the groups were
significant at p<0.05

RESULTS

Irradiation significantly elevated HO activity in the
liver of females and males (Fig. 1). In females this
increase was observed on day 3, in the males on day
5. On day 7 after irradiation HO activity in the liver
increased to 195.8±12.0% in females and 249.9±
14.6% in males (compared to the control). Changes in
the content of NPT in the liver were sex-dependent:
this parameter significantly increased in females (by
35.44% on days 5-7), but decreased in males (by 32%
on day 3).

A significant increase (by 27-29%) in HO activity
in the lungs was observed on day 5 after exposure in
females and on day 7 in males (Fig. 2). Significant
changes in NPT levels in the lungs were observed only
on day 1 after irradiation: this parameter slightly in-
creased in females and decreased in males.

No postradiation increase in HO activity was de-
tected in the brain. In males HO activity slightly de-
creased on day 5 after irradiation (to 83.0±3.3% of
control level, p<0.05). No changes in cerebral NPT
levels were observed in mice of both sexes.

The level of HO-1 mRNA in the liver of females
increased significantly after irradiation: 8.7 times on day
5 and 8-fold on day 7 compared to the control (Fig. 3).

Hence, the most pronounced and stable increase
in HO activity after whole-body γ-irradiation was ob-
served in the liver (in both females and males). It was
paralleled by a significant increase in the expression
of HO-1 gene (this isoform is also induced by other
oxidative factors). A similar increase in HO activity

in rat liver was observed during the same periods after
X-ray exposure [1]. A transient increase in HO activity
and HO-1 mRNA level in rat liver was also observed
early (several hours) after X-ray exposure [14].

The effect of irradiation on HO activity in the
lungs and brain was never studied before. These or-
gans are frequent objects of exposure in radiotherapy
of tumors, and hence, any components of intracellular
antioxidant defense in these tissues can be regarded as
factors modulating cell susceptibility to irradiation.
Postradiation induction of HO was observed in the
lungs, which, similarly as the liver, are liable to HO
induction under the effect of oxidative exposure [8],
though this induction is less pronounced than in the
liver. The absence of elevation and even decrease in
HO activity in the brain seems to be due to predomi-
nance of HO-2 in this tissue (this HO isoform is indu-
ced by adrenal glucocorticoids [6]), while in the liver
and lungs the percentage of HO-1 is high. A certain
decrease in HO activity in the brain of males can be
caused by disorders in hormone status after exposure.

The liver is most prone to postradiation increase
in HO activity due to massive effects of free heme
forming from hemoglobin of damaged erythrocytes
and other destabilized hemoprotein cells. Free heme,
a prooxidant, stimulates oxidative processes and in-
duces HO-1 [11]. It was previously shown that the
increase in HO activity is preceded by the increase in
free heme pool in the liver of irradiated rats [1].

The decrease in free intracellular NPT (reduced
glutathione) pool leads to increased HO-1 expression
[9]. We revealed no clear-cut correlation between post-
radiation changes in NPT level and HO activity in our
experiments. Moreover, changes in NPT activity were
opposite in males and females: in males NPT levels

Fig. 2. HO activity (1) and NPT level (2) in the lungs of female (a) and male (b) C57Bl/6 mice after whole-body γ-irradiation. *p<0.05 compared
to the control group.
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in the liver and lungs decreased during some periods
after exposure, while in females NPT level always
increased (before or in parallel with the increase in HO
activity). This fact can be explained by higher radia-
tion resistance of females in comparison with males,
which was shown in our experiments with whole-body
γ-irradiation. Thus we demonstrate not only tissue-
specific changes in some antioxidant systems of the
body, but also sex-specific differences in these shifts,
which can be important for evaluating body reactivity
to irradiation.

The study was supported by the Ministry of Sci-
ence and Technology of Republic of Korea.
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Fig. 3. Level of HO-1 mRNA expression in the liver of female C57Bl/
6 mice after whole-body γ-irradiation. C: control. *p<0.05, **p<0.01
compared to the control.
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