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Zinc activates neutrophils’ oxidative burst

Marisa Freitas - Graca Porto -
José L. F. C. Lima - Eduarda Fernandes

Received: 3 May 2009/ Accepted: 25 August 2009/ Published online: 17 September 2009

© Springer Science+Business Media, LLC. 2009

Abstract Zinc has been shown to disturb the innate
host defense response by interfering in the activation
of neutrophils and subsequent oxidative burst,
although the exact role of this metal, either as an
activator or inhibitor, remains a matter of controversy
among research groups. These apparent discrepancies
may be due to experimental settings, through mod-
ification of zinc availability to neutrophils, or to
inaccurate detections of reactive species. Thus, the
main objective of the present study was to provide
clarification on the role of zinc on the activation of
human neutrophils and the subsequent oxidative
burst. For that purpose, different detection methods
and incubation media were used. The obtained results
showed that phosphate buffers (PBS and HBSS)
complex with zinc and interfere with the results
obtained with this metal. By using Tris-G, it was
clearly demonstrated that zinc, at low concentrations
(5-12.5 pM), activates NADPH oxidase, mainly via
protein kinase C, leading to the formation of super-
oxide radical (O,""). Higher concentrations of zinc
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results on a rapid dismutation of O,"~ to oxygen and
hydrogen peroxide, which in turn is used by myelo-
peroxidase to generate hypochlorous acid (HOCI).
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Abbrevations

PMN Polymorphonuclear leukocytes
ROS Reactive oxygen species

RNS Reactive nitrogen species

PKC Protein kinase C

ABAH 4-Aminobenzoyl hydrazide

PMA Phorbol myristate acetate

PBS Dulbecco’s phosphate buffer saline
HBSS Hank’s balanced salt solution

Tris-G Tris buffer saline

APF 6-(4'-Amino)phenoxy-3H-xanthen-3-
on-9-yl]benzoic acid

HRP Horseradish peroxidase

Amplex Red 10-Acetyl-3,7-dihydroxyphenoxazine

DPI Diphenyleneiodonium chloride

G66983 3-[1-[3-(Dimethylamino)propyl]-5-
methoxy-1H-indol-3-yl]-4-(1H-indol-
3-yl)-1H-pyrrole-2,5-dione

Introduction

Zinc is one of the most abundant transition metals in
the earth’s crust. It is also a relevant trace element in
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the human body, through its involvement in many
biological pathways as a constituent of functional
proteins, namely as a catalytic component of approx-
imately 300 enzymes (Parkin 2004). The ensuing
relevance for cell division and differentiation, as well
as for programmed cell death, for gene transcription,
for biomembrane functioning, and obviously for
many enzymatic activities, has led zinc to be
considered as a leading element in assuring correct
functioning of various tissues, organs and organ
systems in man and animals (Maret and Sandstead
2006; Parkin 2004; Rink and Gabriel 2001;
Stefanidou et al. 2006). Most reports in the literature
referring to zinc indicate this metal as being relatively
non-toxic and that animals, including humans, exhibit
considerable tolerance to high zinc intake (Fosmire
1990). Nevertheless, in spite of its safety, some
reports suggest that zinc may disturb the innate host
defense response, by interfering in the activation of
neutrophils and subsequent oxidative burst (Benoni
et al. 1998; Lindahl et al. 1998; Takeyama et al.
1995). Furthermore, is has also been argued that zinc
inhibits superoxide radical (0,°") production
(DeCoursey et al. 2003; Henderson et al. 1988). We
hypothesised that these apparent discrepancies may
be related to possible zinc concentration-dependent
effects on neutrophils’ NADPH activation pathways,
or in the quantitative and/or qualitative ensuing
formation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS). A frequently over-
looked bias in metal research is that even when
similar concentrations of a metal are tested in vitro
assays, its effective concentrations may be highly
dependent on the metal-complexation potential of the
incubation media (Frasco et al. 2005). Zinc research
corresponds to a paradigmatic example, as it was
previously shown that phosphate avidly complexes
zinc (Zhang 1996).

The aim of the present study was to provide
clarification on the role of zinc chloride in the
activation human neutrophils and the consequent
oxidative burst. For that purpose, we used different
methods for the identification of the ROS and RNS
produced during the oxidative burst, and applied
incubation media with different phosphate concen-
trations, in order to understand the apparent contra-
dictory results reported in literature. Having
confirmed the zinc stimulatory effect, the pathways
leading to zinc-induced activation of NADPH
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oxidase were evaluated, underlining its involvement
with protein kinase C (PKC) activation.

Materials and methods
Reagents

The following reagents were obtained from Sigma
Chemical Co. (St. Louis, USA): Dulbecco’s phos-
phate buffer saline (PBS), Hank’s balanced salt
solution (HBSS), luminol, cytochrome ¢ from horse
heart, potassium chloride, zinc chloride, N-nitro-L-
arginine methyl ester (L-NAME), diphenyleneiodonium
chloride (DPI), 2-[6-(4’-amino)phenoxy-3H-xanthen-
3-on-9-yllbenzoic acid (APF), horseradish peroxi-
dase (HRP), 10-acetyl-3,7-dihydroxyphenoxazine
(Amplex Red), 3-[1-[3-(dimethylamino)-propyl]-5-
methoxy-1H-indol-3-yl]-4-(1H-indol-3-yl)-1H-pyrrole-
2,5-dione (G66983), and phorbol myristate acetate
(PMA). Tris(thydroxymethyl)-aminomethane (Tris)
and mannitol was obtained from Riedel de Haén
(Germany). 4-Aminobenzoyl hydrazide (ABAH) was
purchased from Calbiochem (San Diego, CA, USA).
The chemical composition of buffering media is pre-
sented in Table 1.

Equipment
All determinations were performed in a microplate

reader (Synergy HT, BIO-TEK), using colorimetric,
fluorimetric or chemiluminometric detection.

Table 1 Composition of incubation media used to test neu-
trophils (pH = 7.4)

Composition (mM) PBS HBSS Tris-G
CaCl,-2H,0 0.90 1.26 1.26
MgCl,-6H,0 0.49 - -
KCl1 2.68 5.37 5.37
MgSO, - 0.81 0.81
NaCl 140 140 140
KH,PO, 1.21 0.36 -
Na,HPO, 8.10 0.34 -
NaHCO; - 4.17 -
D-Glucose - 5.55 5.55
Tris - - 25
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Isolation of human neutrophils by the gradient
density centrifugation method

Venous blood was collected from healthy human
volunteers by antecubital venipuncture, into vacuum
tubes with EDTA. The isolation of human neutrophils
from whole blood was performed by the gradient
density centrifugation method, using Histopaque
solutions 1077 and 1119 in polypropylene 12 mL
centrifuge tubes, as reported by Freitas et al. (2008).
Briefly, 3 mL of Histopaque 1077 was carefully
layered on top of 3 mL of Histopaque 1119 in a
12 mL polypropylene tube. Subsequently, 6 mL of
the collected blood was decanted on this discontin-
uous density gradient. The tube was centrifuged at
890g for 30 min at 20°C. Once the centrifugation was
complete the neutrophils were carefully removed
using a Pasteur pipette. The neutrophils pellet was
removed and doubled in volume using PBS without
Ca’* and Mg®" (this reduces the viscosity of the
Histopaque-neutrophils suspension so that the cells
can be centrifuged without the need for high g
forces). The neutrophils suspension was then centri-
fuged at 870g for 5 min at 4°C. The supernatant was
decanted and a mixture of 1.25 mL of PBS without
Ca?* and Mg®" + 5.25 mL of sterile distilled water
was added to the neutrophils pellet to lyse any
remaining red blood cells. The tube was gently
inverted for 1.30 min, after which isotonicity was re-
established by adding 2.2 mL of 3% NaCl. This
suspension was then submitted to a new centrifuga-
tion at 870g for 5 min at 4°C after which the
supernatant was decanted and the neutrophils pellet
resuspended in PBS with Ca?* and Mg”>*. The time
taken from venipuncture to the start of the different
assays was about the same in all experiments (2 h).
Isolated neutrophils were kept in ice until use. The
neutrophils were used from one volunteer per exper-
iment. Cell viability and cell yield were evaluated by
the Trypan blue exclusion method, using a neubauer
chamber and an optic microscope (40x).

Oxidative burst in human neutrophils

Upon activation, neutrophils initiate an oxidative burst
by consuming molecular oxygen, resulting in the
formation of O,"~ through the activity of the plasma
membrane bound enzyme NADPH oxidase. O™~
rapidly undergoes either spontaneous- or enzyme-

catalyzed dismutation (by microorganism-derived
superoxide dismutase, SOD) to hydrogen peroxide
and oxygen (20,"~ 4+ 2H' — H,0, + O,; Babior
1999). Concomitantly, myeloperoxidase (MPO), a
heme protein present in azurophil granules of neutro-
phils is released, upon cell activation, into the phag-
olysosome or into the extracellular space. This enzyme
considerably contributes to the bactericidal capabili-
ties of these cells via formation of HOCI from H,0,
and chloride ions (Hampton et al. 1998; Witko-Sarsat
et al. 2000). H,O, also contributes to the formation of
hydroxyl radicals (HO"), especially in the presence of
metal ions (usually iron), through the Fenton or
Haber—Weiss reactions (Mladenka et al. 2006). In
addition, H,O, can react with HOCI, to yield another
highly reactive ROS, singlet oxygen ('O,; Costa et al.
2008; Miyamoto et al. 2007).

Likewise ROS, the production of RNS is also
highly increased in the event of inflammatory
processes, and contributes to the antimicrobial activ-
ity. Inducible nitric oxide synthase (iNOS) transforms
L-arginine into nitric oxide (NO) and L-citrulline. The
rapid reaction of NO with 0,°” leads to the
formation of peroxynitrite anion (ONOO™; Denicola
and Radi 2005). NO or ONOO™ could also react with
H,0, to generate '0, (Costa et al. 2008; Miyamoto
et al. 2007).

Some of the above mentioned reactive species
were measured by using their ability to react with
chemiluminometric, fluorimetric and colorimetric
probes as described below.

Luminol amplified chemiluminescence assay

The chemiluminometric probe luminol has been thor-
oughly studied and used for monitoring reactive
species production by neutrophils, namely O, ",
H,0,, HO', HOCI, NO, and ONOO™ (Freitas et al.
2009a). The measurement of neutrophils’ oxidative
burst was undertaken by chemiluminescence, by
monitoring the oxidation of luminol by neutrophil-
generated reactive species, according to a previously
described procedure (Freitas et al. 2008). Reaction
mixtures contained neutrophils and the following
reagents at the indicated final concentrations (in a final
volume of 200 pL): luminol (50 uM when HBSS was
used and 500 pM with the other buffers, as proposed
by Freitas et al. (2009b), buffer used to test neutro-
phils (PBS, HBSS, Tris-G), zinc (0-1,000 pM) and
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neutrophils (final suspension = 1 x 10° cells/mL). In
a set of experiments, the effect of the NADPH oxidase
inhibitor diphenyleneiodonium chloride (DPI; 10 or
20 uM, 5 min before zinc) was tested against the
highest zinc concentration studied (1,000 puM). The
reaction mixture was subjected to continuous soft
shaking and incubated at 37°C during the course of the
assays. Kinetic readings were initiated immediately
after cell stimulation. Measurements were taken at the
peak of the curve, which varied depending on the
buffer saline used. Effects are expressed as chemilu-
minescence arbitrary units/min.

Cytochrome c reduction assay

The cytochrome c reduction assay consists in follow-
ing, colorimetrically, the reduction of cytochrome ¢ by
0,"~ (Freitas et al. 2009a). The measurement of
neutrophils’ oxidative burst was undertaken by color-
imetry, through monitoring the reduction of cyto-
chrome ¢ by 0,°", at 550 nm, according to a
previously described procedure, with some modifica-
tions (Freitas et al. 2009b). Reaction mixtures con-
tained neutrophils and the following reagents at the
indicated final concentrations (in a final volume of
200 pL): cytochrome ¢ (50 uM), buffer used to test
neutrophils (PBS, HBSS, Tris-G), zinc (0-1,000 pM)
and neutrophils (final suspension = 1 x 10° cells/mL).
In a set of experiments, the effect DPI (10 or 20 uM,
5 min before zinc) was tested against the zinc
concentration that stimulates neutrophils (5 pM).
The reaction mixture was subjected to continuous
soft shaking and incubated at 37°C during the course
of the assays. Kinetic readings were initiated after a
lag time of 5 min. Effects are expressed as absorbance
arbitrary units/min.

Amplex Red assay

Amplex Red is a highly sensitive and chemically
stable fluorimetric probe for the extracellular detec-
tion of H,O, (Freitas et al. 2009a). Reaction mixtures
contained the following reagents at the indicated
final concentrations (in a final volume of 200 pL):
neutrophils (final suspension = 1 x 10° cells/mL)
resuspended in Tris-G, zinc (0-1,000 uM), HRP
(0.25 U/mL), Amplex Red (25 pM). In a set of
experiments, the effect of catalase (which catalyzes
the reaction 2H,O0, — 2 H,0 + O,), (500 U/mL),

@ Springer

5 min before zinc, was tested against the zinc
concentration that provided the best response. The
excitation and emission wavelengths used were 530
and 590 nm, respectively. The reaction mixture was
subjected to continuous soft shaking and incubated at
37°C during the course of the assays. Kinetic readings
were initiated after a lag time of 5 min. Effects are
expressed as fluorescence arbitrary units/min.

APF (2-[6-(4'-amino)phenoxy-3H-xanthen-3-on-
9-yl]benzoic acid) assay

2-[6-(4'-amino)phenoxy-3H-xanthen-3-on-9-yl]ben-
zoic acid (APF) is a non-fluorescent derivative of
fluorescein, which is oxidized by highly reactive ROS
and RNS like HO', HOCI and ONOO™ (Freitas et al.
2009a). To distinguish which specie(s) is(are)
involved in the measured oxidative burst we used a
MPO inhibitor (ABAH), a NOS inhibitor (L-NAME)
and a specific scavenger of HO' (mannitol). Reaction
mixtures contained neutrophils and the following
reagents at the indicated final concentrations (in a
final volume of 275 pL): neutrophils (final suspen-
sion = 3 x 10° cells/mL) resuspended in Tris-G
incubated at 37°C with one of the inhibitors of the
enzymes responsible for the generation of reactive
species [ABAH (500 uM) or L-NAME (5 mM) or the
scavenger of reactive species mannitol (30 mM)].
After 5 min, APF (2 pM) and zinc (1,000 uM) were
added. The excitation and emission wavelengths used
were 485 and 528 nm, respectively. The reaction
mixture was subjected to continuous soft shaking and
incubated at 37°C during the course of the assays.
Kinetic readings were initiated after a lag time of
5 min. Effects are expressed as fluorescence arbitrary
units/min.

Influence of zinc on the activation of neutrophils
by phorbol myristate acetate or formyl-methionyl-
leucyl-phenylanine

The influence of zinc on the activation of neutrophils
by phorbol myristate acetate (PMA) or formyl-
methionyl-leucyl-phenylanine (fMLP) was evaluated
at the same conditions as above, except that neutro-
phils (final suspension = 1 x 10° cells/mL or 2 x
10° cells/mL, in case of PMA or fMLP, respectively)
were activated by PMA (16 nM) or fMLP (5 uM) at
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37°C, just before the addition of zinc (0-1,000 pM).
Luminol (500 pM) was used as probe.

Evaluation of PKC contribution to the activation
of human neutrophils by zinc

The purpose of this study was to evaluate the contri-
bution of PKC to the zinc stimulatory effect, by using
the PKC specific inhibitor 3-[1-[3-(dimethylamino)
propyl]-5-methoxy-1H-indol-3-yl]-4-(1H-indol-3-yl)-
1H-pyrrole-2,5-dione (G66983). Neutrophils (final
suspension = 1 x 10° cells/mL) were pre-incubated
with two concentrations of G66983 (250 and 500 nM),
for 5 min, at 37°C, before stimulation by zinc. After
incubation, the following reagents were added at the
indicated final concentrations (in a final volume of
200 pL): luminol (500 uM) and zinc (1,000 uM). The
reaction mixture was subjected to soft shaking and the
temperature of incubation was maintained at 37°C
during the course of the assays. Kinetic readings were
initiated immediately after cell stimulation. Measure-
ments were taken at the peak of the curve. Effects are
expressed as chemiluminescence arbitrary units/min.

Statistical analysis

Statistics were calculated using GraphPad Prism™
(version 5.0; GraphPad Software). Results are
expressed as mean + standard error of the mean
(SEM; from at least five individual experiments,
performed in triplicate in each experiment). Statisti-
cal comparisons between groups were estimated
using the one-way analysis of variance (ANOVA),
followed by the Bonferroni’s post-hoc test. In all
cases, P values lower than 0.05 were considered as
statistically significant.

Results

Activation of human neutrophils’ oxidative
burst by zinc

A crucial observation of the present study was that
the activation of human neutrophils’ oxidative burst
by zinc varies according to the incubation media used
to resuspend neutrophils and the methodology used
to detect reactive species. When HBSS and PBS
were used, no stimulation of neutrophils by zinc

(0-1,000 uM) was detected by any of the methodol-
ogies tested (graphical data not shown). However,
when Tris-G was used as incubation medium, a
significant activation was observed with the different
probes used. It was demonstrated that the concentra-
tions of the metal that originate the oxidative burst
signal are highly dependent on the technique used.
The chemiluminescence technique revealed that
neutrophils were activated at concentrations of zinc
from 250 to 1,000 uM (Fig. 1). Under these exper-
imental conditions, the NADPH oxidase inhibitor
DPI (10 or 20 pM, 5 min before zinc) completely
prevented the oxidative burst induced by zinc at the
1,000 pM concentration. The use of cytochrome c to
measure neutrophils’ oxidative burst showed that the
stimulation of neutrophils by zinc occurs at lower
concentrations, 5 to 12.5 uM. Also in this study, DPI
(10 puM) decreased the signal close to the blank assay.
In turn, higher concentrations of zinc (>100 pM)
reduced the oxidative burst mediated signal (Fig. 2).
Figure 3 shows that 5-12.5 pM of zinc tendentially
increases the amount of H,O, produced by neutro-
phils. The signal provided by 5 pM of zinc was
inhibited by catalase (500 U/mL) showing that
Amplex Red is detecting H,O,. In contrast, higher
zinc concentrations (from 500 to 1,000 uM) decrease
the H,O,-mediated fluorescence signal. Figure 4
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Fig. 1 The effect of zinc on human neutrophils’ oxidative
burst, measured by luminol and the effect of the NADPH
oxidase inhibitor DPI (10 and 20 uM). * P <0.05,
##% P < (0.001 compared to blank assay. Values are given as
mean £ SEM (n > 6)
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Fig. 2 The effect of zinc on human neutrophils’ oxidative
burst, measured by cytochrome c and the effect of the NADPH
oxidase inhibitor DPI (10 uM); *** P <0.001 and
** P < 0.01 compared to blank assay. Values are given as
mean £SEM (n > 6)
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Fig. 3 The effect of zinc on the production of H,O, by human
neutrophils, measured by Amplex Red and the inhibitory effect
of catalase (500 U/mL). Values are given as mean = SEM
(n=6)

reveals that zinc, from 500 to 1,000 puM, significantly
increased the APF-mediated fluorescence signal. A
MPO inhibitor- ABAH, a NOS inhibitor-.-NAME
and a specific scavenger of HO-mannitol were used
to distinguish which species is involved on burst
induced by zinc. ABAH (5 mM) and mannitol
(30 mM) had no effect on neutrophils activated up
to 1,000 uM of zinc (graphical data not shown). Only
the inhibitor of MPO decreased the signal to values
close to the blank assay (without zinc; Fig. 4).
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Fig. 4 The effect of zinc on human neutrophils’oxidative
burst, measured by APF and the inhibitory effect of ABAH
(500 M) in neutrophils activated by 1,000 uM of zinc.
* P <0.05, ¥** P < 0.001 compared to blank assay. Values
are given as mean = SEM (n > 6)

Influence of zinc on the activation of human
neutrophils by PMA or fMLP

Figure 5 shows the results obtained from the study of
the effect of zinc on the activation of human
neutrophils by PMA (16 nM) or fMLP (5 puM). This
study was performed using Tris-G as incubation
media and the technique used to measure the
oxidative burst was luminol amplified chemilumines-
cence. Figure 5a shows that zinc had no effect on
neutrophils stimulated by PMA. In contrast, Fig. 5b
reveals that zinc tendentially augments the signal
provided by the activator fMLP. As a representative
example, neutrophils stimulated by fMLP originated
10,551 £ 2,076 arbitrary chemiluminescence units
while fMLP + 500 pM of zinc increased the signal
to 22,108 + 2,469 (mean = SEM).

Contribution of PKC to the activation
of human neutrophils by zinc

The results obtained from the study of the contribution
of PKC to the activation of human neutrophils by zinc
shows that the PKC specific inhibitor G66983 inhib-
ited the response of neutrophils to zinc in a concen-
tration-dependent manner. At 500 nM, Go66983
provided a complete inhibition of zinc-induced lumi-
nol oxidation (Fig. 6).
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measured by luminol and using Tris-G as incubation media.
* P < 0.05 compared to blank assay. Values are given as
mean £+ SEM (n > 6)

Discussion

The results obtained in the present study clearly
demonstrate that zinc activates human neutrophils’
oxidative burst in vitro. Previous studies provided
contradictory results about the effect of zinc on
NADPH oxidase activation and consequently on
production of reactive species, with some authors
indicating that zinc induces neutrophils’ oxidative
burst (Benoni et al. 1998; Lindahl et al. 1998;
Takeyama et al. 1995) while in turn, others argued
that zinc inhibits O,"~ production (DeCoursey et al.
2003; Henderson et al. 1988).
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Fig. 6 The inhibitory effect of G66983 on human neutro-
phils’oxidative burst: a Induced by zinc (1,000 uM) and using
luminol as detection method; b Induced by zinc (5 pM) and
using cytochrome c¢ as detection method. *** P < 0.001
compared to the blank assay. Values are given as mean +
SEM (n > 6)

It was shown that the ability of zinc to activate
human neutrophils in vitro depends on the presence
or absence of phosphate in the buffer used in the
assay system. Indeed, when phosphate was used in
the incubation media (PBS and HBSS), zinc was not
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able to induce neutrophils’ oxidative burst at any of
the concentrations tested (0-1,000 uM). The detec-
tion of zinc-induced oxidative burst was only possible
when neutrophils were tested in Tris-G, since this
incubation media is phosphate-free. When different
concentrations of phosphates were added to Tris-G,
the activation of neutrophils by zinc decreased in a
phosphate-concentration dependent manner (graphi-
cal data not shown). Collier (1979) quantified free
Zn** concentration in different buffers. The absor-
bance change at 620 nm is linear with Zn*" concen-
tration. Phosphate buffers had an Abs = 0.072 and
Tris buffer an Abs = 0.585 revealing that despite of
Tris-binding some of free Zn>", phosphate buffers
had a much stronger binding effect on zinc when
compared with Tris, reducing its effective concentra-
tions. This interference could be somehow foreseen,
though it is often ignored by those studying the
biological effects of metals. More recently, it was
clearly demonstrated that phosphate buffers deeply
interfere with the biological activity of several other
metals in vitro (Frasco et al. 2005).

Using Tris-G for testing neutrophils, zinc concen-
trations as low as 5 uM were shown to stimulate
neutrophils’ oxidative burst. Human plasma free
levels of free zinc have been reported to lie around
12—16 pM, for a total body content of zinc around 2—
4 g (Rink and Gabriel 2001). Though most of plasma
free zinc will be complexed by plasma phosphates, it
may reach sufficient concentrations to stimulate
neutrophils in case of hypophosphatemia, which is
characteristic of certain subgroups of patients, such as
those who are hospitalized (2.2-3.1%) or admitted to
intensive care units (28.85-33.9%), and those with
sepsis (65-80%), chronic alcoholism (2.5-30.4%),
major trauma (75%), and chronic obstructive pul-
monary disease (21.5%; Brunelli and Goldfarb 2007).
In addition, plasma levels of free zinc may increase
significantly in specific groups of risk, as it happens
with industrial workers from petroleum refineries and
diesel distribution, smelters, and chemical plants
(Dawson et al. 2000; Muzyka et al. 2002).

The use of different detecting probes to measure
zinc-activated oxidative burst also provided different
results, which proved to be complementary and
determinant for a better understanding of its mecha-
nism of action. The results obtained in the luminol
amplified chemiluminescence assay revealed that zinc
stimulates neutrophils’ oxidative burst from 100 to
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1,000 pM (P < 0.001). Importantly, the NADPH
oxidase inhibitor DPI completely prevented the
zinc-activated oxidative burst, indicating the essential
role of this enzyme in the observed formation of
reactive species. Since the studied reactive species are
formed downstream of NADPH oxidase activation,
and contribute to luminol chemiluminescence, these
results, together with those obtained in the cyto-
chrome c assay system, at lower concentrations,
allows the conclusion that zinc activates human
neutrophils’ oxidative burst in vitro. Zinc had no
effect on neutrophils previously stimulated with
PMA, which suggests common activating mecha-
nisms. In contrast, when fMLP was used, zinc
tendentially increases the signal, suggesting different
activating mechanisms. By using cytochrome c, the
colorimetric signal increased when neutrophils were
challenged with zinc at 2.5-12.5 pM. In contrast,
zinc, from 100 to 1,000 pM, decreased the colorimet-
ric signal in the assay system. Interestingly, these
results are negatively correlated to those obtained for
luminol amplified chemiluminescence, but are in
agreement with those obtained by Hasegawa et al.
(2000) (Hasegawa et al. 2000), who studied the effects
of zinc on lucigenin and luminol-dependent chemilu-
minescence of human neutrophils stimulated by PMA.
These authors reported that zinc, at the concentrations
window of 10-1,000 uM, lead to a decrease of the
lucigenin-dependent chemiluminescence response,
while that of luminol-dependent chemiluminescence
increased. That divergent response between cyto-
chrome c and luminol could be explained by with the
wider capacity of luminol to detect the different
reactive species formed, independently to the inter-
conversion among them. The decrease of the cyto-
chrome c-mediated colorimetric signal when zinc
concentrations are increased, could reflect a zinc-
dependent faster conversion of O,"" into the other
related reactive species. This radical is quickly
converted to H,O, and O,, either spontaneously or
by the enzyme SOD. Considering that, under the
present experimental conditions, SOD is not present
in the phagosome, this catalysis is probably not
enzyme-related. The discrepancy of responses among
Iuminol and cytochrome ¢ emphasizes the importance
of the use of different methodologies to detect
oxidative burst, in order to avoid erroneous conclu-
sions. Indeed, if only cytochrome ¢ was used the
results would indicate, like in other reports
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(DeCoursey et al. 2003), that zinc decreases O,"~
production in human neutrophils.

The enzymatic complex NADPH oxidase is con-
sidered electrogenic because, when activated, trans-
fers electrons from intracellular NADPH to molecular
oxygen, producing O,"~ in the extracellular or
intraphagosomal space (Cross and Segal 2004). This
charge movement must be compensated to prevent an
extreme depolarization that would directly inactivate
NADPH oxidase. It is generally assumed that a
proton efflux compensates the charge movement
induced by electron translocation (DeCoursey et al.
2003; Henderson et al. 1988). However, Ahluwalia
et al. (Ahluwalia et al. 2004) have reported that the
foremost ionic conductance in PMA-stimulated
human neutrophils and eosinophils is a K conduc-
tance through large-condutance Ca®' activated K™
(BK) channels. Neverthless, Femling et al. (2006)
and Essin et al. (2007) have recently found no
evidence that BK channel inhibition affected O,°~
production by stimulated neutrophils or compromised
their killing function. The assumption that the charge
induced by electron translocation, through the
NADPH oxidase, is largely compensated by proton
fluxes is supported by the fact that both zinc and
cadmium, known as proton blockers, were also
referred to inhibit O,°~ production (Cross and Segal
2004). However, the concentrations of zinc needed to
inhibit O,"~ production were higher than those
required to block proton channels, raising the possi-
bility that these metal directly inhibits NADPH
oxidase or affect other processes (DeCoursey et al.
2003). The results obtained in the present study with
luminol and the complete inhibition of oxidative
burst by DPI (NADPH oxidase inhibitor) of neutro-
phils activated by 1,000 uM of zinc, allows the
conclusion that zinc (up to 1,000 pM) does not
inhibit NADPH oxidase. Results depicted in Figs. 1
and 2 clearly show that the concentrations of zinc that
decrease the signal of cytochrome c originated an
increased of the chemiluminescence signal, indicat-
ing that higher concentrations of zinc can accelerate
the dismutation of O,"~. Ahluwalia et al. (2004)
studied the interference of zinc in the xanthine-
xanthine oxidase system and revealed that 3 mM of
zinc induced the dismutation of O,*~ into H,O, and
O,. Once again, Femling et al. (2006) disagree with
that hypothesis. The later authors assessed H,O,
production, and observed a progressive and profound

reduction of H,O, production. At 1,000 uM, zinc
inhibited H,O, release by ~90%. Thus, these authors
concluded that the inhibition of H,O, release by zinc
was due to reduction of NADPH oxidase activity via
inhibition of the proton current. We also performed a
study to measure H,O, in zinc-stimulated neutro-
phils. Our results corroborate those obtained by
Femling et al. (2006) since higher concentrations of
zinc, from 50 to 1,000 pM, decreased the signal. In
contrast, the fluorescence signal tends to be higher
with zinc concentrations from 2.5 to 25 pM. How-
ever, our conclusions differ from those of Femling
et al. (2006), since it seems that higher concentrations
of zinc promote the conversion of O,°” into other
reactive species beyond H,O,. According to Irato and
Albergoni (2005) a greater availability of zinc leads
to decrease in the catalase activity. We speculate that
this inhibition of catalase augmented H,O, levels,
which then may be rapidly transformed in other
reactive species. As such, we performed a study with
APF, a fluorescent probe that reacts with HO', HOCI
and ONOO™. To distinguish which species are
involved on the measured oxidative burst, we used
a MPO inhibitor- ABAH, a NOS inhibitor-L-NAME
and a specific scavenger of HO -mannitol. Only the
inhibitor of MPO decreased the signal down to the
blank assay (without added zinc), indicating that zinc
promotes the dismutation of O,"~ to O, and H,O»,
which in turn is used by MPO to generate HOCI.
These results are in agreement with Hasegawa et al.
(2000) who studied the effect of zinc on human
neutrophils stimulated by PMA using luminol and an
inhibitor of MPO. The authors observed that the MPO
inhibitor prevented PMA-induced luminol amplified
chemiluminescence response in a zinc concentration-
dependent manner, suggesting that HOCI is involved
in the process. Also, Takeyama et al. (1995) reported
that the addition of zinc, at 1,000 puM, increased the
intracellular MPO activity.

Protein kinase C (PKC) can be considered a major
mediator in the activation of the NADPH oxidase
(Dekker et al. 2000). This enzyme constitutes the
primary source of oxidizing agents used by neutro-
phils to kill invading microorganisms (Freitas et al.
2009a). Neutrophils express only five different PKC
isotypes: o, SI, BII, 9, and {, which are inhibited by
G06983 (Remijsen et al. 2006). PKC contain zinc
finger structures that are important for its enzymatic
activity (Beyersmann and Haase 2001). For that
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reason, zinc could have regulatory effects on PKC
activity. According to Csermely et al. (1988), zinc
activates PKC in T-lymphocytes and causes a trans-
location to the plasma membrane, a central event in
the activation of PKC. Zinc-induced NADPH oxidase
activation has already been described (Benoni et al.
1998; Kauppinen et al. 2008; Noh and Koh 2000; Suh
et al. 2008; Takeyama et al. 1995). Inclusively, Noh
and Koh (2000) reported that zinc induces and
activates NADPH oxidase in cortical neurons and
astrocytes in a PKC-dependent manner. Our results
are in agreement with those obtained by Noh and Koh
(2000) since the PKC specific inhibitor G56983
decreased the response of neutrophils to zinc in a
concentration dependent manner. This finding indi-
cates that zinc induces oxidative burst in neutrophils
via activation of PKC, precluding a significant
contribution of other cellular pathways for ROS
generation mediated by this metal.

In conclusion, in the present study we demon-
strated that zinc activates human neutrophils’ oxida-
tive burst in vitro, and that the use of phosphates to
buffer the incubation media precludes this effect,
probably due to the formation of phosphate—zinc
complexes. Thus, the use of a phosphate-free incu-
bation media is recommended for evaluating the
influence of metals on neutrophils’ oxidative burst. In
addition, the use of different methods to detect
reactive species is essential to avoid erroneous
conclusions, as demonstrated in the present study. It
was clearly demonstrated that lower concentrations of
zinc (5-12.5 pM) activate NADPH oxidase, mainly
via PKC, leading to the formation of O,"~. Higher
concentrations of zinc results on a rapid dismutation
of 0,°” to O, and H,0,, which in turn is used by
MPO to generate HOCI.
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