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ABSTRACT

Redox processes are involved in the mechanism of action of NADPH oxidase inhibitors
such as diphenyleneiodonium and apocynin. Here, we studied the structure-activity
relationship for apocynin and analogous ortho-methoxy-substituted catechols as inhibi-
tors of the NADPH oxidase in neutrophils and their reactivity with peroxidase. Aiming to
alter the reduction potential, the ortho-methoxy-catechol moiety was kept constant and
the substituents at para position related to the hydroxyl group were varied. Two series of
compounds were employed: methoxy-catechols bearing electron-withdrawing groups
(MC-W) such as apocynin, vanillin, 4-nitroguaiacol, 4-cyanoguaiacol, and methoxy-cate-
chol bearing electron-donating groups (MC-D) such as 4-methylguaiacol and 4-ethylguaia-
col. We found that MC-D were weaker inhibitors compared to MD-W. Furthermore, the
radicals generated by oxidation of MC-W via MPO/H,0,, but not for MC-D, were able to
oxidize glutathione (GSH) as verified by the formation of thiyl radicals, depletion of GSH,
and recycling of the ortho-methoxy-catechols during their oxidations. The capacity of
oxidizing sulfhydryl (SH) groups was also verified when ovalbumin was incubated with
MC-W, but not for MC-D. Since the effect of apocynin has been correlated with inactivation
of the cytosolic fractions of the NADPH oxidase complex and its oxidation during the
inhibitory process develops a special role in this process, we suggest that the close
relationship between the reactivity of the radicals of MC-W compounds with thiol groups
and their efficacy as NADPH oxidase inhibitor could be the chemical pathway behind the
mechanism of action of apocynin and should be taken into account in the design of new
and specific NADPH oxidase inhibitors.
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1. Introduction

Reactive oxygen species (ROS) play a significant role in the
pathogenesis of a myriad of inflammatory and cardiovascular
diseases, such as, diabetes, atherosclerosis, asthma, Alzhei-
mer’s disease, psoriasis, rheumatoid arthritis, and also in the
aging process [1-3]. In this concern, one of the predominant
cellular sources of ROS is a family of multisubunit enzymes
known as the NADPH oxidases. These enzymes catalyze the
univalent reduction of molecular oxygen, thereby forming
superoxide (O, ). This one-electron reduced form of molecular
oxygen is the primary source of ROS, and from it, several
oxidizing substances as hydrogen peroxide (H,0,), hydroxyl
radical (HO®), hypochlorous acid (HOCI), and peroxynitrite
(ONOO™) can be generated [4].

NADPH oxidase develops a primordial role in the phago-
cytic cells, since the generation of ROS is the base for their
microbicidal activity. However, the presence of several
homologous proteins in nonphagocyte tissues has provided
evidence that this oxidase system has many other physiolo-
gical functions, but unfortunately, it has been also linked to
many other deleterious effects. For instance, cardiovascular
NADPH oxidases have been shown to play important roles in
blood pressure regulation, as well as pathophysiological
events, including hypertension and atherosclerosis [5,6]. In
the kidney, ROS generated by NADPH oxidase play essential
roles in normal renal function, but also have been implicated
in pathological conditions related to abnormal kidney func-
tion as diabetic nephropathy [7,8]. NADPH oxidase is also
expressed in the central nervous system and there are
substantial evidences of the involvement of ROS in the normal
brain aging, as well as disease states, such as Alzheimer’s
disease, ischaemic injury, and stroke [9,10]. NADPH oxidase is
a multienzyme complex comprising the membrane-bound
cytochrome b558, three cytosolic factors (p47phox, p67phox,
p40phox), and the small GTPase Rac2. When the cells are
activated by stimuli such as immunocomplex, opsonized
particles, arachidonic acid or phorbol myristate acetate, a
cascade of events takes place, resulting in the migration of
these cytosolic components to the membrane and assemble of
the enzyme complex, which starts producing superoxide [11].

Considering the presence of the NADPH oxidases in the
several tissues and their clear linkage with inflammatory
diseases, several substances with antioxidant property have
been tested as inhibitors of the generation and/or scavengers
of the ROS produced via NADPH oxidase activation. Regarding
to that, the ortho-methoxy-catechol (4-hydroxy-3-methoxya-
cetophenone), known as apocynin, plays a special role [12].
Indeed, it is the only phytochemical that has been widely used
as a NADPH oxidase inhibitor in many experimental models
using phagocytic and nonphagocytic cells (over 300 medline-
indexed publications). A very important finding, concerning
its mechanism of inhibition on NADPH oxidase, was the
discovery that apocynin must be oxidized to perform its role
and its products could be the real active species [13]. Recently,
we demonstrated that during the peroxidase-mediated oxida-
tion of apocynin, its radical intermediate is able to oxidize
glutathione (GSH) [14]. Since apocynin inhibits the migration
of the cytosolic fraction p47phox to the membrane, and this
property has been linked to the inactivation of essential

sulfhydryl (SH) residues of this protein [15], we suggested that
the necessity of oxidation and the reactivity of apocynin
radicals with thiol groups could be behind the mechanism of
action of apocynin. Here, we advanced and studied the
correlation between the reactivity of ortho-methoxy-catechol,
analogous to apocynin, with SH groups and their relative
potency as NADPH oxidase inhibitor in activated neutrophils.
We found that there is a close relationship between the
reactivity of the radicals of the ortho-methoxy-catechols with
thiol groups and their efficacy as NADPH oxidase inhibitors.

2. Materials and method

Chemicals: 4-hydroxy-3-methoxyacetophenone (apocynin), 4-
hydroxy-3-methoxybenzaldehyde (vanillin), 2-methoxy-4-nitr-
ophenol (4-nitroguaiacol), 4-hydroxy-3-methoxybenzonitrile
(4-cyanoguaiacol), 2-methoxy-4-methylphenol (4-methylgua-
iacol), 4-ethyl-2-methoxyphenol (4-ethylguaiacol), GSH, zymo-
san, 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB), and lucigenin
were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Myeloperoxidase (EC 1.11.1.7) was purchased from
Planta Natural Products (Vienna, Austria) and its concentration
was determined from its absorption at 430 nm (g430 nm =
89,000 M~* cm ™! per heme). Hydrogen peroxide was prepared
by diluting a 30% stock solution purchased from Peroxidos do
Brasil (Sao Paulo, Brazil) and calculating its concentration using
its absorption at 240 nm (240 nm=43.6 M *cm™?). All the
reagents used for solutions and buffers were of analytical grade.

2.1.  Isolation of human neutrophils

Neutrophils were isolated from the blood of healthy donors by
Ficoll-Paque centrifugation, dextran sedimentation, and
hypotonic lysis of red cells [16]. After isolation, neutrophils
were resuspended in 10mM phosphate buffer (pH 7.0)
containing 10 mM potassium chloride and 140 mM sodium
chloride, plus 1mM calcium chloride, 0.5 mM magnesium
chloride, and 1 mg/ml glucose (supplemented PBS). Opsonized
zymosan was prepared as described by Simoes et al. [17]. The
blood samples were taken from healthy volunteers. The study
was approved by the faculty research ethics committee
(Comite de Etica em Pesquisa- FCFAR/UNESP no. 03/2006).

2.2.  Lucigenin-dependent chemiluminescence elicited by
activated neutrophils

Neutrophils (2 x 10° cells/ml) were preincubated at 37 °C in
supplemented PBS with 10 pmol/l lucigenin and the methoxy-
catechols for 10 min. The reaction was started by adding 1 mg/
ml opsonized zymosan and the chemiluminescence was
measured for 30 min. The reactions were carried out in a
BioOrbit 1251 luminometer (Turku, Finland). The final reaction
volume was 0.5 ml. The integrated light emission was taken as
the analytical parameter. The tests where methoxy-catechols
were absent were used as control for the calculation of the
relative inhibition for each methoxy-catechol. For the calcula-
tion of the IC 50, curves with different concentration of each
methoxy-catechol were raised. The IC 50 results are triplicates
using neutrophils of three healthy donors.
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2.3. Oxygen uptake elicited by activated neutrophils

Neutrophils (4 x 10° cells/ml) were incubated at 37°C in
supplemented PBS with 2 mM methoxy-catechols and 1 mg/
ml opsonized zymosan. The oxygen consumption was
measured in a Clark-type oxygen electrode (Yellow spring
instruments 53004, Cincinnati, OH, USA). The test where
methoxy-catechols were absent was used as a control. The
buffer solution was initially saturated with air (200 uM) by
stirring the opened cell for 5 min.

2.4. HPLC study of the oxidation of ortho-methoxy-
catechols catalyzed by MPO and the effect of GSH

Methoxy-catechols (1 mM) were incubated in 50 mM phos-
phate buffer, pH 7.0, 25 °C, with 0.5 pM MPO and 0.5 mM H,0,
for 10 min in the presence or absence of 1 mM GSH. The
reaction was started by adding hydrogen. Products were
separated in a high performance liquid chromatograph
(Waters 2690 separation module in line with a Waters 996
UV-vis detector set at 254 nm). HPLC analyses were carried out
isocratically on a Synergi C18 reversed-phase column
(250 mm x 4.6 mm, 4 pm), with 60:40 water/acetonitrile (flow
rate 0.7 ml/min) as the mobile phase.

2.5.  Oxygen uptake during the oxidation of the ortho-
methoxy-catechols catalyzed by MPO

Methoxy-catechols (1 mM) were incubated in 50 mM phos-
phate buffer, pH 7.0, 25 °C, with 0.5 pM MPO in the presence or
absence of 1 mM GSH. The reaction was started by adding
0.5 mM H,0,. The reactions were monitored with a Clark-type
oxygen electrode (Yellow spring instruments 53004, Cincin-
nati, OH, USA).

2.6.  GSH depletion during the oxidation of the ortho-
methoxy-catechols

The reaction medium was composed of 1mM methoxy-
catechols, 1 mM hydrogen peroxide, 0.5 pM MPO and 1 mM
GSH in 50 mM phosphate buffer pH 7.0 at 25°C and a final
volume of 1 ml. After a fixed interval, 20 pg/ml catalase was
added to stop the reaction and aliquots were removed to
measure the concentration of GSH by the DTNB method [18].

2.7.  Ovalbumin’s SH groups depletion during the
oxidation of the ortho-methoxy-catechols

Egg white was used as a source of ovalbumin and the total SH
groups measured using the Ellman’s reagent adapted to
determination in ovalbumin [19]. The eggs were obtained
from a local supermarket. Reagent grade chemicals were used
to prepare the following: Tris-glycine buffer (0.1M tris-
(hydroxymethyl)-aminomethane (tris), 0.1M glycine, and
4mM ethylenediamine-tetraacetic acid disodium salt, pH
8.0); 5% sodium dodecyl sulfate in tris-glycine buffer (denoted
SDS-tris-glycine); Ellman’s reagent (4 mg/ml DTNB in tris-
glycine buffer). 0.1% solution of egg white was prepared in
SDS-tris-glycine and centrifuged for 5 min at 1000 x g. For the
determination of total SH groups, 500 pl of the protein solution

was mixed with 500 pl of SDS-tris-glycine buffer and 10 pl of
Ellman’s reagent. The reaction mixture was incubated for
15 min at 40 °C in a water bath to allow the protein to unfold
and all SH groups to be accessible to DTNB. Finally, the
absorbance was measured at 412 nm against a reagent blank
[19]. For testing the reactivity of the methoxy-catechol radicals
with SH groups, the above protein solution was previously
incubated with these compounds (1 mM) in the presence of
MPO (0.2 pM), and H,0, (0.1 mM) for 10min, at room
temperature. Then, the remaining SH groups were measured
as above.

3. Results

Apocynin and its analogous ortho-methoxy-substituted cate-
chols, bearing different substituents at the para position
related to the hydroxyl group, were studied as inhibitors of
lucigenin-dependent chemiluminescence elicited by opso-
nized zymosan-activated neutrophils. The substituents that
replaced the acetyl group of apocynin were selected as they
could exert an electron-donating or electron-withdrawing
electronic effect in the aromatic ring [20]. Hence, 4-ethyl-
guaiacol (ethyl) and 4-methylguaiacol (methyl) are examples
of ortho-methoxy-substituted catechols bearing an additional
electron-donating group (MC-D), whereas apocynin (apo),
vanillin (van), 4-cyanoguaiacol (cyano), and 4-nitroguaiacol
(nitro) are representatives of ortho-methoxy-substituted cate-
chols bearing an additional electron-withdrawing group (MC-
W) (Fig. 1).

The results in Table 1 show that the MC-D derivatives were
significantly weaker inhibitors of the activation of NADPH
oxidase when compared to MC-W. These inhibitory effects
were not the result of cytotoxic effect on neutrophil as checked
by trypan blue exclusion assay (not shown) or direct
scavenging action upon superoxide anion, as checked in a
cell-free hypoxanthine/xanthine oxidase assay (not shown).
To confirm these results, we performed additional experi-
ments whereby the inhibitory potency of the ortho-methoxy-
substituted catechols was studied via a direct action on
the oxygen uptake elicited by stimulated neutrophils. In

R
HO
OCHj
where R: CH; 4-methylguaiacol (Methyl)

CH,CH;  4-ethylguaiacol (Ethyl) } MC-D
COCH; apocynin (Apo)
COH vanillin (Van)
CN 4-cyanoguaiacol (Cyano) MC-W
NO, 4-nitroguaiacol (Nitro)

Fig. 1 - Molecular structure of the ortho-MC-D and ortho-
MC-W.
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Table 1 - Relative potency of the ortho-methoxy-sub-

stituted catechols derivatives as inhibitors of the activa-
tion of NADPH oxidase

Methoxy-catechol IC 50
Apocynin 8.0+3.0
Vanillin 76+10
4-Nitroguaiacol 17.7+11
4-Cyanoguaiacol 10.9+29
4-Methylguaiacol 78.0 +10.0
4-Ethylguaiacol 155.1+7.0

The reaction mixture was composed of neutrophils, lucigenin,
opsonized zymosan and the methoxy-catechols. See material and
methods for details. The results are mean and SEM of triplicates of
three experiments using blood of different healthy donors.
P <0.05 relative to the experiment using apocynin (One way
analysis of variance and Dunnett multiple comparison test).

agreement with the lucigenin assay, the MC-D derivatives
were less effective inhibitors (Fig. 2).

Since the presence of electron-donating or electron-with-
drawing substituents in the aromatic ring of phenolic
compounds have a direct effect in their reduction potential
[21], we studied the reactivity of the methoxy-catechols with
peroxidase and the effect of addition of GSH. In these
experiments, the methoxy-catechols were incubated with
H,0, and MPO for 10 min in the presence or absence of GSH.
The remaining concentration of the methoxy-catechols was
measured by HPLC. Fig. 3 shows that all ortho-methoxy-
substituted catechols were promptly oxidized by MPO/H,0,,
however, when these oxidations were performed in the
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Fig. 2 - Relative potency of the ortho-methoxy-substituted
catechols derivatives as inhibitors of the activation of
NADPH oxidase in activated neutrophils assessed by
oxygen uptake. The reaction mixture was composed of
neutrophils, opsonized zymosan, and the methoxy-
catechols. (Above) Typical profile of oxygen uptake in the
presence or absence of the methoxy-catechols. (Below)
Inhibition of the oxygen uptake provoked by the methoxy-
catechols. See Section 2 for details. The results are
triplicates. ‘P < 0.05 relative to the experiment using
apocynin (one way analysis of variance and Dunnett
multiple comparison test).
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Fig. 3 - The effect of GSH on MPO-catalyzed oxidation of
ortho-methoxy-substituted catechols. The substrates

(1 mM) were incubated during 10 min at 25 °C in 50 mM
phosphate buffer, pH 7.0, containing 0.5 pM MPO, 0.5 mM
H,0, (controls) or in the presence of 1 mM GSH. The
reaction was started by adding hydrogen peroxide. The
remaining concentration of the methoxy-catechols was
measured by HPLC (see Section 2). Data represent at least
three experiments.

presence of GSH, the results were diverse. Indeed, the
oxidation of the MC-W derivatives, but not for MC-D, was
prevented when GSH was added to the reaction medium. As
GSH is a poor substrate for MPO and should not compete with
the phenolic compounds [22,23], these HPLC results were
indicative that this thiol compound could be able to recycle the
methoxy-catechols by reducing back the radical generated
during the oxidation of the MC-W derivatives. The confirma-
tion was obtained by measuring the depletion of GSH and the
involvement of glutathionyl radicals (GS®) during the reac-
tions. The generation of GS* during the oxidation of the
methoxy-catechol by MPO/H,0, was evaluated by oxygen
uptake assay [24]. Fig. 4 depicts the oxygen uptake provoked by
the addition of GSH during oxidation of the methoxy-
catechols. As control, the lack of any component, including
MPO, H,0,, GSH, and methoxy-catechols prevented the
oxygen uptake from taking place (not shown). In agreement
with the previous results, only for the MC-D derivatives, the
addition of GSH did not provoke oxygen consumption. Similar
results were observed by measuring the depletion of GSH
when methoxy-catechols were oxidized by MPO/H,0, (Fig. 5).

To reinforce our proposal of the involvement of GS* during
the peroxidase catalyzed oxidation of the methoxy-catechols,
the effect of the pH and concentration GSH was studied
regarding the efficiency of oxygen uptake. Fig. 6 shows that the
efficiency of oxygen uptake is higher at an alkaline pH, which
would favor the formation of glutathionyl anion (GH")
(Scheme 1, reaction 4). Similarly, a higher concentration of
GSH would favor the formation of GH® (Scheme 1, reaction 3),
instead of dimerization (Scheme 1, reaction 2) [14].

The capacity of the radicals of the MC-W derivatives to
react with thiol compounds was extended to SH residues of
ovalbumin, which was used here as a model to access the
capacity of these methoxy-catechols radicals to oxidize SH
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Fig. 4 - Time course of oxygen uptake during oxidation of ortho-methoxy-substituted catechols. The compounds (1 mM)

were incubated at 25 °C in 50 mM phosphate buffer, pH 7.0, containing 0.5 pM MPO and 0.5 mM hydrogen peroxide in the
absence or presence of 1 mM GSH. The reaction was started by addition of the hydrogen peroxide. The buffer solution was
initially saturated with air (200 mM) by stirring the opened container for 5 min. Data represent at least three experiments.

groups in proteins (Fig. 7). In these experiments, the
compounds were incubated with ovalbumin in the presence
of MPO and H,0,. Then, the relative amount of reduced SH was
quantified using an adapted Ellman’s method [19].

f
+ Cyano 5
4
%
+Van g
%
+Apo
+ Ethyl

+ Methyl

L LA I L L B L R LA BN RN L
0.0 0.2 0.4 0.6 0.8 1.0
Remaining GSH (mM)

Fig. 5 - Oxidation of GSH during MPO-catalyzed oxidation
ortho-methoxy-substituted catechols. Methoxy-catechols
(1 mM) were incubated during 2 min at 25 °C in 50 mM
phosphate buffer, pH 7.0, containing 0.5 pM MPO, 0.5 mM
hydrogen peroxide and 1 mM GSH. The remaining
concentration of GSH was measured removing aliquots,
adding catalase (20 pg/mL) to stop the reaction and the
supernatant assayed by the DTNB method [19]. The nitro
derivative was not used in this assay, since its native
absorbance interferes in the DTNB assay. The results are
mean and standard deviation (S.D.) of triplicates.

4, Discussion

A huge number of natural antioxidants are able to scavenge
the secondary superoxide’s oxidant species such as HyO,,
HOCI, HO®*, ONOO™. However, these natural antioxidants are,
in their majority, unspecific and do not inhibit the production
of superoxide. Apocynin seems to be an exception. Indeed, as
an antioxidant, it is limited compared to compounds such as
quercetin, resveratrol, curcumin, etc., but it is the only natural
phenolic compound for which there is substantial evidence of
its action as an inhibitor of NADPH oxidase [12]. But, why
apocynin? It is a quite simple molecule! What property does it
have that is absent in more sophisticated polyphenols? This is
the main question addressed here.

The use of apocynin as an inhibitor of the activation of the
NADPH oxidase complex is based on the inhibition of the
assembly process, as the migration of the p47phox compo-
nent to the membrane is impeded in its presence [15]. The
same property has been reported for N-ethylmaleimide and
oxidation products of 1-naphthol. The explanation for the
effects of these compounds is based on the generation of
electrophilic quinones that conjugate with essential thiol
residues, present in the cytosolic component p47phox via
Michael addition [25,26]. For apocynin, the inhibition of the
migration of the cytosolic component p47phox does not
match this mechanism. In fact, others and we have demon-
strated that apocynin or its dimer oxidation product does not
conjugate with GSH [13,14]. Additionally, we found that the
apocynin radical generated during its peroxidase-catalyzed
oxidation is able to oxidize thiol compounds. Based on this
property, we proposed that this could be a pathway by which
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Fig. 6 — Effect of the concentration of GSH and of the pH on
efficiency of oxygen uptake during the oxidation of
apocynin. (A) The compounds (1 mM) were incubated at
25 °C in 50 mM phosphate buffer, pH 7.0, containing

0.5 pM MPO and 0.5 mM hydrogen peroxide in the absence
or presence GSH. (B) The concentration of GSH was kept
constant (1 mM). The reactions were started by addition of
the hydrogen peroxide. The buffer solution was initially
saturated with air (200 mM) by stirring the opened
container for 5 min. Data represent at least three
experiments.

apocynin could interact with thiol residues of the cytosolic
component of the NADPH oxidase [14]. Corroborating this
hypothesis, apocynin markedly decreases the intracellular
reduced/oxidized glutathione ratio (GSH/GSSG) in stimulated
monocytes [15] and the addition of B-mercaptoethanol
prevents the inhibitory effect of apocynin in activated
neutrophils [27]. Here, we advance in this proposal, by
demonstrating that there is a close relationship between
the reactivity of the ortho-methoxy-substituted catechols
with SH groups and their potency as inhibitors of the
assembling of the NADPH oxidase complex. Scheme 1 depicts

40
[Total SH groups]ejative

60 80

Fig. 7 - Oxidation of ovalbumin’s SH groups during MPO-
catalyzed oxidation of ortho-methoxy-substituted
catechols. Methoxy-catechols (1 mM) were incubated
during 10 min at room temperature with albumin
solution, 0.5 pM MPO, 0.5 mM hydrogen peroxide. The
remaining concentration of SH was measured by the
adapted Ellman’s method. See Section 2 for further details.
The nitro derivative was not used in this assay, since its
native absorbance interferes in the DTNB assay. The
results are mean and SD of triplicates. P < 0.05 relative to
the control (one way analysis of variance and Dunnett
multiple comparison test).

the putative mechanism for the involvement of GSH during
the oxidation of the methoxy-catechols.

We found that the MC-D derivatives, which were not able to
oxidize GSH or the cysteine residues of ovalbumin during their
MPO-catalyzed reaction, showed weaker capacity as NADPH
oxidase inhibitors. We propose that the decreased efficiency of
the MC-D might be related to their lower reduction potential
compared to the MC-W derivatives [28]. Thus, the radicals of
MC-D would not be able to oxidize essential SH groups of the
NADPH oxidase complex. In agreement with our hypothesis,
only flavonoids with reduction potential higher than 850 mV

Absence of GSH
MC-D MPO MC-D
or + H,0, - » or + 2H,0 (1)
MC-W MC-W «
MC-D » . .
or —» ——»  Dimer, trimer (2) (Ref14)
MC-W »
For MC-W in the presence of GSH
MC-We + GSH —> MC-W + GSe 3)
GSs + GS _ > GSSG" ™~ (4)  (Ref24)
GSSG*™ + O, — GSSG + 07 (5)  (Ref24)

Scheme 1 - Proposal for the involvement of GSH during MPO-catalyzed oxidation of the methoxy-catechols. Ortho-MC-D and

ortho-MC-W.
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(the redox potential for the couple GS™/GS) were able to oxidize
GSH when these compounds were studied regarding their
capacity of generating superoxide, via GS®, during horseradish
peroxidase-catalyzed oxidation [29]. Here, our results demon-
strated, clearly, that GSH and the cysteine residues of
ovalbumin were able to reduce the radicals generated during
the oxidation of MC-W, but not for the MC-D derivatives. In
others words, the decrease in the reduction potential, caused
by the additional electron-donating group, could impair
the action of the MC-D derivatives as NADPH oxidase
inhibitors.

In conclusion, we suggest that the capacity of apocynin and
analogous methoxy-catechols as inhibitors of the assembling
process during NADPH oxidase activation could be related to
the oxidation of essential SH groups of the cytosolic fraction of
this multienzyme complex. This property must be behind the
necessity of oxidation of apocynin during its effect [13].
Considering that all methoxy-catechols studied here are quite
similar molecules regarding their liposolubility, the difference
observed cannot be explained by the accessibility to the
intracellular medium. In the same way, no major difference
was observed regarding the reactivity with peroxidase, a
criteria that have been reported as relevant to apocynin action
as NADPH oxidase inhibitor. Hence, the only difference is the
lower reduction potential of the methyl and ethyl derivatives
which makes these compounds unable to oxidize SH groups.
Thus, we propose that this chemical property of the methoxy-
catechol should be taken into account in the design of new
and specific inhibitors of the NADPH oxidase complex. Among
the other derivatives that were employed here, vanillin
deserves further studies. Vanillin is an extremely common
flavoring agent. This feature is indication of its low toxicity.
Since vanillin was as efficient as apocynin, we suggest that it
should be studied as a NADPH oxidase inhibitor in animal
models.

Acknowledgments
This study was supported by Fundacio de Amparo a Pesquisa

do Estado de Sdo Paulo (FAPESP) and Conselho Nacional de
Desenvolvimento Cientifico e Tecnolédgico (CNPq), Brasil.

REFERENCES

[1] Yung LM, Leung FP, Yao X, Chen ZY, Huang Y. Reactive
oxygen species in vascular wall. Cardiovasc Hematol Disord
Drug Targets 2006;6:1-19.

[2] Geronikaki AA, Gavalas AM. Antioxidants and
inflammatory disease: synthetic and natural antioxidants
with anti-inflammatory activity. Comb Chem High
Throughput Screen 2006;9:425-42.

[3] Stadtman ER. Protein oxidation and aging. Free Radic Res
2006;40:1250-8.

[4] El-Benna J, Dang PM, Gougerot-Pocidalo MA, Elbim C.
Phagocyte NADPH oxidase: a multicomponent enzyme
essential for host defenses. Arch Immunol Ther Exp
(Warsz) 2005;53:199-206.

[5] Grote K, Ortmann M, Salguero G, Doerries C, Landmesser U,
Luchtefeld M, et al. Critical role for p47phox in renin-

angiotensin system activation and blood pressure

regulation. Cardiovasc Res 2006;71:596-605.

Cave AC, Brewer AC, Narayanapanicker A, Ray R, Grieve D],

Walker S, et al. NADPH oxidases in cardiovascular health

and disease. Antioxid Redox Signal 2006;8:691-728.

Gill PS, Wilcox CS. NADPH oxidases in the kidney. Antioxid

Redox Signal 2006;8:1597-607.

Kitada M, Koya D, Sugimoto T, Isono M, Araki S, Kashiwagi

A, et al. Translocation of glomerular p47phox and

p67phox by protein kinase C-beta activation is required for

oxidative stress in diabetic nephropathy. Diabetes
2003;52:2603-14.

Wilkinson BL, Landreth GE. The microglial NADPH oxidase

complex as a source of oxidative stress in Alzheimer’s

disease. ] Neuroinflammation 2006;3:30.

[10] Miller AA, Dusting GJ, Roulston CL, Sobey CG. NADPH-
oxidase activity is elevated in penumbral and nonischemic
cerebral arteries following stroke. Brain Res
2006;1111:111-6.

[11] Groemping Y, Rittinger K. Activation and assembly of the
NADPH oxidase: a structural perspective. Biochem ]
2005;386:401-16.

[12] Guzik TJ, Harrison DG. Vascular NADPH oxidases as drug
targets for novel antioxidant strategies. Drug Discov Today
2006;11:524-33.

[13] Johnson DK, Schillinger KJ, Kwait DM, Hughes CV,
McNamara EJ, Ishmael F, et al. Inhibition of NADPH oxidase
activation in endothelial cells by ortho-methoxy-
substituted catechols. Endothelium 2002;9:191-203.

[14] Ximenes VF, Kanegae MP, Rissato SR, Galhiane MS. The
oxidation of apocynin catalyzed by myeloperoxidase:
proposal for NADPH oxidase inhibition. Arch Biochem
Biophys 2007;457:134-41.

[15] Barbieri SS, Cavalca V, Eligini S, Brambilla M, Caiani A,
Tremoli E, et al. Apocynin prevents cyclooxygenase 2
expression in human monocytes through NADPH oxidase
and glutathione redox-dependent mechanisms. Free Radic
Biol Med 2004;37:156-65.

[16] Boyum A. Isolation of leucocytes from human blood-A2-
phase system form removal of red cells with
methylcellulose as erythrocyte aggregating agent. Scand J
of Clin & Lab Invest 1968;21:77-89.

[17] Simoes LM, Gregorio LE, Da Silva Filho AA, de Souza ML,
Azzolini AE, Bastos JK, et al. Effect of Brazilian green
propolis on the production of reactive oxygen species
by stimulated neutrophils. ] Ethnopharmacol
2004;94:59-65.

[18] Jocelyn PC. In: Jakoby WB, Griffith OW, editors. Sulfur and
Sulfur Aminoacids. New York: Academic Press; 1995. p. 44—
67.

[19] Van der Plancken I, Van Loey A, Hendrickx ME. Changes in
sulfhydryl content of egg white proteins due to heat
and pressure treatment. ] Agric Food Chem 2005;53:
5726-33.

[20] March J. Advanced Organic Chemistry. New York: John
Wiley & Sons; 1982.

[21] Li C, Hoffman MZ. One-electron redox potentials of phenols
in aqueous solution. ] Phys Chem B 1999;103:6653-6.

[22] Tien M. Myeloperoxidase-catalyzed oxidation of tyrosine.
Arch Biochem Biophys 1999;367:61-6.

[23] Pichorner H, Metodiewa D, Winterbourn CC. Generation of
superoxide and tyrosine peroxide as a result of tyrosyl
radical scavenging by glutathione. Arch Biochem Biophys
1995;323:429-37.

[24] Halliwell B, Gutteridge JMC. Free radicals in Biology and
Medicine. New York: Oxford University Press; 1988.

[25] Hart BA, Simons JM, Rijkers GT, Hoogvliet JC, Van Dijk H,
Labadie RP. Reaction products of 1-naphthol with reactive
oxygen species prevent NADPH oxidase activation in

6

[7

[8

[9



464

BIOCHEMICAL PHARMACOLOGY 74 (2007) 457-464

[26]

(27]

activated human neutrophils, but leave phagocytosis
intact. Free Radic Biol Med 1990;8:241-9.

Clark RA, Volpp BD, Leidal HG, Nauseef WM. Two cytosolic
components of the human neutrophil respiratory burst
oxidase translocate to the plasma membrane during cell
activation. J Clin Invest 1990;85:714-21.

Stolk J, Hiltermann TJ, Dijkman JH, Verhoeven AJ.
Characteristics of the inhibition of NADPH oxidase
activation in neutrophils by apocynin, a methoxy-

(28]

[29]

substituted catechol. Am J Respir Cell Mol Biol 1994;11:95-
102.

Am Busch MS, knapp EW. One-electron reduction potential
for oxygen and sulfur-centered organic radicals in protic
and aprotic solvents. ] Am Chem Soc 2005;127:15730-7.
Galati G, Chan T, Wu B, O’Brien PJ. Glutathione-dependent
generation of reactive oxygen species by the peroxidase-
catalyzed redox cycling of flavonoids. Chem Res Toxicol
1999;12:521-5.



	The reactivity of ortho-methoxy-substituted catechol �radicals with sulfhydryl groups: Contribution for the �comprehension of the mechanism of inhibition of �NADPH oxidase by apocynin
	Introduction
	Materials and method
	Isolation of human neutrophils
	Lucigenin-dependent chemiluminescence elicited by activated neutrophils
	Oxygen uptake elicited by activated neutrophils
	HPLC study of the oxidation of ortho-methoxy-catechols catalyzed by MPO and the effect of GSH
	Oxygen uptake during the oxidation of the ortho-methoxy-catechols catalyzed by MPO
	GSH depletion during the oxidation of the ortho-methoxy-catechols
	Ovalbumin&apos;s SH groups depletion during the oxidation of the ortho-methoxy-catechols

	Results
	Discussion
	Acknowledgments
	References


