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The effects of 6-formylpterin on the impaired bacte-
icidal activity of human neutrophils were examined
x vivo. When neutrophils isolated from fresh blood
ere incubated with 6-formylpterin, the intracellular
roduction of hydrogen peroxide (H2O2) occurred. The
2O2 generation by 6-formylpterin in neutrophils oc-

urred in the presence of diphenyleneiodonium (DPI),
n inhibitor of NADPH-oxidase. When neutrophils
ere incubated with DPI, the killing rate of catalase-
ositive bacteria, Escherichia coli (E. coli) and Staph-
lococcus aureus (S. aureus), significantly decreased.
his impaired bactericidal activity of the DPI-treated
eutrophils was a mimic for chronic granulomatous
isease (CGD). However, the killing rate of the DPI-
reated neutrophils against E. coli and S. aureus sig-
ificantly increased when 6-formylpterin was admin-

stered. Since 6-formylpterin intracellularly generates
2O2 independent from the NADPH-oxidase, it was

onsidered to improve the impaired bactericidal ac-
ivity of the DPI-treated neutrophils. The use of
-formylpterin may serve as an option of therapy for
GD. © 2001 Academic Press

Key Words: 6-formylpterin; hydrogen peroxide; neu-
rophils; diphenyleneiodonium; chronic granuloma-
ous disease; bactericidal activity.

Neutrophils play a pivotal role in host defense
hrough oxidative and nonoxidative mechanisms for
illing invading microorganisms (1). Oxidative kill-

ng involves an NADPH-oxidase, which is assembled
n the phagosomal membrane and converts oxygen to

1 To whom correspondence should be addressed at Department of
nesthesia, Kyoto University Hospital, 54 Kawahara-cho, Shogoin,
akyo-ku, Kyoto 606-8507, Japan. Fax: 181-75-751-3506. E-mail:
rai@kuhp.kyoto-u.ac.jp.
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rganisms (2, 3). If the oxidative mechanism is im-
aired, immunodeficient diseases such as chronic
ranulomatous disease (CGD) occur (4). CGD is an
nherited disorder characterized by recurrent life-
hreatening bacterial and fungal infection with gran-
loma formation, resulting from a defect in O2

•2

eneration, which acts as a precursor of hydrogen
eroxide (H2O2), hydroxyl radicals (•OH), and hypo-
hlorous acid (HOCl), by stimulated neutrophils (5).
eutrophils of CGD normally phagocytize bacteria
ut are unable to kill certain organisms after inges-
ion. They can kill catalase-negative bacteria, such
s Diplococcus pneumoniae, but they cannot kill
atalase-positive bacteria, such as E. coli and S.
ureus. Therefore, it is suggested that formation of
2O2 by bacteria within neutrophils can compensate

or the defect in H2O2 production in CGD neutro-
hils, and that the H2O2 produced by bacteria, in
oncert with myeloperoxidase (MPO), account for the
bility of the CGD neutrophils to kill catalase-
egative bacteria but not to kill catalase-positive
acteria (6). In fact, it was shown that normal neu-
rophils and those from patients with CGD can co-
perate to damage microorganisms by jointly owning
he products of the oxidative burst (7). Therefore, it
s suggested that neutrophils in CGD improve their
actericidal activity if available reactive oxygen spe-
ies (ROS) exist around them, and among the ROS,

2O2 is most suitable for this aim due to its stability,
ermeability to cell membranes and cooperation with
PO. However, exogenously administered H2O2 is

neffective because it passes through the plasma
embrane and will be instantly consumed in the

ytosol (8). Otherwise, intracellularly generated
2O2 in neutrophils is desirable for this aim.
0006-291X/01 $35.00
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6-Formylpterin is known as a potent XOD inhibitor
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ith an inhibition constant (K i) of approximately 0.6
M (9, 10). Although 6-formylpterin does not usually
ccur in vivo, it is produced from folic acid in vivo in
ome pathological conditions, such as carcinoma (11).
ecently, we showed that 6-formylpterin reacted with

educing agents in the cells, such as NADH, and intra-
ellularly generated H2O2 which induced apoptosis in
L-60 cells, suppressed cell proliferation in PanC-1

ells and inhibited Fas-mediated apoptosis in Jurkat
ells. The induction of apoptosis and the suppression of
ell proliferation were observed when high concentra-
ions of 6-formylpterin (greater than 1 mM) was ap-
lied to the cells and the inhibition of Fas-mediated
poptosis was observed when relatively low concentra-
ions of 6-formylpterin (up to 500 mM) were applied
12). Although these biological responses were all ob-
erved in the transformed cell lines, the intracellular

2O2 generation by 6-formylpterin should also occur in
ontransformed normal cells including neutrophils.
hen, 6-formylpterin may be available as an intracel-

ular H2O2 generator in neutrophils, and should im-
rove the impaired bactericidal activity of CGD neu-
rophils.

In the present study, to test the above-mentioned
ypothesis experimentally, we applied 6-formylpterin
o human peripheral neutrophils in vitro. First, intra-
ellular H2O2 production in normal neutrophils was
onfirmed. Then second, the effects of diphenyleneiodo-
ium (DPI), an inhibitor of NADPH-oxidase (13), on
he 6-formylpterin-induced intracellular H2O2 produc-
ion were examined. Finally, it was determined if
-formylpterin improves the impaired bactericidal ac-
ivity of DPI-treated neutrophils, a good mimic for
GD (14).

ATERIALS AND METHODS

Reagents. 6-Formylpterin was synthesized in our laboratories
nd its purity was determined as previously described (15). Hanks’
alanced salt solution (HBSS), fetal calf serum (FCS), and penicillin-
treptomycin liquid were purchased from GIBCO (Grand Island,
Y); 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was from Labotec
o. (Tokyo, Japan); and diethylenetriaminepentaacetic acid (DETA-
AC) was from Nacalai Tesque (Kyoto, Japan). Amplex Red H2O2

ssay kit and 29,79-dichlorofluorescin diacetate (DCFH-DA) were
btained from Molecular Probes (Eugene, OR). Other chemicals,
uch as diphenyleneiodonium (DPI) and zymosan, were purchased
rom Sigma Chemicals (St. Louis, MO).

Preparation of cells and opsonized zymosan. Human neutrophils
ere isolated from peripheral blood of healthy adult volunteers by

edimentation through two-step Percoll (Pharmacia, Uppsala, Swe-
en) gradients, as previously described (16). Freshly purified cells
ere cultured in HBSS and kept on ice until use. Zymosan was first
ctivated by boiling, and then the activated zymosan was incubated
nd reacted with fresh AB human serum. The zymosan was resus-
ended in HBSS and used as opsonized zymosan (OZ).

EPR spectroscopy and spin trapping. To confirm if neutrophils
ncubated with 6-formylpterin or OZ produce ROS and to determine
he original radicals, electron paramagnetic resonance (EPR) spec-
86
xygen radicals. The neutrophils were suspended in HBSS and
tored on ice until use. The mixture of neutrophils (ca. 2 3 106),
ETAPAC (0.08 mM), and 6-formylpterin (2 mM) or OZ (4 mg/ml)
as incubated for 3 min at 37°C. In some cases, various agents, such
s superoxide dismutase (SOD) and FeSO4, were added to the mix-
ure to determine the original radicals. Immediately after the addi-
ion of DMPO (36 mM), the mixture was transferred to a flat quartz
PR aqueous cell, which was fixed in the cavity of the EPR spec-

rometer. The EPR spectrum recording started exactly 40 s after
dding DMPO. The EPR spectra were recorded on a spectrometer
Model JES-TE300, JEOL, Ltd., Tokyo, Japan). The EPR settings
ere as follows: microwave power: 5 mW; field: 335 6 5 mT (9.4231
Hz); modulation: 0.079 mT; time constant: 0.03 s; amplitude: 1600;
nd sweep time: 1 min. The intensity of DMPO spin adducts and the
yperfine splitting constants (hfsc’s) were calculated, based on the
n21 marker, which was inserted into the cavity of the EPR spec-

rometer.

H2O2 assay in neutrophils. Intracellular H2O2 generation in neu-
rophils was measured using DCFH-DA, an H2O2 sensitive dye (17).
eutrophils (1 3 107/ml in HBSS containing 2 mM DCFH-DA) were

ransferred to a quartz cuvette (4 ml) containing a magnetic stir bar,
hich was fixed in a spectrofluorimeter (F-2000, HITACHI, Tokyo,
apan), and the changes in the fluorescence of stirred cell suspen-
ions were continuously monitored at an excitation wavelength of
88 nm, an emission wavelength of 530 nm, and a slit width of 10
m. The cuvette was maintained at 37°C in a water-jacketed holder
ithin the spectrofluorimeter. After allowing several min for the
aseline measurements, 6-formylpterin (500 mM) or OZ (0.5 mg/ml)
as added to the cuvette and the changes in fluorescence were
easured.
Extracellular H2O2 release from neutrophils was measured using

highly sensitive and stable H2O2 probe, N-acetyl-3,7,-2-
henylethylamine dihydroxyphenoxazine (Amplex Red) (18). The
uorometric assay was conducted in a 96-well microplate as in-
tructed by the manufacturer. The fluorescence was measured by a
uorometric microplate reader (Fluoroskan Ascent; Labsystems,
elsinki, Finland) with excitation and emission wavelengths of 544
nd 590 nm, respectively. The fluorescence intensity was converted
o the concentration of H2O2 using a standard curve.

Flow cytometry for detection of intracellular H2O2 in neutrophils.
low cytometric analysis of intracellular H2O2 generation in neutro-
hils was performed using the probe DCFH-DA. The cells (1 3
06/ml) were preincubated with DPI (10 mM) in HBSS for 10 min at
7°C in a shaking bath, and then incubated with 2 mM DCFH-DA
nd various concentrations of 6-formylpterin for an additional
h, subsequently the cells washed and resuspend in phosphate-

uffered saline (PBS). The amount of intracellular H2O2 was de-
ected by the FACSCalibur flow cytometer (Becton Dickinson, Moun-
ain View, CA) and analyzed using the CELLQuest software (Becton
ickinson).

Preparation of bacteria. E. coli NIHJ-JC2 and S. aureus
TCC12600, obtained from the American Type Culture Collection

Rockville, MD), were cultured in Trypto-Soya Broth (Nissui, Tokyo,
apan) at 37°C for 24 h in a shaking water bath. The bacteria were
ashed twice with PBS and suspended in HBSS. The concentration
f bacteria was determined by the turbidity of the suspension using

densitometer (Photoelectric colorimeter, Klett Summerson Co.,
ew York, NY) and was adjusted at 1 3 108 bacteria/ml.

Bactericidal assay. Bactericidal activity of neutrophils was de-
ermined by a standard technique (19). The reaction mixture con-
ained 1 3 106 neutrophils, 2 3 106 E. coli or 5 3 105 S. aureus, 10%
uman AB serum, 0.1% gelatin, and HBSS in a total volume of 0.5
l. After 10 min preincubation with or without 10 mM DPI, the tubes

ontaining the reaction mixture were further incubated with or with-
ut 6-formylpterin at 37°C in a shaking water bath. Samples were
emoved at 60 min (E. coli) or 75 min (S. aureus), and suspended for
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min in cold distilled water for disrupting neutrophils. An aliquot of
uspension was plated on a pour plate made with Heart Infusion
gar (Nissui, Tokyo, Japan). After 24 h of incubation at 37°C, the
olonies formed were counted.

Statistical analysis. Values were shown as means 6 SD. Statis-
ical comparisons were made using one-way analysis of variance,
ollowed by Fisher protected least significant difference post hoc test
o compare the group means.

ESULTS

etection and Determination of the Original Radicals
by EPR Spectroscopy

There were no oxygen radical signals in the EPR
pectra obtained from the medium containing neu-
rophils and 6-formylpterin (Fig. 1, Trace A). How-
ver, OZ was added to the medium, prominent oxy-
en radical signals were observed (Fig. 1, Trace B),
onsisting of a doublet of a triplet with the hfsc’s of
(N) 5 1.41 mT, a(bH) 5 1.14 mT and a(gH) 5 0.11
T, which is indicative of DMPO-OOH (20). These

ignals were totally quenched by SOD (data not
hown), demonstrating that the signals were derived
rom trapping the superoxide anion radical (O2

•2). In
urn, unlike OZ, 6-formylpterin did not yield O2

•2 in
eutrophils. When iron sulfate (FeSO4) was added
o the medium containing neutrophils and
-formylpterin, other oxygen radical signals were
bserved (Fig. 1, Trace C), consisting of a 1:2:2:1
uartet with the hfsc’s of a(N) 5 1.49 mT and
(bH) 5 1.49 mT, which is indicative DMPO-OH

FIG. 1. EPR spectra obtained from neutrophils. The EPR spectra
btained from (A), the reaction mixture containing neutrophils (ca.
3 106) and 6-formylpterin (2 mM) and (B), the reaction mixture

ontaining neutrophils and opsonized zymosan (OZ, 4 mg/ml). (C and
), similar to (A) and (B), respectively except that the reaction
ixture containing FeSO4, which induces Fenton reaction. Signals

ppearing both at the high and low field correspond to Mn21 installed
n the EPR cavity as a reference. The components, DMPO-OOH and
MPO-OH, are indicated by the stick diagram. Note that the DMPO-
OH signal is observed in only (B), while the DMPO-OH signal is
bserved in (C) and (D).
87
rom trapping the hydroxyl radicals (•OH). These
ignals were also observed when FeSO4 was added to
he medium containing neutrophils and OZ (Fig. 1,
race D). In the presence of ferrous ion (Fe21), •OH is
enerated via the iron-catalyzed Fenton reaction
rom H2O2 (21). Therefore, it was revealed that H2O2

as produced in the medium containing neutrophils
nd 6-formylpterin as well as in the medium contain-
ng neutrophils and OZ.

2O2 Generation in Neutrophils

The intracellular H2O2 generation in neutrophils
as measured using the DCFH-DA probe. Although a

pontaneous and gradual increase of fluorescence was
bserved from the start of the measurement, the ad-
inistration of 6-formylpterin caused an apparent in-

rease in fluorescence (Fig. 2A), demonstrating the in-
racellular H2O2 generation in the neutrophils. The
dministration of OZ also caused the increase in fluo-
escence. Recently, it was reported that the use of this
robe to measure H2O2 production in cells is problem-
tic, because the probe could be oxidized by any intra-

FIG. 2. H2O2 generation in neutrophils. (A) Intracellular H2O2

eneration. Neutrophils were incubated with 2 mM DCFH-DA, an
2O2-sensitive dye, and the changes in fluorescent intensity were

ecorded continuously with a spectrofluorimeter. 6-Formylpterin
6FP, 500 mM) or opsonized zymosan (OZ, 0.5 mg/ml) was added to
he neutrophils (ca. 1 3 107) in HBSS at the point indicated by an
rrow. (B) Extracellular H2O2 release. Neutrophils (ca. 1 3 104) were
ncubated with 6FP (500 mM) or OZ (0.5 mg/ml) in HBSS containing
mplex Red, an H2O2-sensitive dye. Then, the changes in fluorescent

ntensity were measured intermittently with a fluorometric micro-
late reader. The H2O2 concentration was determined from the stan-
ard curve.
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ellular oxidant, such as ferryl species, peroxynitrite,
tc (22). However, in the present study, the H2O2 gen-
ration in neutrophils was already demonstrated in the
receding study using EPR. Therefore, the oxidation of
CFH-DA in this study is considered to be caused by
2O2.
The extracellular H2O2 release from neutrophils was
easured using the probe Amplex Red. Although spon-

aneous H2O2 release from the medium containing
eutrophils and Amplex Red was observed, the release
pparently increased when 6-formylpterin was added
o the medium (Fig. 2B), demonstrating the extracel-
ular H2O2 release from neutrophils. The increase in
he H2O2 release was also observed when OZ was
dded to the medium.

ffects of DPI on Intracellular H2O2 Generation
by 6-Formylpterin

Flow cytometric analysis using the H2O2 sensitive
robe DCFH-DA showed that the intracellular H2O2

eneration by 6-formylpterin in neutrophils occurred
ven in the presence of DPI, an inhibitor of NADPH-
xidase (Fig. 3). The DCFH-DA fluorescence of the
eutrophils incubated with 6-formylpterin increased in
dose-dependent manner (Fig. 3 Control). The fluores-

ence of the neutrophils incubated with DPI shifted to

FIG. 3. Effects of DPI on intracellular H2O2 accumulation by
-formylpterin. Neutrophils (1 3 106/ml) were preincubated with
iphenyleneiodonium (DPI, 10 mM) for 10 min, and further incu-
ated with DCFH-DA (2 mM) and 6-formylpterin (6FP, 0, 100, 250,
nd 500 mM). The relative mean fluorescence intensity was calcu-
ated when the mean fluorescence intensity obtained from the neu-
rophils incubated without DPI or 6-formylpterin was assigned to 1,
nd the values are shown as means 6 SD (n 5 5). Control, the
eutrophils preincubated without DPI; DPI, the neutrophils prein-
ubated with DPI. *P , 0.05, **P , 0.01, and ***P , 0.001:
ignificantly different from the values obtained from the neutrophils
ncubated without 6-formylpterin (6FP, 0 mM) in each group. The
nding of a representative experiment is shown in the right half of
he graph.
88
ated without DPI. However, the fluorescence signifi-
antly increased with the increase of the concentra-
ions of 6-formylpterin (Fig. 3 DPI). These results
uggested that H2O2 generation by 6-formylpterin is
ndependent of the NADPH-oxidase.

ffects of 6-Formylpterin on the Bactericidal Activity
of Neutrophils

When the number of the colonies formed from the
acteria incubated without neutrophils was assigned
o A, and that from the bacteria incubated with neu-
rophils, DPI and 6-formylpterin was assigned to B, the
illing rate of the bacteria by the neutrophils was
alculated as the percentage of (A–B) to A. According to
his definition, the killing rate of untreated neutrophils
gainst E. coli was 69 6 13% (mean 6 SD, n 5 10). The
illing rate of DPI-treated neutrophils significantly de-
reased to 27 6 17% (P , 0.001 compared with un-
reated neutrophils). However, when DPI-treated neu-
rophils were incubated with 250 and 500 mM
-formylpterin, the killing rates increased significantly
o 44 6 19% (P , 0.05 compared with DPI-treated
eutrophils) and to 52 6 17% (P , 0.01 compared with
PI-treated neutrophils), respectively (Fig. 4A). The
illing rate of untreated neutrophils did not increase
ignificantly using 6-formylpterin (data not shown).
Similarly, the killing rate of untreated neutrophils

gainst S. aureus was calculated to be 51 6 6%
mean 6 SD, n 5 5). The killing rate of DPI-treated

FIG. 4. Effects of 6-formylpterin on the bactericidal activity of
eutrophils. The killing rates of neutrophils against E. coli (A) and S.
ureus (B) are shown. The definition of the killing rate is shown in
he text. In both A and B, Control, untreated neutrophils; DPI, the
eutrophils preincubated with 10 mM diphenyleneiodonium; DPI 1
FP, the neutrophils preincubated with DPI and further incubated
ith 250 or 500 mM 6-formylpterin. The values are shown as
eans 6 SD (n 5 10 in A, n 5 5 in B). *P , 0.05 and **P , 0.01,

ignificantly different from the values obtained from the DPI neu-
rophils in each of A and B.
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.001 compared with untreated neutrophils). When
PI-treated neutrophils were incubated with 250
nd 500 mM 6-formylpterin, the killing rates in-
reased significantly to 38 6 8% and to 37 6 9% (P ,
.05 compared with DPI-treated neutrophils, in
oth) (Fig. 4B).
These results indicated that DPI impairs the bacte-

icidal activity of neutrophils and that 6-formylpterin
estores the impaired bactericidal activity of DPI-
reated neutrophils.

ISCUSSION

In the present study, we demonstrated that 6-for-
ylpterin intracellularly generated H2O2 in neutro-

hils, that the H2O2 generation was independent from
ADPH-oxidase and that the generated H2O2 restored

he impaired bactericidal activity of the DPI-treated
eutrophils, a mimic for CGD neutrophils.
The access of CGD neutrophils with the impaired

actericidal activity is difficult because of the rarity of
GD, around 1/200,000 births (23). As an alternative
ethod, we inhibited the NADPH-oxidase with DPI

nd made a mimic for CGD neutrophils. DPI is an
nhibitor of a wide range of flavoproteins, including
ADPH-oxidase, nitric oxide synthase, and complex I
ithin the mitochondrial electron transport chain (24).
he disadvantage of using DPI is its lack of specificity.
owever, in the present study, the use of DPI reduced

he killing rate of normal neutrophils against bacte-
ia and the reduced killing rate was restored by
-formylpterin, which indicated that DPI impaired the
xidative killing mechanism of neutrophils but did not
nduce irreversible damages to the neutrophils. There-
ore, DPI offered a good mimic for CGD in this study.

E. coli and S. aureus are catalase-positive organisms
nd known to be predominant pathogens in patients
ith CGD (25). So, we chose these bacteria as targets of
illing. Although the increase in intracellular H2O2

nduced by 6-formylpterin improved the impaired bac-
ericidal activity of DPI-treated neutrophils against
hese bacteria, the activity was not completely re-
tored. It was shown that O2

•2 made a direct contribu-
ion to killing of S. aureus (26) and that the H2O2-MPO
ystem was not markedly involved in killing of E. coli
27). The NADPH-oxidase substantially generates O2

•2,
hereas 6-formylpterin generates H2O2 but not O2

•2,
hich may be the reason why 6-formylpterin could not

ompletely restore the impaired bactericidal activity.
Curative therapy for CGD has not been established

xcept for allogeneic bone marrow transplantation
BMT). However, allogeneic BMT is rarely used in CGD
ecause of its associated risks and the difficulty in finding
suitable donor (28). The best hope for long-term cures

re recently developed gene therapy and nonmyeloabla-
ive hematopoietic stem cell transplantation (29, 30). Cor-
89
ost defense in the murine model of CGD (31). Clinically,
emale carriers of the X-linked form of CGD with several
ercent of oxidase-positive neutrophils have few or no
ymptoms (32). These findings suggested that the incom-
lete restoration of the impaired bactericidal activity by
-formylpterin may be sufficient for the enhancement of
ost defense and that the use of 6-formylpterin may be an
lternative way to improve the bactericidal activity of the
GD patients. Not only in the CGD patients, but also in
atients with human immunodeficiency virus (HIV) in-
ection, it was reported that O2

•2 production of neutro-
hils was depressed and it may lead to the increased risk
f serious bacterial infections in HIV-infected patients
33). Therefore, 6-formylpterin may contribute to en-
ance the bactericidal activity of neutrophils in HIV-

nfected patients.
In conclusion, we herein demonstrated that

-formylpterin generated H2O2 independent from the
ADPH-oxidase in human neutrophils and restored

he impaired bactericidal activity of the DPI-treated
eutrophils, a mimic for CGD. The ability of intracel-

ular H2O2 production by 6-formylpterin may possibly
erve to enhance innate immunity in patients with
mmunodeficient diseases.
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