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Inhibition of Rac and Rac-linked functions by 8-0x0-2’-deoxyguanosine
in murine macrophages

SUN-HYE LEE!, SANG TAEK HAN!, SEONG-WON CHOI', SEUNG-YONG SUNG?,
HO-JIN YOU?, SANG-KYU YE'!, & MYUNG-HEE CHUNG"

' Department of Pharmacology, *Department of Microbiology, Seoul National University College of Medicine, Seoul, Korea,
and >Department of Pharmacology, Chosun University College of Medicine, Gwangju, Korea

(Received 30 September 2008; revised 29 October 2008)

Abstract

Rac is a protein involved in the various functions of macrophages (M), including the production of reactive oxygen species
(ROS), phagocytosis, chemotaxis and the secretion of cytokines (such as y-INF). This study tested the effects of nucleosides
containing 8-oxoguanine(8-hydroxyguanine) such as 8-o0xo0-2’-guanosine (8-0x0G) or 8-ox0-2’-deoxyguanosine (8-oxodQG),
on Rac and the above-listed Rac-associated functions of M¢ using mouse peritoneal M¢p (MpMo). It is reported that 8-
0xodG was able to effectively inhibit Rac and the Rac-associated functions of MpM¢. Compared to 8-0xodG, 8-0x0oG
showed negligible effects. Furthermore, normal nucleosides such as deoxyguanosine (dG), guanosine (G) and adenosine (A)
did not exert any effects. These results suggested that 8-0xodG could be used as a potential tool to modulate the functions of
Mo that are intimately related to various pathological processes.
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Abbreviations: A, adenosine; dG, deoxyguanosine; G, guanosine; LPS, lipopolysaccharides; M, macrophage; MpMe,
mouse peritoneal macrophages; 8-oxoGua, 8-oxoguanine(8-hydroxyguanine); 8-oxodG, 8-oxo-2'-deoxyguanosine(8-hydroxy-
2'-deoxyguanosine) ; 8-0x0G, 8-oxoguanosine(8-hydroxyguanosine); PMA, phorbol myristate acetate

Introduction hydroxyguanine) by ROS [8,9]. Thus far, the result-
ing 8-0x0dGTP and 8-0xoGTP have been regarded
simply as mutagenic waste, since they are incorpo-
rated into DNA and RNA, making 8-oxoGua-con-

taining DNA and RNA, respectively.

Rac, a small GTP (guanosine triphosphate) binding
protein is known to be involved in various functions
of leukocytes, particularly those of macrophages

(M), which play important roles in inflammation, :
immune responses and atherosclerosis. These func- Interestingly, we recently reported that 8-0xoGTP

tions include phagocytosis [1], generation of reactive ~ inactivates Rac [10], which is activated by GTP.
oxygen species (ROS) [2], chemotaxis [3] and Furthermore, we also observed that 8-0xoGTP

production of cytokines such as INF-y [4,5]. Thus,
the modulation of these M¢ functions is intimately
related to the control of various immunological [6]
and pathological processes [7].

As with DNA, the guanine base of 2’-deoxyguano-
sine triphosphate(dGTP) and guanosine triphosphate
(GTP) is oxidized into 8-oxo-guanine(8-oxoGua; 8-

inhibited Rac-associated function. For example, 8-
0x0oGTP inhibited phorbol myristate acetate (PMA)-
induced activation of NADPH oxidase in human
neutrophil lysates and, thus, PMA-induced produc-
tion of ROS [11]. NADPH oxidase is a typical Rac-
linked effector, requiring Rac-GTP complex for its
activation to produce ROS [12]. Further study
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revealed the possibility that 8-0xoGTP may act as a
terminator of ROS production during respiratory
burst of neutrophils [11]. This was based on the
understanding that 8-0xoGTP, formed by ROS, may
sufficiently accumulate in the cytosol of neutrophils
such that this enzyme is inhibited as the respiratory
burst proceeds.

These observations suggested that 8-oxoGTP
might affect other Rac-linked functions of M.
Because of its impermeability to cell membranes,
however, the Rac-inhibiting action of 8-0xoGTP was
demonstrated only in cell lysates [10,11] and not in
intact cells. Thus, its inhibiting action on other Rac-
linked functions of M¢ could not be demonstrated.
In an attempt to identify modulators of M¢ func-
tions, we tested whether 8-oxoguanosine (8-0x0QG)
and 8-o0x0-2'-deoxyguanosine (8-oxodG), 8-oxoGua-
containing membrane-permeable nucleosides inhib-
ited Rac and the Rac-associated functions of M¢ in
intact mouse peritoneal M¢ (MpMo). Here, we
report that 8-oxodG effectively inhibited all Rac-
associated functions tested, proposing that 8-oxodG
could act as a modulator of M¢ functions.

Materials and methods
Animals

C57BL/6 male mice, 5-weeks old, were obtained
from the Jackson Laboratory (Bar Harbor, ME).
Mice were maintained in specific pathogen-free
conditions and used at ~ 6 weeks of age weighing
25-28 g. Animal experiments were performed in
accordance with the Guidelines for Animal Experimen-
tation issued by the Ethics Committee of Seoul
National University.

Isolation of mouse peritoneal macrophage (MpMe)

MpM¢o were obtained as previously described [13].
Briefly, mice were injected intraperitonially with
500 pl of thiolglycollate medium (Renel, Lenexa,
KS) containing 3% thiolglycollate. Three days later,
10 ml of Hanks’ balanced salt solution (HBSS) was
injected into the peritoneal cavity. Then, HBSS was
collected and centrifuged at 1300 g for 5 min. The
cell pellet obtained contained MpM¢ of ~1 x 107
cells/mouse and these were pooled and suspended in
RPMI1640(RPMI)-supplemented with 10% foetal
bovine serum (RPMI/10% FBS). The cell viability
was found to be greater than 80% by flow cytometric
analysis. MpMd, which was in the stimulated state
due to the presence of thioglycollate, were starved to
bring them to the resting state. Starvation of MpMad
was achieved by 30-times dilution of the MpMo
suspension in RPMI/10% FBS with FBS-free RPMI
to 1 x 10° cells/ml and then incubation in a CO,
incubator for 24 h at 37°C. The starved MpM¢ were
used directly for the same day experiments.

Rac assay

Rac activity was assayed as previously described [10]
using Rac activation kits (Upstate Biotechnology,
Lake Placid, NY) containing a mouse monoclonal
anti-Racl. MpM¢ (1 x 10° cells) in 3 ml of RPMI
was transferred into a culture dish (60 mm) and
allowed to adhere to the bottom of the dish for 3 h.
After replacing the media with fresh RPMI (3 ml)
containing 8-0xodG, 8-0x0G, dG, G or A (0-100 pg/
ml; 0-353 um), cells were incubated for 1 h and then
treated with PMA (30 pg in 30 ul DMSO) for
15 min. After discarding the media, the cells were
washed with PBS twice, suspended in 1 ml of lysis
buffer [10] on ice for 30 min and centrifuged at
1300 g for 15 min. The supernatants were collected
as cell lysates, from which active Racl was affinity-
precipitated and detected by Western blotting. The
band densities were quantified using the BAS 2500
imaging analyser (Fuji Photo Film, Japan).

Measurement of ROS

MpMod (1 x10° cells) in 100 pl of RPMI was
transferred into a 96-well plate and allowed to adhere
to the bottom of the wells for 3 h. After replacing the
media with fresh RPMI (200 pl) containing 8-oxodG,
8-0x0G, dG, G or A (0-100 pg/ml), the cells were
incubated for 1 h. This was followed by a further
incubation with PMA (2 pg in 2 ul DMSO) for
15 min. In order to detect ROS, 2 pg OxyBurst
Green H,HFF BSA in 2 pl PBS and 2 mm sodium
azide were added into each well. Two minutes later,
the fluorescence was detected continuously using
excitation and emission wavelengths of 488 nm and
530 nm, respectively, over a period of 2 min in a
spectrofluorometer (Uvicon 933, Kontron instru-
ment, Italy).

Measurement of NADPH oxidation

MpMo (1 x 10° cells) in 3 ml RPMI was transferred
into culture dishes (60 mm) and allowed to adhere to
the bottom of the dish for 3 h. The cells were treated
with 8-0x0dG, 8-0x0G, dG, G or A (0-100 pg/ml) or
diphenyleneiodonium (DPI) (10 pum) and then sti-
mulated with PMA as was previously done in the Rac
assay. NADPH in 300 ul PBS was added to give a
final concentration of 0.07 mm. Aliquots (0.5 ml)
were taken every 5 min and NADPH oxidation was
monitored at Aszsq using a spectrophotometer (Uvi-
kon 933, Kontron instrument, Italy).

Phagocyrosis assay

MpMod (1 x 10° cells) in 3 ml RPMI were treated
with 8-0xodG (0-100 pg/ml) and stimulated with
PMA as previously done in the Rac assay. In order
to monitor phagocytosis, a suspension (5 pl) of
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fluorescently labelled beads (1 x 10'° beads, 1 pm/
ml: FluoSpheres® polystyrene microspheres, Mole-
cular Probes, Eugene, OR) was added to the media
and incubated for 6 h. The media was then
discarded and the cells were washed three times
with cold PBS. The cells were collected in 500 pl
PBS and subjected to flow cytometric analysis using
FACScalibur flow cytometry (Becton Dickinson,
Mountain View, CA).

Chemotaxis assay

MpMd (1 x 10> cells) in 25 pl of RPMI were
incubated with 8-oxodG (0-100 pg/ml) for 1 h and
then transferred to the upper compartments of each
well of a Boyden-modified, 48-well microchemotaxis
chamber (Neuro Probe, Gaithersburg, MD). Each
well of this chamber was separated into two compart-
ments by a polycarbonate filter with a pore of 5 um
diameter. The lower compartments were filled with
RPMI (25 pl) with or without formyl-Met-Leu-Phe
(fMLP) (10 3 m). The chamber was incubated in a
CO, incubator for 6 h at 37°C. Chemotaxis was
evaluated by determining the number of the cells that
adhered to the filter, according to the manufacturer’
instructions.

IFN-y assay

MpMd (1 x 10° cells) in 0.3 ml RPMI were trans-
ferred into a 48-well plate and allowed to adhere to
the bottom of the wells for 3 h. The media was
replaced with fresh RPMI containing 8-oxodG of 0-
100 pg/ml, incubated for 1 h and then further
incubated for 24 h after mixing lypopolysaccharides
(LPS) (100 ng/ml). The media was then assayed for
IFN-y using an ELISA assay kit (R&D Systems,
Minneapolis, MN) containing a monoclonal antibody
specific to IFN-y, according to the manufacturer’s
instructions.

Results
Rac activity

In the present study, 8-0xodG and other nucleosides
of 8-oxoGua were tested for Rac-inhibiting activity in
intact cells using MpM¢. Racl was examined since it
is the predominant form of Rac in mice [14]. As
shown in Figure 1, the activity of Racl in the resting
state was abruptly increased upon stimulation by
PMA. This PMA-induced increase in Racl activity
was inhibited by pre-treatment of MpMd with 8-
0xodG in a dose-dependent manner. In contrast, 8-
0x0G showed almost no effect on the activity of Racl.
No inhibition was also observed with normal nucleo-
sides such as dG, G and A.

PMA

8-oxodG

|

Control
8-o0x0G
dG

Active Rac1 . —— — —  — ——— |

1 7 63 3124 7571 8 8

Rac 1 | e et S s Sy —

Figure 1. Effects of 8-oxoGua-containing or normal nucleotides
on Rac in intact MpM¢é. MpM¢ were incubated with 8-0xodG (0,
25, 50 or 100 pg/ml; 0, 88, 177 or 353 pm), 8-0x0G, dG, G or A
(100 pg/ml; 353 um, each) and then treated with PMA. The cells
were subjected to lysis. The active Racl was determined from these
lysates. Details are described in Materials and methods. The results
are shown in the upper row indicated by Active Rac 1. The numbers
shown below each band are relative densities. The lower row
indicated by Racl shows total amounts of Rac protein. The data are
the representative of four experiments.

NADPH oxidase

In the following experiments, the effects of 8-oxodG
and other nucleosides on Rac-associated functions of
Mo were investigated. First, we examined the effect
of these agents on ROS production by NADPH
oxidase. As shown in Figure 2A, ROS production in
the resting state of the cells was increased 2-fold after
PMA stimulation. This PMA-induced increase in
ROS production was effectively inhibited by pre-
treatment with 8-0xodG in a dose-dependent manner
(Figure 2A). In contrast to 8-0xodG, 8-0xoGTPyS,
which was previously reported to inhibit Rac and
NADPH oxidase in cell lysates [11], could not inhibit
Rac (data not shown) and ROS production (Figure
2A) in intact cells. 8-0x0G, dG and G showed no
inhibition (Figure 2B). Some inhibition was observed
with A, but this was not statistically significant
(Figure 2B). As shown in Figure 2C, NADPH
oxidase activity was assessed in terms of NADPH
oxidation. As expected, the results obtained were
similar to that shown in Figure 2A and B. Dipheny-
leneiodonium (DPI) also inhibited the oxidation of
NADPH since it is known to inhibit this enzyme by
interacting with its flavin moiety [15]. However, DPI
did not inhibit Racl (data not shown).

Phagocyrosis

In Figures 1 and 2, substantial inhibition of Racl
and ROS production was observed only with 8-
oxodG. Therefore, other Rac-associated functions
were studied with 8-0xodG alone. In Figure 3A, 8-
oxodG was tested for phagocytosis. Panel (a) in
Figure 3A shows the curves plotted from data
obtained from the flow cytometric analysis of
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Figure 2. Effects of 8-oxoGua-containing and normal nucleotides on ROS production and NADPH oxidation in intact MpM¢. MpMd
were incubated with 8-0x0dG, 8-0x0G, dG, G, A, 8-0x0GTPyS or DMSO (2 pul) and then treated with PMA. OxyBurst Green H,HFF BSA
(A and B) or NADPH (C) was added and the fluorescence or As;o was monitored, respectively. Details are described in Materials and
methods. (C) NADPH; NADPH only, control; MpMé +NADPH, PMA; MpM¢ +NADPH +PMA. Data are mean+SD (z =5). * and **;
p <0.05 and <0.01, respectively, vs the value obtained with no 8-0xodG by Student’s z-test.

MpM¢ incubated with the fluorescent polystylene
beads for 6 h. This showed that the majority of
the cell population (left large curve) did not
phagocytose the beads while only 15.8% of MpM¢
(right small curve) phagocytosed them. However, in
panel (b) in Figure 3A, the population of MpM¢
that engulfed the beads was increased to 39.4%
when MpM¢ were treated with PMA. When the
same experiment was conducted with MpM¢ pre-
treated with 8-oxodG at concentrations of 25, 50
and 100 pg/ml (panel ¢, d and e, respectively), the
sizes of the right curve diminished (43. 7, 25.3 and

14.4%, respectively) while those of the left curve
increased.

Chemotaxis

In Figure 3B, 8-oxodG was tested for chemotaxis.
Chemotaxis was measured by determining the num-
ber of cells captured by the filter during movement of
MpM¢ from one compartment (a) toward the other
compartment (b) containing the chemo-attractant
(fMLP). In the control experiments where fMLP
was not added to (b), cells in (a) moved slowly toward
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Figure 3. Effect of 8-0xodG on phagocytosis and chemotaxis of MpM¢. (A) MpM¢ were treated with 8-0x0dG, incubated with
fluorescent beads and stimulated with PMA. The cells were then subjected to flow cytometric analysis. Panel a; neither 8-oxodG nor
PMA and Panels b—e; treated with 0, 25, 50 and 100 pg/ml (0, 88, 177 or 353 um), respectively, and then PMA stimulation. The number
in each panel is percentage of cell population in the right curve. (B) Chemotaxis was assayed by determining the number of the
cells captured to the filter during their movement toward the compartment containing fMLP. Details are described in Materials
and methods. Data are mean+SD (z=4). * and **; p <0.05 and <0.01, respectively, vs the value obtained with no 8-oxodG by

Student’s z-test.

(b) (control in Figure 3B). Upon the addition of
fMLP to (b), MpM¢ in (a) moved twice as fast as
that of the control. However, when the same experi-
ment was conducted with MpM¢ that were pre-
treated with 8-oxodG (25, 50 or 100 pg/ml), the
movement of MpM¢ became slower as the concen-
tration of 8-0xodG increased.

Secretion of IFNy

INF-y activates the M¢ to kill the phagocytosed
microbes [4]. As shown in Figure 4, the secretion
of IFN-y was abruptly increased by LPS (~ 6-times
greater than that of the control), but this
LPS-stimulated secretion of IFN-y was inhibited
dose-dependently when MpM¢ were pre-treated
with 8-0x0dG.

Toxicity of 8-oxodG

MTT test [16] of 8-0x0dG on MpM¢ showed that
the viability of MpM¢ was not affected by up to
200 pg/ml of 8-0xodG (data not shown), indicating

the observed inhibitory effects of 8-oxodG were not
due to toxicity of this compound.

Discussion

Previously, 8-0xoGTP was reported to inhibit Rac
only in cell lysates [10,11] but not in intact cells
(Figure 2A). In the present study, we report that 8-
oxodG, an 8-oxoGua-containing but phosphate-less
nucleoside was capable of inhibiting Rac (Figure 1),
ROS production (Figure 2), phagocytosis (Figure
3A), chemotaxis (Figure 3B) and INF-y secretion
(Figure 4) in intact cells, namely MpMd¢. This action
was unique to 8-0xodG since 8-0xoG showed negli-
gible effects (Figure 1 and 2) while normal nucleo-
sides such as dG, G and A showed no effects on Rac
activity (Figure 1 and 2). These results suggest that 8-
0xodG could be a potential tool to modulate the
functions of M¢.

8-0x0dG is formed from 8-oxoGua in DNA by
nucleotide excision [17,18] or from 8-0xodGTP by
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Figure 4. Effect of 8-0x0odG on secretion of IFN-y from MpM¢o.
MpM¢ were incubated with 8-oxodG and then treated with LPS.
IFN-y was determined from the cell lysates by ELISA using
monoclonal antibody specific to IFN-y. Data are mean+SD (n =
5). * and **; p <0.05 and <0.01, respectively, vs the value obtained
with no 8-0xodG by Student’s t-test.
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hydrolytic activity of hMT [19,20] and nucleotidase
[21] and exists in nucleus or cytosol where it is
formed. In rats, the amount of 8-oxodG formation
was estimated to be between 165481 pmol/kg body
weight/day [22], which is 2.80-8.16 pg/kg body
weight/day. In humans, the amount of 8-oxodG
formation will be much less, since the number of
oxidative hits to DNA per cell per day in humans was
reported to be one tenth that in rats [23]. Thus far,
the endogenously formed 8-0xodG has been used as a
marker of oxidative stress [24] and is not expected to
exert Md-modulating action since its amount is not
high enough. Therefore, only the exogenously admi-
nistered 8-0x0dG can have Md-modulating action.
The Rac-associated functions of M¢ are involved
in defense against invading microorganisms, which is
the major role of M. The invading microorganisms
are removed by the concerted actions of these
functions but at the expense of tissue damage caused
by various tissue reactions, collectively referred to as
inflammation. Since Rac is involved in all these
functions of M, suppression of the functions of
M¢ via Rac inhibition could be used as a means to
control pathological processes associated with inflam-
mation. Based upon this notion, we tested the anti-
inflammatory action of 8-0xodG in LPS-treated mice
[25]. We observed that 8-0xodG suppressed the LPS-
induced increases of pro-inflammatory cytokines
levels in serum and the infiltration of inflammatory
cells into lung tissue. In this study [25], we also

observed that Rac was activated by LPS in lung
tissues but 8-0xodG inhibited LPS-induced Rac
activation, suggesting that the anti-inflammatory
properties of 8-0xodG occurred via Rac-inactivation.

Phagocytosis of M¢ is an essential step in the
presentation of an antigen to T-cells [26], which is the
first step in immune response. In addition to phago-
cytosis of antigens by M or dendritic cells to present
antigens to T-cells, Rac is also known to be involved
in T-cell activation induced by the antigen presenting
cells as well as B-cell activations by antigen-holding
T-cells, where Rac activates MAP kinases and leads to
activation of AP-1 [27]. Future studies, therefore,
involve the testing of this compound for immune
reaction-associated diseases such as asthma, atopic
dermatitis and autoimmune arthritis. Phagocytosis
also assists in the formation of foam cells, which are
M¢ that engulf oxidized lipids [28]. The accumula-
tion of foam cells beneath the vascular endothelia is
an initiating step for atherosclerosis [28]. So we are
also trying to test 8-oxodG for anti-atherosclerotic
effect since it is expected that the formation of foam
cells will be inhibited by inactivation of Rac.

An X-ray crystallophic study [29] showed that the
GTPase catalytic site of Rac is formed by Lys 16, Thr
35 and GIn 61. The y-phosphate oxygen of GTP is
retained to the Lys 16 side chain and Thr 35. Gln 61
is involved in the hydrolysis of GTP to GDP. In this
Rac-GTP complex, the Cg of the guanine base is only
a C-C bond length away from the Lys 16 side chain.
In solution, the 8-enol tautomeric form of 8-hydro-
xydG exists in dynamic equilibrium with the 6,8-
diketo tautomer of 8-0xodG, which is the major form.
Therefore, the C=0 group on Cg of 8-0xo-dG is
highly expected to hinder the formation of the Rac-
GTP complex by affecting the coordination of the
Lys 16 side chain to the y-phosphate oxygen of GTP.
This may explain how the phosphate-less 8-0xodG
can inactivate Rac as nucleotide, 8-0xoGTP can.
However, at this stage, we are unable to explain why
8-0x0d@G, but not 8-0xo0G, inactivates Rac. The
structural difference between both compounds is
that the latter has an oxygen at position 2’.

Acknowledgements

This work was supported by grants(No. 2006-02293)
from the Korean Ministry of Science & Technology.

Declaration of intevest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.

References

[1] Yamauchi A, Kim C, Li S, Marchal CC, Towe J, Atkinson SJ,
Dinauer MC. Rac2-deficient murine macrophages have

RIGHTS

1r



84
[2]
(3]
[4]
[5]
d
Ie}
o
I
—
& [6]
8
3
[&]
§ [7]
; (8]
‘D
o)
2
=
2 >
3; [9]
58
= [10]
B8
gp
S
£ [11]
1S
S
B
g
o
=
g [12]
Qa
il
@
° [13]
B8
o
8
i [14]
[15]

S.-H. Lee et al.

selective defects in superoxide production and phagocytosis of
opsonized particles. J Immunol 2004;173:5971-5979.
Bromberg Y, Shani E, Joseph G, Gorzalczany Y, Sperling O,
Pick E. The GDP-bound form of the small G protein Racl
p21 is a potent activator of the superoxide-forming NADPH
oxidase of macrophages. ] Biol Chem 1994;269:7055-7058.
Weiss-Haljiti C, Pasquali C, Ji H, Gillieron C, Chabert C,
Curchod ML, Hirsch E, Ridley AJ, Hooft van Huijsduijnen R,
Camps M, Rommel C. Involvement of phosphoinositide 3-
kinase gamma, Rac, and PAK signaling in chemokine-induced
macrophage migration. J Biol Chem 2004;279:43273-43284.
Darwich L, Coma G, Pena R, Bellido R, Blanco E]J, Este JA,
Borras FE, Clotet B, Ruiz L, Rosell A, Andreo F, Parkhouse
RM, Bofill M. Secretion of interferon-gamma by human
macrophages demonstrated at the single-cell level after
costimulation with interleukin (IL)-12 plus IL-18. Immunol-
ogy 2008;Aug 28 [Epub ahead of print].

Li B, Yu H, Zheng W, Voll R, Na S, Roberts AW, Williams
DA, Davis R]J, Ghosh S, Flavell RA. Role of the guanosine
triphosphatase Rac2 in T helper 1 cell differentiation. Science
2000;288:2219-2222.

Randolph GJ, Jakubzick C, Qu C. Antigen presentation by
monocytes and monocyte-derived cells. Curr Opin Immunol
2008;20:52-60.

Laskin DL, Pendino KJ. Macrophages and inflammatory
mediators in tissue injury. Annu Rev Pharmacol Toxicol
1995;35:655-677.

Hayakawa H, Hofer A, Thelander L, Kitajima S, Cai Y,
Oshiro S, Yakushiji H, Nakabeppu Y, Kuwano M, Sekiguchi
M. Metabolic fate of oxidized guanine ribonucleotides in
mammalian cells. Biochemistry 1999;38:3610-3614.

Taddei F, Hayakawa H, Bouton M, Cirinesi A, Matic I,
Sekiguchi M, Radman M. Counteraction by MutT protein of
transcriptional errors caused by oxidative damage. Science
1997;278:128-130.

Yoon SH, Hyun JW, Choi J, Choi EY, Kim HJ, Lee SJ, Chung
MH. In vitro evidence for the recognition of 8-0xoGTP by
Ras, a small GTP-binding protein. Biochem Biophys Res
Commun 2005;327:342-348.

Kim HJ, Yoon SH, Ryu HO, Yoon BH, Choi S, Ye SK,
Chung MH. 8-o0x0-7,8-dihydroguanosine triphosphate(8-ox-
oGTP) down-regulates respiratory burst of neutrophils by
antagonizing GTP toward Rac, a small GTP binding protein.
Free Radic Res 2007;41:655-662.

Diebold BA, Bokoch GM. Molecular basis for Rac2 regula-
tion of phagocyte NADPH oxidase. Nat Immunol 2001;2:
211-215.

Leiro ], Iglesias R, Parama A, Sanmartin ML, Ubeira FM.
Respiratory burst responses of rat macrophages to micro-
sporidian spores. Exp Parasitol 2001;98:1-9.

Abo A, Pick E, Hall A, Totty N, Teahan CG, Segal AW.
Activation of the NADPH oxidase involves the small GTP-
binding protein p21racl. Nature 1991;353:668-670.
O’Donnell BV, Tew DG, Jones OT, England PJ. Studies on
the inhibitory mechanism of iodonium compounds with

[16]

[17]

(18]

(19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

special reference to neutrophil NADPH oxidase. Biochem J
1993;290:41-49.

Carmichael J, DeGraff WG, Gazdar AF, Minna JD, Mitchell
JB. Evaluation of a tetrazolium-based semiautomated colori-
metric assay: assessment of radiosensitivity. Cancer Res
1987;47:943-946.

Reardon JT, Bessho T, Kung HC, Bolton PH, Sancar A. In
vitro repair of oxidative DNA damage by human nucleotide
excision repair system: possible explanation for neurodegen-
eration in xeroderma pigmentosum patients. Proc Natl Acad
Sci USA 1997;94:9463-9468.

Cooke MS, Patel K, Ahmad J, Holloway K, Evans MD,
Lunec J. Monoclonal antibody to single-stranded DNA: a
potential tool for DNA repair studies. Biochem Biophys Res
Commun 2001;284:232-238.

Taddei F, Hayakawa H, Bouton M, Cirinesi A, Matic I,
Sekiguchi M, Radman M. Counteraction by MutT protein of
transcriptional errors caused by oxidative damage. Science
1997;278:128-130.

Hayakawa H, Hofer A, Thelander L, Kitajima S, Cai Y,
Oshiro S, Yakushiji H, Nakabeppu Y, Kuwano M, Sekiguchi
M. Metabolic fate of oxidized guanine ribonucleotides in
mammalian cells. Biochemistry 1999;38:3610-3614.

Kim JE, Chung MH. 8-Oxo0-7,8-dihydro-2'-deoxyguanosine
is not salvaged for DNA synthesis in human leukemic U937
cells. Free Radic Res 2006;40:461-466.

Fraga CG, Shigenaga MK, Park JW, Degan P, Ames BN.
Oxidative damage to DNA during aging: 8-hydroxy-2'-
deoxyguanosine in rat organ DNA and urine. Proc Natl
Acad Sci USA 1990;87:4533-4537.

Ames BN, Shigenaga MK, Hagen TM. Oxidants, antiox-
idants, and the degenerative diseases of aging. Proc Natl Acad
Sci USA 1993;90:7915-7922.

Irie M, Tamae K, Iwamoto-Tanaka N, Kasai H. Occupational
and lifestyle factors and urinary 8-hydroxydeoxyguanosine.
Cancer Sci 2005;96:600-606.

Choi S, Choi HH, Lee SH, Ko SH, You HJ, Ye SK, Chung
MH. Anti-inflammatory effects of 8-hydroxy-2'-deoxyguano-
sine on lipopolysaccharide-induced inflammation via Rac
suppression in Balb/c mice. Free Radic Biol Med 2007;43:
1594-1603.

Ramachandra L, Noss E, Boom WH, Harding CV. Phagocy-
tic processing of antigens for presentation by class II major
histocompatibility complex molecules. Cell Microbiol 1999;1:
205-214.

Scheele JS, Marks RE, Boss GR. Signaling by small GTPases
in the immune system. Immunol Rev 2007;218:92-101.
Webb NR, Moore KJ. Macrophage-derived foam cells in
atherosclerosis: lessons from murine models and implications
for therapy. Curr Drug Targets 2007;8:1249-1263.

Wurtele M, Wolf E, Pederson KJ, Buchwald G, Ahmadian
MR, Barbieri JT, Wittinghofer A. How the Pseudomonas
aeruginosa ExoS toxin downregulates Rac. Nat Struct Biol
2001;8:23-26.

RIGHTS

Ay



