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Effects of 7,8-dihydro-8-oxo-deoxyguanosine on
antigen challenge in ovalbumin-sensitized mice may
be mediated by suppression of Rac

JY Ro'™, DY Kim'*, S-H Lee?, JW Park® and M-H Chung?

'Department of Pharmacology and Samsung Biomedical Research Institute, Sungkyunkwan University School of Medicine,
Suwon, Korea, *Department of Pharmacology, Seoul National University College of Medicine, Seoul, Korea, and *Department
of Internal Medicine, Division of Allergy and Immunology, Yonsei University College of Medicine, Seoul, Korea

Background and purpose: Earlier we reported that 7,8-dihydro-8-oxo-deoxyguanosine (8-oxo-dG), an oxidatively modified
guanine nucleoside, exerted anti-inflammatory activity through inactivation of the GTP binding protein, Rac. In the present
study, the effects of 8-oxo-dG were investigated on responses to antigen challenge in sensitized mice, as Rac is also involved
at several steps of the immune process including antigen-induced release of mediators from mast cells.

Experimental approach: Mice were sensitized and challenged with ovalbumin without or with oral administration of
8-0x0-dG during the challenge. Effects of 8-oxo-dG were assessed by measuring lung function, cells and cytokines in
broncho-alveolar lavage fluid (BALF) and serum levels of antigen-specific IgE. Rac activity in BALF cells was also measured.
Key results: 8-oxo-dG inhibited the increased airway resistance and decreased lung compliance of sensitized and challenged
mice to the levels of non-sensitized control mice and lowered the increased leukocytes particularly, eosinophils, in BALF.
Furthermore, 8-oxo-dG suppressed allergy-associated immune responses, such as raised anti- ovalbumin IgE antibody in serum,
increased expression of CD40 and CD40 ligand in lung, increased interleukin-4, -5, -13, interferon-y and tumour necrosis
factor-o. in BALF and mRNA levels of these cytokines in BALF cells, dose-dependently. The corresponding purine, 8-oxo-
guanine, showed no effects in the same experiments. Finally, 8-oxo-dG, but not 8-oxo-guanine, inhibited the increased Rac
activity in sensitized and challenged mice.

Conclusion and implications: 8-Oxo-dG had anti-allergic actions that might be mediated by Rac inactivation. This compound
merits further evaluation of its therapeutic potential in allergic asthma.
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Introduction wastes (Taddei et al., 1997; Hayakawa et al., 1999). However,

we recently found that 8-oxo-GTP inactivates the GTP

Thus far, 8-0xo-GTP and 8-0xo-dGTP, nucleotides whose
guanine base is oxidized into 7,8-dihydro-8-oxo-guanine
(8-ox0-Gua; 7,8-dihydro-8-hydroxy-guanine) by reactive
oxygen species (ROS), were regarded simply as mutagenic
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binding protein, Rac, while GTP activates it (Yoon et al., 2005;
Kim et al., 2007b). Interestingly, the corresponding nucleo-
sides, 8-0xo0-2’-deoxyguanosine (8-oxo-dG) and 8-oxo-
guanosine (8-0xo-G), were also able to inactivate Rac (Kim
etal., 2006a; Choi etal., 2007; Lee etal., 2009), and thus
inhibit Rac-linked functions of phagocytes (Kim et al., 2006a;
Lee et al., 2009), which include ROS production, phagocyto-
sis, chemotaxis, cytokine release and NO production. Consis-
tent with these observations, these nucleosides exerted
anti-inflammatory actions when they were given to mice
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treated with lipopolysaccharide (LPS) (Choi etal., 2007).
Simultaneously, suppression of Rac activity was observed in
lung tissues of these LPS-treated mice (Choi et al., 2007), sug-
gesting that the anti-inflammatory activity was mediated by
inactivation of Rac. In these experiments, 8-oxo-dG exhibited
higher potency than 8-oxo-G, while the nucleosides, deox-
yguanosine, guanosine and adenosine showed no effect (Kim
et al., 2006a; Choi et al., 2007; Lee et al., 2009).

Rac is also known to be involved in allergen-induced secre-
tion of histamine and leukotrienes from mast cells (Hong-
Geller et al., 2001) and in other steps of the immune process,
for example, antigen-presentation by phagocytosis of anti-
gens (Yamauchi et al., 2004) and antigen-induced B cell acti-
vation (Walmsley et al., 2003). It is thus postulated that
8-0x0-dG might modulate immune functions. In the present
study, we tested this postulate by investigating the anti-
allergic effects of 8-oxo-dG in ovalbumin-sensitized mice.

We have already tested the effects of 8-0xo-G, deoxygua-
nosine, guanosine and adenosine on Rac activity and Rac-
associated functions, and found that 8-oxo-G exhibited very
weak activity, while deoxyguanosine, guanosine and adenos-
ine were inactive (Kim et al., 2006a; Choi et al., 2007; Lee
et al., 2009). However, 8-oxo-guanine (8-oxo-Gua), the corre-
sponding purine, has never been studied in this context.
Thus, the effects of 8-oxo-Gua were also tested in the present
study. We observed that 8-oxo-dG inhibited responses to
antigen challenge in sensitized mice, including airway hyper-
responsiveness and rise of ovalbumin-specific IgE in serum,
together with suppression of Rac activation. However, 8-oxo-
Gua showed no effects on these responses or on Rac activity.
These results indicated that 8-oxo-dG had anti-allergic
actions, which could be mediated by Rac inactivation

Methods

Animals

All animal care and experiments were approved by the
institutional review board and an ethical committee, and
conducted in the Laboratory Animal Research Center of
Sungkyunkwan University approved by the Association for
the Assessment and Accreditation of Laboratory Animal Care.
Female Balb/c mice, 6-8 weeks old, were obtained from
ORIENT BIO (Seongnam Co, Korea) and maintained in
specific pathogen-free conditions.

Sensitization of mice to ovalbumin and treatment with 8-0x0-dG
or 8-0x0-Gua

Female BALB/c mice, 6-8 weeks old, were divided into seven
groups, and animal numbers of each group were 8 (n = 8) in
all experiments. A (sham), mice injected with phosphate-
buffered saline (PBS; pH 7.4) and challenged with PBS; B
(ovalbumin/PBS), mice sensitized with ovalbumin and chal-
lenged with PBS; C, mice sensitized and challenged with oval-
bumin; D, E and F (6, 30 and 60 mg, respectively), mice
sensitized and challenged as in group C but treated orally
with 6, 30 or 60 mg-kg™! of 8-0x0-dG, respectively, 6 h before
every challenge with ovalbumin; and G (8-oxo-Gua), mice
sensitized and challenged as in group C but treated with
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60 mg-kg" of 8-oxo-Gua orally 6 h before every challenge
with ovalbumin. These groups of mice are hereafter denoted
by the letters shown previously (A-G).

Sensitization and challenge were conducted as previously
described (Kim et al., 2007a). For purposes of sensitization,
10 ug ovalbumin adsorbed in 250 ug/200 uL aluminium
hydroxide gel adjuvant(Superfos Biosector, Vedbaek,
Denmark) or 250 uL PBS were injected into mice intraperito-
neally (i.p.) on days 0, 5, 14, 21 and 28. For purposes of the
challenge, mice sensitized with PBS or ovalbumin were
exposed to nebulized PBS or 2% ovalbumin in PBS, for 10 min
once a day for 7 days, beginning on day 35 (1 week after the
final injection of ovalbumin) until day 41, and on day 49 as
the final challenge. All mice were killed on day 50.

For 8-0x0-dG or 8-0x0-Gua treatment, 8-oxo-dG (6, 30 or
60 mg-kg™") or 8-oxo-Gua (60 mg-kg™") was dissolved in PBS
and administered orally once a day 6 h before every ovalbumin
challenge for 7 days (from day 35 to day 41). The data from
group A (sham) or group B (ovalbumin/PBS) mice treated with
8-0x0-dG (6, 30, or 60 mg-kg™") or 8-oxo-Gua (60 mg-kg™') are
not presented because these compounds did not have any
significant effects in these groups. We also chose only the high
dose (60 mg-mL™) of 8-ox0-Gua because low concentrations of
8-oxo0-Gua did not show any effect on sensitized and chal-
lenged mice (group C) in the preliminary experiments.

Measurement of airway hyper-responsiveness (AHR)

AHR was assessed, as described previously (Choi etal.,
2006), by measuring changes in the airway resistance
(cmH,O-mL*-s™) and lung compliance (mL-cmH,O™) using
the Fexivent system (SCIREQ, Montreal, Quebec, Canada)
after mice (eight per group) were treated with methacholine
(MCh). Anaesthetized (pentobarbital sodium 70-90 mg-kg™,
i.p.) and tracheostomized (18G cannula) mice were mechani-
cally ventilated (160 breaths-min™, tidal volume of
10 mL-kg™, positive end-expiratory pressure of 3 cmH,0).
Aerosols of increasing concentrations of MCh (3-25 mg-mL™)
were administered by nebulization. Airway resistance (R,) and
lung compliance (C;) were measured at 60 and 120 s after
administration of MCh. The results of compliance assays were
expressed as % change from the baseline value, which was
calculated by (baseline value — value at each MCh
concentration)/baseline value x 100.

Collection of broncho-alveolar lavage (BAL) fluid and counting
of cells in BAL fluid

Mice were anesthetized with pentobarbital sodium
70-90 mg-kg™, i.p. Blood (0.5 mL) was collected by cardiac
puncture immediately. This blood was used for ovalbumin-
specific IgE antibody assay. The tracheas were cannulated, and
the lungs were lavaged twice with 1 mL and then 0.8 mL of
PBS. The PBS lavage was collected as BAL fluid (85-90% of the
input PBS was recovered) and cells were harvested from the
BAL fluid using a method described previously (Kim et al.,
2007a) with slight modifications. Briefly, BAL fluids were cen-
trifuged at 400x g for 5 min at 4°C. The supernatants were used
for assaying various cytokines. Cell pellets obtained were resus-
pended in PBS and total viable cells were counted using Trypan



blue exclusion tests. For differential cell counting, the cells
were centrifuged with Cytospin III (Shandon, Pittsburgh, PA),
and then stained with Diff-Quik (Sysmex Corp., Kobe, Japan).
Differential counting was performed using standard morpho-
logical criteria. The BAL cells were also used for activity assays
and reverse transcriptase chain reaction (RT-PCR) analysis of
the mRNA levels of the various cytokines chosen below.

Assay for ovalbumin-specific ISE antibody in serum

Blood collected by cardiac puncture as above was allowed to
clot for 30 min and centrifuged at 900x g for 30 min. The sera
obtained were used for ovalbumin-specific IgE antibody
assays by enzyme-linked immunosorbent assay (ELISA) as
described previously (Kim et al., 2007a).

Immunohistochemistry for CD40 and CD40 ligand (CD40L)
After BAL, mouse lungs were perfused with 5 mL PBS via the
right ventricle. Left lungs were removed from the chest cavity
and fixed in 4% paraformaldehyde. The lobes of the left lungs
were isolated, embedded in paraffin and sectioned at 3 pm.
Tissue sections were incubated in 3% hydrogen peroxide for
S min to quench endogenous peroxidase activity, blocked
with 1% bovine serum albumin (BSA) in PBS for 1 h, and then
incubated with anti-CD40 or anti-CD40L antibody (1:25 dilu-
tion, NeoMarkers, Fremont, CA) in blocking solution at 4°C
for 24 h. After washing with PBS, the tissue sections were
treated with biotinylated secondary antibody for 10 min,
streptavidin-horseradish peroxidase (HRP) for 10 min and 3,
3’-diaminobenzidine, a chromogen substrate for 5-10 min;
the sections were then counterstained with haematoxylin and
examined microscopically under 200x magnifications (Kim
et al., 2007a). The intensity of brown colour in peribronchial
and perivascular areas in each tissue section was scored into
four grades, which were 0, normal (no colour); 1, slight; 2,
mild; 3, moderate; and 4, dark. Scoring of sections was carried
out without knowledge of the treatments. The grading data
obtained were presented as histograms.

Lung tissue preparation and lung histology with haematoxylin
and eosin (H & E) staining

After BAL, mouse lungs were perfused with 5 mL PBS via the
right ventricle. Left lungs were removed from the chest cavity
and fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned at 3 um. Tissue sections were stained with H & E (Kim
et al., 2007a) to examine inflammatory reaction in lung tissue.
Histological appearances of lung tissues were scored into four
grades in terms of peribronchial infiltration of inflammatory
cells, without knowledge of the treatments. The summary
scores of each group (n = 8) are presented as histograms.

Cytokine levels in BAL fluid and lung tissue

The protein levels of interleukin (IL)-4, IL-5, IL-13, tumour
necrosis factor (INF)a and interferon (IFN)y in BAL fluid
(50 uL) were determined using an ELISA kit for each cytokine
(R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. Lung tissues were homogenized
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in PBS using a Polytron (Kinematica, Littau, Switzerland) and
centrifuged (770x g, 10 min). The levels of IL-5 in the lung
tissue homogenates (100 mg-100 ul™") were also determined
by ELISA, as previously described. The mRNA levels of these
cytokines in BAL cells were determined by RT-PCR. The
experimental procedures are presented in the supplementary
information.

Rac assay

Rac activity in BAL cells was assayed as previously described
(Yoon et al., 2005) using Rac activation kits (Upstate Biotech-
nology, Lake Placid, NY). BAL cells (1 x 107 cells in 700 uL)
were suspended in 0.5 mL of a lysis buffer [25 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 5 mM MgCl,, 1% Nonidet P(NP)-40,
1 mM DL-dithiothreitol(DTT), 5% glycerol, 1 mM phenylm-
ethylsulphonyl  fluoride(PMSF), 1ug-mL' aprotinin,
1 ug-mL™" leupeptin] for 30 min on ice, and supernatants were
obtained by centrifugation (13 000x g for 20 min). According
to the manufacturer’s protocol, the active form of Rac was
obtained from the supernatants by affinity precipitation using
Pak-1 Rac-binding domain (an effector of Rac), which was
fused to GST (glutathione-S-transferase) and visualized by
immunoblotting with anti-rabbit Racl (1:1000; PIERCE). To
measure total Rac protein, supernatants were directly used for
immunoblotting. The band densities were quantified using
the BAS 2500 imaging analyzer (Fuji Photo Film, Japan). The
experiments were repeated four times. In each experiment,
seven mice were used, each of which was randomly chosen
out of eight mice of each group (A~G) and a representative
result of the four experiments was presented.

Immunoblot analysis of Jun N-terminal kinase (JNK) kinase
Immunoblot analysis of JNK kinase was performed as
described earlier (Kim et al., 2007a). BAL cells (1 x 10° cells in
100 puL) were homogenized in a low-salt lysis buffer [10 mM
HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,
1 mM DTT, 0.5 mM PMSF, 2.0 ug-mL™" aprotinin, 2.0 ug-mL"
leupeptin] using a Polytron (Kinematica, Littau, Switzerland)
and incubated on ice for 10 min. After centrifugation, super-
natants obtained as cell lysates (20 ug) were subjected to 10%
SDS-PAGE, and the proteins in the gel were transferred to
polyvinylidene fluoride membranes (Schleicher & Schuell,
Dassel, Germany). Membranes were washed with Tris-
buffered saline containing 0.1% Tween 20 (TBST) and then
blocked for 1 h in 5% skim milk in TBST. After the membranes
were washed with TBST, they were incubated for 60 min at
room temperature with antibodies against JNK (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) or against their phos-
phorylated forms, p-JNK (Cell signalling, Beverly, MA) diluted
with TBST (1:1000). Membranes were washed with TBST and
treated with HRP-conjugated goat anti-mouse or HRP-
conjugated rabbit anti-goat IgG (diluted to 1:5000-1:10 000)
(Zymed Laboratory Inc., San Francisco, CA) in TBST for
60 min. After washing, the protein bands were visualized by
enhanced chemiluminescence (Amersham Biosciences UK
Limited, Little Chalfont, Buckinghamshire, UK). The experi-
ments were repeated four times, as in the Rac assay, and a
representative result of the four experiments was presented.
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Statistical analysis

Unless otherwise mentioned, experimental data are presented
as mean * SE and multiple group comparisons were per-
formed using a one-way analysis of variance (ANOVA) followed
by Scheffe’s post hoc test using the SPSS statistic program (SPSS
Inc., Chicago, IL). P < 0.05 were regarded as significant.

Materials

8-0x0-dG and 8-oxo0-Gua were purchased from Berry & Asso-
ciates, Dexter, MI; ovalbumin (Grade V) from Sigma-Aldrich,
St. Louis, MO; DTT, methacholine, leupeptin, aprotinin and
PMSF from Sigma (St. Louis, MO), Tween 20 and NP-40
(Amresco, Solon, OH) and aluminium hydroxide gel adjuvant
(Superfos Biosector, Vedbaek, Denmark).

Results

Effect of 8-0x0-dG on AHR to MCh

First, we examined the effect of 8-0x0-dG on AHR, a common
symptom in allergic asthma. AHR was provoked by nebuliza-
tion of MCh aerosol and assessed by the changes in R, and C,.
The R, of ovalbumin-sensitized and challenged mice (group
C) showed a dramatic increase after exposure to nebulized
MCh (Figure 1, upper panel) compared to that of PBS-
sensitized and challenged mice (group A; Figure 1 upper
panel). However, this MCh-induced increase of R, in
ovalbumin-sensitized/challenged mice was effectively
reduced by 8-oxo-dG treatment. The maximum effect was
attained at 30 mg-kg™"' 8-0x0-dG. The lower panel of Figure 1
shows the C;, which was dramatically decreased in
ovalbumin-sensitized and challenged mice compared to that
of PBS-sensitized and challenged mice. This decrease was also
effectively prevented by 8-oxo-dG. The data for 6 mg-kg' of
8-0x0-dG were approximately in the middle between
30 mg-kg™ 8-0x0-dG and 60 mg-kg"' 8-oxo-Gua (data not
shown). However, 8-o0xo-Gua (60 mg-kg™) had no effect on
either R, or Ci.

Effect of 8-0x0-dG on recruitment of inflammatory cells

into BAL fluid

The results are shown in Figure 2 and Table S1. Leukocyte
numbers (total and individual leukocytes) in BAL fluid of
ovalbumin-sensitized and challenged mice (group C) were
significantly increased compared to those of the PBS-
sensitized and challenged control (group A) or ovalbumin-
sensitized and PBS challenged mice (group B). The order of
increase was eosinophils, neutrophils, lymphocytes and mac-
rophages. However, the increased total and individual cell
numbers were reduced by administration of 8-oxo-dG (6, 30
or 60 mg-kg™; groups D, E and F, respectively) significantly
and dose-dependently. Among the individual leukocytes,
eosinophils showed the most significant decrease. In contrast,
8-ox0-Gua (60 mg-kg™'; group G) was unable to inhibit the
increase of the cell numbers.

Effect of 8-0x0-dG on serum ovalbumin-specific IgE

antibody level

In order to confirm the anti-allergic activity of 8-oxo-dG,
the effect of 8-0xo-dG on serum anti-ovalbumin IgE levels
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Figure 1 Effects of 8-oxo-dG on AHR of mice sensitized to ovalbu-

min. Mice were sensitized and then challenged with ovalbumin and
AHR was assessed by measuring changes of airway resistance (R
(upper panel) and lung compliance (lower panel) using the Fexivent
system. After each MCh nebulization, lung resistance (cmH,O-L™"-s™")
and compliance (mL-cmH,O") were measured and expressed as
cmH,O L™"-s7" and % of the saline-nebulized group respectively.
Sham represents mice sensitized and challenged with PBS (group A);
OVA represents mice sensitized and challenged with ovalbumin
(group C); 8-oxo-dG 30 mg and 8-oxo-dG 60 mg-kg™', represent
mice sensitized and challenged with ovalbumin as in group C but
treated orally with 8-oxo-dG at these doses 6 h before every ovalbu-
min challenge (groups D and E); 8-oxo-Gua 60 mg-kg™' represents
mice as in group C but treated orally with 60 mg-kg™' 8-oxo-Gua 6 h
before every ovalbumin challenge (group G). Data are mean *+ SE of
n=28.*and *; P<0.05 and P < 0.01 versus ovalbumin, respectively.

was examined. As illustrated in Figure 3 and Table S2, serum
IgE levels in the group B mice (sensitized to ovalbumin,
challenged with PBS) were higher than those in group A
(sensitized and challenged with PBS). However these levels
were increased further in group C (sensitized and challenged
with ovalbumin). Administration of 8-oxo-dG (6, 30 or
60 mg-kg™'; groups D, E and F, respectively) reduced the
elevated IgE level in group C mice, dose-dependently. In
contrast to 8-o0xo-dG, 8-oxo-Gua (60 mg-kg'; group G) did
not have a significant effect on the IgE levels.
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Figure 2 Effects of 8-oxo-dG on recruitment of leukocytes into BAL fluid in mice sensitized to ovalbumin. Sensitization, 8-oxo-dG treatment
and cell counts were as described in Methods. The letters below the bars refer to treatment groups. Group A is mice sensitized and challenged
with PBS; B, mice sensitized with ovalbumin and challenged with PBS; C, mice sensitized and challenged with ovalbumin; D, E and F, mice as
in group C but treated orally with 6, 30 or 60 mg-kg™' 8-ox0-dG, respectively; G, mice as in group C but treated orally with 60 mg-kg™
8-oxo0-Gua. Data expressed are mean = SE (n = 8). ** and ***; P < 0.01 and P < 0.001, respectively versus group A or group B. *, ** and **;

P <0.05, P<0.01 and P < 0.001, respectively versus group C.

Effect of 8-0x0-dG on expression of CD40 and CD40L

in lung tissues

The observation that 8-oxo-dG suppressed the increase of
ovalbumin-specific IgE levels in the ovalbumin-sensitized and
challenged mice (Figure 3) strongly suggested that 8-oxo-dG
was able to inhibit immune reactions. To confirm this further,
we examined its effect on expression of CD40 and CD40L in
lung tissues of sensitized mice. CD40L, a cell-surface protein
expressed on helper T cells or mast cells, interacts with its
receptor CD40 on B cells. Their interaction stimulates B cell
functions including IgE production. The results are shown in
Figure 4. Expression of CD40 (Figure 4 upper panel) and
CD40L (Figure 4 middle panel) were increased in group C
(ovalbumin-sensitized and challenged) compared to those in
group A and group B. However, 8-0x0-dG (6, 30 or 60 mg-kg™';
groups D, E and F, respectively) reduced staining intensities
(dark brown) for both CD40 and CD40L molecules. The
staining intensities were quantified and presented in the
histograms, which show significant and dose-dependent

reductions of staining intensities. However, 8-oxo-Gua
(60 mg-kg'; group G) had no effect on staining for CD40 or
CD 40L (shown only as summary data in the histograms).

Effect of 8-0x0-dG on histology of lung tissues

The lungs from the group C mice (sensitized and challenged
with ovalbumin) model should feature peribronchial inflam-
mation, but this was not demonstrated clearly by the expres-
sion of CD40/CD40L (see previous discussion) as the
localization of expression appeared to be perivascular.
However, peribronchial inflammation was confirmed by H &
E staining of lung tissues. As shown in Figure 4 (lowest panel),
sections from lungs of group C mice showed marked infiltra-
tion of inflammatory cells into peribronchial regions,
hypertrophy of bronchial smooth muscle, and epithelial
thickening, compared to those from sham (group A) and
group B mice (sensitized to ovalbumin, challenged with PBS).
Summary data from the scores for H&E staining are presented

British Journal of Pharmacology (2009) 158 1743-1752
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Figure 3 Effects of 8-0xo-dG on serum ovalbumin-specific IgE levels
in mice sensitized to ovalbumin. Experimental details are described in
Methods. The letters below the bars refer to treatment groups. Group
A is mice sensitized and challenged with PBS; B, mice sensitized with
ovalbumin and challenged with PBS; C, mice sensitized and chal-
lenged with ovalbumin; D, E and F, mice as in group C but treated
orally with 6, 30 or 60 mg-kg™' 8-ox0-dG, respectively; G, mice as in
group C but treated orally with 60 mg-kg™ 8-oxo-Gua. Data are
expressed as mean = SE (n=8). ***; P<0.001 versus group A*, **and
**, P <0.05, P<0.01 and P < 0.001, respectively versus group C
(OVA).

as histograms (lowest graph, Figure 4). These inflammatory
reactions were reduced significantly and dose-dependently by
8-0x0-dG (6, 30 or 60 mg-kg™', D, E and F respectively).

Effects of 8-0x0-dG on protein and their mRNA levels

of cytokines

In order to confirm that 8-oxo-dG exerted anti-allergic activ-
ity, we examined the effects of 8-oxo-dG on protein levels of
several cytokines (IL-4, IL-5, IL-13, IFN-y and TNF-a) in BAL
fluid (BALF) as well as their mRNA levels in BAL cells. As
shown in Figure 5, the protein levels of all cytokines were
significantly elevated in BALF of group C mice compared to
that of mice in groups A or B. However, 8-oxo-dG (6, 30 or
60 mg-kg™'; groups D, E and F respectively) reduced the
elevated levels in mice sensitized and challenged with oval-
bumin, significantly and dose-dependently. The effect of
8-0x0-dG on IL-5 level was also examined in the lung tissues
[right-bottom panel (Lung Tissue) in Figure 5]. As in BALF,
IL-5 level was also elevated in the lung tissues of group C and
8-0x0-dG (6, 30 or 60 mg-kg™'; groups D, E and F, respectively)
reduced the elevated IL-5 level in the lung tissues signifi-
cantly, confirming that 8-oxo-dG inhibited the inflammatory
reaction in lung tissues of mice sensitized and challenged
with ovalbumin. 8-oxo-Gua (60 mg-kg™'; group G) had no
effect in both BALF and lung tissue. The results of
cytokine levels were also presented as a table (Table S3) in the
supplementary.

Effects of 8-oxo0-dG on activation of Rac and Rac-linked

kinase in BAL cells

Finally, we tested the effect of 8-oxo-dG on Rac activity in
mice sensitized and challenged with ovalbumin. As shown in
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Figure 6, Rac was markedly activated in group C mice, com-
pared to that in group A and group B mice. But this activation
was inhibited dose-dependently by 8-oxo-dG (6, 30 or
60 mg-kg™'; groups D, E and F respectively). As expected,
8-0x0-Gua had no effect on Rac activation. Figure 6 also
shows the effect of 8-oxo-dG on the activity of JNK (assessed
by formation of its phosphorylated form), which is a down-
stream effector protein of Rac. The results were similar to
those of Rac activity and thus, provide strong evidence that
8-0x0-dG suppressed the activation of Rac in the ovalbumin-
sensitized and challenged mice.

Discussion and conclusions

In the present study, we demonstrated the anti-allergic activ-
ity of 8-oxo-dG in the lungs of ovalbumin-sensitized and
challenged mice by showing effective inhibition of the AHR
shown to MCh (Figure 1), along with a dramatic reduction of
increased eosinophil count in the BALF (Figure 2) and of
increased inflammatory cells in the lung tissues (Figure 4
lower panel). The anti-allergic activity of 8-oxo-dG was
further supported by the immunological data, showing a inhi-
bition of increased expression of CD40 and CD40L upon
treatment with 8-oxo-dG (Figure 4 upper and lower panels)
and a subsequent suppression of increased ovalbumin-specific
IgE levels (Figure 3). CD40L is a surface protein of helper T
cells and mast cells, and CD40 is a surface protein of dendritic
cells, macrophages and B cells. Thus, CD40L-CD40 interac-
tion results in activation of T cells and mast cells by antigen-
presenting dendritic cells (Grewal and Flavell, 1998§;
Gonzalez-Carmona et al., 2008), activation of macrophages to
destroy engulfed microbes (Qin et al., 2005) and stimulation
of B cells to produce antibodies (Lipsky et al., 1997). There-
fore, inhibition of increased expression of CD40 and CD40L
by 8-0x0-dG in ovalbumin-sensitized and challenged mice
suggests inhibition of these effector functions of helper T
cells, leading to suppression of immune function during this
allergic condition. Inhibition of the rise of IgE level in serum
(Figure 3) was one of the consequences of this suppression of
immune function.

8-Ox0-dG also inhibited the increased protein levels of
inflammatory cytokines (IL-4, IL-5, IL-13, IFN-y and TNF-o) in
BAL fluid and lung tissue and their mRNA levels in BAL cells
of these ovalbumin-sensitized and challenged animals
(Figure 5 and Figure S1). Th2 cells play a central role in aller-
gic immune processes by secreting 1L-4, IL-5 and IL-13. IL-4 is
a major cytokine for IgE production by stimulating B cell Ig
heavy chain class switching to the IgE isotype (Lebman and
Coffman, 1988). IL-5 is a major stimulator of growth and
differentiation of eosinophils and a major activator of mature
eosinophils (Takatsu and Nakajima, 2008). IL-13 stimulates
mucus production by lung epithelial cells and may play a role
in asthma (Fulkerson et al., 2006; Kasaian and Miller, 2008).
Knockout mice lacking IL-13 receptor showed decreased IgE
production and allergic reaction (Munitz et al., 2008). There-
fore, the effects of 8-o0xo-dG in suppressing the increases of
protein and mRNA levels of IL-4, IL-5, IL-13 (Figure 5 and
Figure S1) are more evidence of the anti-allergic action of
8-0x0-dG. IFN-y (Smart and Kemp, 2002) and TNF-o (Howarth
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Figure 4 Effect of 8-oxo-dG on CD40 or CD40L expression and inflammatory reaction in the lung tissues of mice sensitized to ovalbumin.
Lung tissues were removed from mice and immunohistochemistry for CD40 and CD40L and H & E staining were carried out as described in
Materials and Methods. Upper panel, CD40; middle panel, CD40L and lower panel, H & E staining. The stained tissues were observed
microscopically under 200x magpnification; bars in group A indicate 100 um. The intensity of IHC colour developed in peribronchial and
perivascular areas and peribronchial infiltration of inflammatory cells in H &E stained tissues were scored into four grades, which were 0,
normal; 1, slight; 2, mild; 3, moderate; and 4, severe. Summary data are presented as histograms to the right of the histological sections. The
letters below the bars refer to treatment groups. Group A is mice sensitized and challenged with PBS; B, mice sensitized with ovalbumin and
challenged with PBS; C, mice sensitized and challenged with ovalbumin; D, E and F, mice as in group C but treated orally with 6, 30 or
60 mg-kg™" 8-oxo-dG, respectively; G, mice as in group C but treated orally with 60 mg-kg™' 8-oxo-Gua. The data obtained from group G
(8-0x0-Gua) is shown only in the histogram. Data in the histograms are mean + SE of n=8. ***, P < 0.001 versus group A or group B. ** and
**, P<0.01 and P < 0.001, respectively versus group C.

British Journal of Pharmacology (2009) 158 1743-1752



Anti-allergic effect of 8-oxo-dG by Rac inactivation

1750 JYRoetal
35 ik
BALF s

= 5. B
T, 28 777
l:‘E» o =+
a
g ik
= 10

0

A

Group
A BALF
£ 160 "
: 7
= 120 -
% / Er] +++
il
0
A B c D E F G
Group
* BALF
=4 2= -
-E:w ? 4 7
I}.gm % i+
10
1 agl7
A B c D E F G
Group

%) BaLF

IL-5 (pg-mL™")
s

= 8
—

S NN
= ¥ N

BALF

g B

TNFa (pg-mL™")
g

g 8
NN
NN

A B
800 Lung
= Tissue
T
_EI 600
=
&
“w
= 400 @ @
[N

Figure 5 Effects of 8-oxo-dG on cytokine proteins in BAL fluid and lung tissues of mice sensitized to ovalbumin. Cytokine levels in BAL fluids
(BALF) and lung tissues (Lung Tissue) were determined by ELISA as described in Methods. The letters below the bars refer to treatment groups.
Group A is mice sensitized and challenged with PBS; B, mice sensitized with ovalbumin and challenged with PBS; C, mice sensitized and
challenged with ovalbumin; D, E and F, mice as in group C but treated orally with 6, 30 or 60 mg-kg™" 8-oxo-dG, respectively; G, mice as in
group C but treated orally with 60 mg-kg™' 8-oxo-Gua. Data are expressed as mean =+ SE (n=8). ***; P< 0.001 versus group A (sham) or group
B (OVA/PBS). *, *" and **; P < 0.05, P < 0.01 and P < 0.001, respectively versus group C (OVA).

et al., 2005) are also involved in asthma and atopic diseases.
Figure 1 shows that in addition to suppressing eosinophil
counts, 8-oxo-dG suppressed the increased counts of neutro-
phils and macrophages in BAL fluid of the allergic mice. This
seems to be related to inhibition of TNF-o increase since the
principal function of TNF-o is to stimulate recruitment of
neutrophils and monocytes to sites of inflammation (Lukacs
etal., 1995).

Figure 6 shows that 8-oxo-dG inhibited the allergy-induced
activation of Rac effectively and dose-dependently (Figure 6).
p-JNK, a downstream effector of Rac, also showed a behaviour
similar to Rac, further supporting the inhibition of Rac by
8-0x0-dG. We have already reported that 8-oxo-dG showed
anti-inflammatory activity by inactivating Rac in LPS-treated
mice (Choi et al., 2007) and we assumed that Rac inactivation
was also the principal factor involved in the anti-allergic
activity of 8-0x0-dG observed in this study. As mentioned
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earlier, Rac may be involved in at least three steps during the
progression of immune reactions in allergy. At present, we can
neither provide direct evidence for the involvement of Rac at
each step in the anti-allergic action of 8-0xo-dG, nor can we
quantify the contribution of Rac at each step. However, we
have provided indirect evidence, showing that 8-oxo-dG
inhibited Rac, and exerted anti-allergic and immune suppres-
sive effects, while 8-oxo-Gua did not inhibit Rac and showed
very weak or negligible effects on all the symptoms observed
in the ovalbumin-sensitized and challenged mice.

8-0x0-dG appeared to block virtually all the variables mea-
sured, raising the question of which was the key mediator or
pathway inhibited. However, this would be difficult to iden-
tify, particularly in whole animal experiments because Rac is
linked to many proteins and thus, is involved in many sig-
nalling pathways. Production of ROS from phagocytes (Bro-
mberg et al.,, 1994) and secretion of the allergic mediators
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Figure 6 Effects of 8-oxo-dG on activation of Rac and Rac-linked
kinases in BAL cells of mice sensitized to ovalbumin. Collection of cells
from BALF and activity assays of Racl and JNK were performed as
described in Methods. The letters above the record refer to treatment
groups. Group A is mice sensitized and challenged with PBS; B, mice
sensitized with ovalbumin and challenged with PBS; C, mice sensi-
tized and challenged with ovalbumin; D, E and F, mice as in group C
but treated orally with 6, 30 or 60 mg-kg™' 8-ox0-dG, respectively; G,
mice as in group C but treated orally with 60 mg-kg™' 8-oxo-Gua. The
experiments were repeated four times. In each experiment, eight
mice were used, each of which was randomly chosen out of each
group of A~G (n = 8) and a representative result of the four experi-
ments was presented. Numerical values below the record with * are
the ratio of band density of each group versus that of group A (sham),
normalized to the band density of total RacT.

from mast cells (Hong-Geller et al., 2001) are typical Rac-
linked functions and thus, might be primary targets of 8-oxo-
dG. ROS and the allergic mediators affect a variety of proteins
or signalling pathways. Therefore, inhibition of the secretion
of ROS and allergic mediators by 8-oxo-dG are likely to induce
a number of changes, as observed in this study.

Incidences of various allergic disorders are increasing but
therapeutic measures for them are not still satisfactory. The
results obtained from the present study suggest that 8-oxo-dG
could be a potential anti-allergic candidate for further confir-
matory studies. The possibility of 8-oxo-dG acting as a
mutagen was excluded, as 8-oxo-dG was not phosphorylated
to the corresponding nucleotide, 8-oxo-deoxyguanosine
monophosphate (8-oxo-dGMP) and thus was not incorpo-
rated into DNA (Kim and Chung, 2006; Kim et al., 2006b).
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Figure S1 Effects of 8-oxo-dG on expression of various cytok-
ine mRNAs in BAL cells of ovalbumin (OVA) sensitized mice.
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Experimental details were described in Methods. A, sham; B
OVA/PBS; C, OVA; D, E and F, OVA mice (group C) orally
administered 6, 30, and 60 mg-kg™' 8-oxo-dG, respectively; G
(8-0x0-Gua), OVA mice orally administered 60 mg-kg™"' 8-oxo-
Gua. The entire experiments were repeated four times by
choosing a mouse randomly out of each group of A~G (n =8,
each) and a representative result of the four experiments was
presented. Numbers are the ratio of density of the band of
each group versus that of sham (A), normalized to the band
density of GAPDH mRNA.

Table S1 Effects of 8-0xo-dG on recruitment of leukocytes
into BAL fluid in ovalbumin (OVA)-induced allergic
mice.

Table $2 Effects of 8-0xo-dG on serum ovalbumin (OVA)-
specific IgE levels in OVA-induced allergic mice.

Table S3 Effects of 8-0xo0-dG on cytokine protein levels in
BAL fluid and lung tissues.
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