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Abstract

This study attempts to provide a critical assessment of three different common approaches to identifying reactive species formed in
biological systems: the 2',7'-dichlorofluorescin diacetate (DCFH-DA) assay, and the luminol- and lucigenin-amplified chemilumines-
cence assays. There have been several contradictory reports about the specificity of these methods. Our results show that DCFH is oxidized
to the fluorescent compound 2’,7’-dichlorofluorescin (DCF) in human neutrophils exposed to the following compounds: Aroclor (A)1242,
hydrogen peroxide (H,O5), nitric oxide (NO), and FeSO,. Use of a cell-free DCFH system showed increased formation of DCF by
peroxynitrite (ONOO™), horseradish peroxidase (HRP) alone, and HRP in combination with H,O,, FeSO, alone, and a mixture of FeSO,
and H,O,. The hydroxyl radical (*OH) scavenger formate and the iron ion chelator deferoxamine reduced the DCF formation induced by
FeSO, in combination with H,O,. DCFH was insensitive to NO and H,0, in the cell-free system. In the presence of neutrophils, the
A1242-induced luminol chemiluminescence was decreased by the superoxide dismutase inhibitor diethyldithiocarbamic acid (DDC) and
the myeloperoxidase inhibitor salicylhydroxamic acid (SHA). Exposure of the neutrophils to NO, FeSO,, or H,O, alone did not have any
effect. A1242-induced lucigenin chemiluminescence in the neutrophils was increased slightly by DDC, but was not affected by SHA, NO,
FeSO,, or H,0,. In conclusion, we suggest that the DCF assay is only suitable for measurements of ONOO™, H,O, in combination with

cellular peroxidases, and *OH. Luminol is sensitive towards HOCI, while lucigenin is oxidized by O,°*".

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

In principle, oxidative stress could result from either
reduced levels of antioxidants or increased production of
reactive oxygen species and reactive nitrogen species
(denoted RONS). Regardless of how and where they are
generated, a rise in intracellular oxidant levels has poten-
tially two important effects: damage to biological mole-
cules and activation of specific signaling pathways. RONS
have been implicated as an important causative factor in
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cell damage during inflammation, ischemia, cancer, and
aging [1,2], as well as in the mechanisms of action of
several environmental contaminants [3-8]. In specialized
cell types involved in defense against invading microor-
ganisms, NADPH oxidase and NOS have been identified as
major sources of RONS. The reactive molecules produced
include nitric oxide (NO), peroxynitrite (ONOO™), super-
oxide (0,°7), hydrogen peroxide (H,0,), hypochlorous
acid (HOCI), as well as the hydroxyl radical (*OH). These
various radical species can be generated exogenously or
produced intracellularly from different sources. However,
evaluation of the hazardous actions of these species has
proved difficult due to their short life spans, so their
individual roles in cell damage are still controversial. Thus,
this calls for sensitive and specific methods for the mea-
surement of RONS.

The fluorogenic compound DCFH-DA has been utilized
extensively as a marker for oxidative stress, and is sug-
gested to reflect the overall oxidative status of the cell [9].

0006-2952/03/$ — see front matter © 2003 Elsevier Science Inc. All rights reserved.

doi:10.1016/S0006-2952(03)00083-2



1576 O. Myhre et al./Biochemical Pharmacology 65 (2003) 1575-1582

However, conclusions drawn of the specificity of DCFH-
DA are contradictory. DCFH-DA was initially described as
an assay for the measurement of H,O, in the presence of
peroxidase [10]. HRP alone, and to a larger extent in
combination with H,O,, is capable of oxidizing DCFH
into DCF [11]. It is claimed that DCF formation is due to
NO or H,O, in cells or in cell-free systems [12—15]. Others
have found that DCFH shows rather low sensitivity
towards oxidation by NO, O,°", or H,O,, but displays a
much greater sensitivity for ONOO™ [16-18]. However,
increased DCF formation is also suggested to implicate
0,°*", H,0,, and *OH [19,20]. Furthermore, there are
conflicting findings regarding the inhibition of DCF for-
mation by superoxide dismutase [19,21-23].

Lucigenin and luminol are used frequently in studies of
ROS produced by activated phagocytes. Lucigenin appears
rather specific for O,°", but its specificity is questioned
since the probe itself may act as a source of O,*~ generation
[24,25]. Also, ONOO™ has been reported previously to
induce lucigenin-amplified chemiluminescence [26]. Lumi-
nol seems to largely detect HOCI production. However,
addition of ONOO™ but not *OH is also claimed to generate
light from this probe [27,28], while others suggest that *OH
or O,*" may oxidize luminol [29-31].
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It is important to know the limitations and strengths of
oxidative stress sensitive probes. Therefore, the present
work attempts to give a review of the specificity of DCFH,
luminol, and lucigenin. In addition, we have supplemented
the present knowledge about the specificity of these three
probes by use of two model systems: human neutrophils in
vitro and a cell-free DCFH system.

2. Identification of RONS in biological systems

One problem when dealing with the true biological
consequences of the formation of short-lived RONS has
been that they are difficult to measure in vivo. However,
several ROS-trapping methods have been developed for
use in vitro. In the present study, we have evaluated and
discussed DCF-amplified fluorescence, and luminol- and
lucigenin-amplified chemiluminiscence, since the specifi-
city of these light-emission-enhancing compounds is con-
troversial. We have supplemented the present knowledge
about the specificity of these assays by the use of human
neutrophil granulocytes in vitro and a cell-free DCFH
assay as model systems. For the benefit of the reader,
Fig. 1 summarizes pathways leading to the formation of
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Fig. 1. Generation of RONS. Transfer of one electron to oxygen leads to the formation of multiple reactive species through the superoxide radical (0,°7),
which dismutates to hydrogen peroxide (H,0,), either spontaneously or by superoxide dismutase. Hypochlorous acid (HOCI) is generated enzymatically by
myeloperoxidase in neutrophils. The reaction between horseradish peroxidase (HRP) and H,O, (upper part) generates HRP-compound I, and then DCFH
reduces HRP-compound I to HRP-compound II, with the formation of the DCF*~ semiquinone free radical. DCF* "~ is oxidized to the fluorescent compound
DCF by oxygen, concomitantly forming O,°~. Nitric oxide (NO) is generated by NOS inside cells. NO may combine with O,*~ to form peroxynitrite
(ONOO"). The highly reactive hydroxyl radical ("OH) can be formed through iron ion (Fe*") catalyzed cleavage of the oxygen atoms in H,O,, from HOCI
reacting with O,*~, or through decomposition of ONOO™, leading to nitrogen dioxide radicals (NO,*®) as well. The following pharmacological inhibitors are
denoted in the figure: the NADPH oxidase inhibitor diphenylene iodonium (DPI), the superoxide dismutase inhibitor diethyldithiocarbamic acid (DDC), and
the myeloperoxidase inhibitor salicylhydroxamic acid (SHA). Addition of SNAP to aquatic solutions forms NO, SIN-1 gives ONOO™, and FeSO, generates
*OH when added in combination with H,O,. Formation of *OH can be prevented by the scavenger formate or by the iron ion chelator deferoxamine.
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reactive species. The mechanisms of action of the inhibi-
tors and the free radical donors used in the present work are
denoted.

2.1. Strengths and limitations of the use of the
DCFH-DA assay

The oxidative stress sensitive dye DCFH-DA diffuses
passively through the cellular membrane. Intracellular
esterase activity results in the formation of DCFH, a
nonfluorescent compound, which emits fluorescence when
it is oxidized to DCF. DCFH-DA has been widely used to
measure the formation of reactive species in cells. It is not
clear, however, which oxidative species are responsible for
oxidation of DCFH to DCF in cells, or in assays using cell-
free systems.

Our results show that human neutrophils exposed to the
polychlorinated biphenyl mixture A1242 exhibit a strong
activation of the respiratory burst response (400% of cell
control), in agreement with previous findings [32]. As
shown in Fig. 2, the A1242-stimulated DCF fluorescence
in the neutrophils decreased (by 55%) when added in
combination with the copper—zinc superoxide dismutase
inhibitor DDC [33], resulting in reduced H,O, production.
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The myeloperoxidase inhibitor SHA, which inhibits the
formation of HOCI [34], did not have any effect. Exposure
of the neutrophils to H,O, alone increased DCF fluores-
cence by 265% compared to the cell control. However,
addition of H,O, alone to our cell-free system
(buffer + DCFH) did not lead to increased DCF formation,
while HRP alone and to a larger extent in combination with
H,>0, oxidized DCFH to DCF (Fig. 3A). The mechanism
for the HRP-catalyzed DCFH oxidation to DCF was
proposed previously [35]. HRP, when reacting with
H,0,, is converted to HRP-compound I. HRP-compound
I oxidizes DCFH to the DCF*~ semiquinone free radical,
which is oxidized to the fluorescent compound DCF by
oxygen, with the production of O,°~ (Fig. 1). Electron
paramagnetic spin resonance (ESR) spectroscopy in com-
bination with spin-trapping investigations demonstrated
the formation of both O,°~ and *OH adducts of DMPO
in the system containing DCFH, H,0O,, and HRP [35]. The
previous suggestion that DCF formation in neutrophils
may be due to H,O, alone [13,19] was probably due to
the fact that these authors did not consider the presence of
cellular peroxidases.

There are conflicting findings regarding the inhibition of
cellular DCF formation by superoxide dismutase. Some
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Fig. 2. Effect of phorbol 12-myristate 13-acetate (PMA; 10~ M), Aroclor (A)1242 (25 uM) (purity tech. mix., AccuStandard Inc., USA), the superoxide
dismutase inhibitor DDC (100 uM), the myeloperoxidase inhibitor SHA (50 uM), the NO donor SNAP (1 mM), FeSO, (10 pM), and H,O, (100 uM) on DCF
fluorescence, luminol-amplified chemiluminescence, and lucigenin-amplified chemiluminescence in human neutrophils. The first three columns show the
unstimulated activity of the neutrophils (Ctr). DMSO (0.3%, v/v) (columns 3-6) was used as a solvent for A1242. Fresh blood samples were collected in the
morning from healthy, adult males, and neutrophils were prepared by the standard density-gradient centrifugation method [52]. The neutrophils were diluted
in HEPES-buffered (20 mM) HBSS (pH 7.4) with glucose (5.55 mM) to a density of 10° cells/mL (final cell concentration), and assayed on microplates with
the probes DCFH-DA (2 uM) [6], luminol (0.1 mM) [4], or lucigenin (0.1 mM) [53]. All the reactions were carried out at 37°. Unless otherwise stated, the
chemicals were purchased from Sigma—Aldrich (USA). Values are means = SEM, N = 4-6 assayed in triplicate. Key: (¥) statistically different from the cell
control (Ctr), and (#) statistically different from A1242 (25 uM) (P < 0.05) (one-way ANOVA, Newman—Keuls).
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Fig. 3. Analysis of the ability of different RONS to oxidize DCFH in a cell-free system. DCFH was prepared from DCFH-DA by mixing 0.5 mL of 1 mM
DCFH-DA (in methanol) with 2 mL of 10 mM NaOH at room temperature for 30 min [42]. The mixture was then neutralized to pH 7.4 with 10 mL of 25 mM
NaH,PO,. The solution was kept in the dark on ice until used. The reactions were performed in a cuvette with HEPES-buffered (20 mM) HBSS (pH 7.4, total
volume of 2 mL) containing DCFH (5 puM, final concentration). The chemicals were purchased from Sigma—Aldrich (USA). (A) DCFH displayed a higher
sensitivity for H;O, (100 uM) + HRP (2.2 U/mL) than for HRP alone, followed by Fe** (10 1M, from FeSO,4) + H,O, (100 uM), and Fe** (10 uM, from
FeSO,) alone, respectively. Values are means == SEM, N = 3. Key: (*) statistically different from control (buffer + DCFH), and (§) statistically different from
H,0, + HRP (P < 0.05) (one-way ANOVA, Newman—Keuls). (B) The ONOO™ donor SIN-1 (I mM) induced a much stronger and faster oxidation of DCFH
into DCF than the NO donor SNAP (1 mM). Addition of SIN-1 (1 mM) in combination with superoxide dismutase (75 U/mL) lowered the response
considerably. Values are means = SEM, N = 3. Key: (*) statistically different from control (buffer + DCFH), and (#) statistically different from SIN-1
(P < 0.05) (one-way ANOVA, Newman—Keuls).
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studies report an inhibitory effect of superoxide dismutase
on DCF formation [19,21], while other studies show no
effects [22,23]. The interpretation of the results when
adding extracellular superoxide dismutase is dependent
on the cell type. In neutrophils, ROS are generated either
extracellularly or intraphagosomaly [36]. We suggest that
extracellular addition of superoxide dismutase to stimu-
lated neutrophils will lead to increased formation of H,O»,
which may diffuse across the plasma membrane, leading to
further elevation of intracellular DCF fluorescence (in the
presence of cellular peroxidases). ROS formation is
located mainly inside of non-phagocytic cell types. In
these cases, we expect that there should be less or no
effect of extracellular added superoxide dismutase.

Scott et al. [19] suggest that increased cellular DCF
formation in response to xanthine oxidase exposure impli-
cates *OH because the *OH scavenger DMSO inhibits the
response. This is in agreement with Zhu et al. [20], who
claim that *OH is responsible for iron/peroxide-mediated
oxidation of DCFH in a cell-free system. The *OH sca-
venger formate (8§ mM) in our cell-free system lowered the
Fe?* 4+ H,0,-stimulated DCF formation by about 50%
(when formate was added prior to Fe’™ +H,0,) (not
shown). The iron ion chelator deferoxamine (8§ mM) totally
ameliorated the DCF fluorescence when added prior to
Fe2t 4+ H,0, (not shown). Addition of Fe?' alone also
increased the DCF fluorescence to a small extent in our
cell-free system (Fig. 3A). Exposure of the neutrophils to
FeSO, alone increased the DCF fluorescence (175% of cell
control) (Fig. 2), possibly because of a reaction between
H,0, and Fe*" (the Fenton’s reaction), leading to *OH
formation. A1242-induced formation of *OH in our neu-
trophils was indicated by use of an aromatic acid hydro-
xylation assay (Table 1). This is shown for the first time in
human neutrophils exposed to A1242. Hydroxylation of 4-

Table 1

Formation of 3,4-DHBA as a measure for *OH formation in human
neutrophil granulocytes exposed to the polychlorinated biphenyl mixture
A1242 and the positive control PMA

Treatment” 3,4-DHBA formed® (nmol/120 min)
Cell control 0.126 + 0.02
DMSO control 0.11 £ 0.05
A1242 0.24 £ 0.11"
PMA 0.711 £ 0.06"

Fresh blood samples were collected in the morning from healthy, adult
males, and neutrophils were prepared by the standard density-gradient
centrifugation method [52]. The aromatic acid hydroxylation assay was
carried out as previously described [6].

* The complete reaction mixture consisted of neutrophils (4 x 10° cells/
mL) incubated with 4-HBA (2 mM) in HEPES-buffered (20 mM) HBSS
(pH 7.4) with glucose (5.55 mM) and the test compounds A1242 (25 uM)
or PMA (10’7 M). The control mixtures contained neutrophils in HEPES-
buffer (cell control) or 0.3% (v/v) DMSO (DMSO control), the solvent for
A1242.

® Values represent the averages = SD of 3—4 independent experiments.

* Statistically different from cell control, P < 0.05 (one-way ANOVA,
Newman-Keuls).

HBA is a highly sensitive technique used to detect *OH
down to picomole levels [37,38]. Addition of DMSO
(£0.3%, v/v) to the neutrophils resulted in a small decrease
of 3,4-DHBA formation, which is not surprising, since
DMSO is a well-known *OH scavenger. Previously, we
have also shown that *OH can be formed in neutrophils by
use of ESR spectroscopy in combination with the spin trap
DEPMPO [6]. The susceptibility of 2,3-DHBA to be
degraded by HOCI questions the alternative salicylate
(2-HBA) assay for measurement of *OH generation by
neutrophils [39]. Important sources of *OH formation in
phagocytes are due to HOCI reacting with O,°~, and the
reaction between HOCI and catalytic iron ions [40] (Fig. 2).
Also, ONOO™ decomposition generates a strong oxidant
similar to *OH [41]. DCFH has been used to measure lipid
hydroperoxides [42], which may be formed by the action of
Fe?" and Fe*", or by *OH [43]. Even if caution should be
used in the interpretation of our results, we propose that
*OH can oxidize DCFH to DCF.

It is claimed that a high concentration of NO (0.8—
6.4 mM/mL) increases DCF formation in a cell-free sys-
tem as well as in cells [14]. Also, DCF formation in
neutrophils is suggested to be due to NO [12]. In contrast,
others have found that DCFH shows rather low reactivity
towards NO, while it is more sensitive towards ONOO™ in
cell-free systems and in cells [17,18]. In agreement, Crow
[44] revealed that ONOO ™, HOCI, and H,O, plus perox-
idase oxidize DCFH to varying degrees in a cell-free assay.
However, neither O,*~, H,O,, nor a physiological level of
NO was capable of dye oxidation in that system. In
agreement, addition of a 1 mM concentration of the NO
donor SNAP to our cell-free system did not increase the
DCEF fluorescence to any significant extent within a 6-min
period (Fig. 3B). On the other hand, addition of the
ONOO™ donor SIN-1 to our cell-free system induced a
robust and fast increase of DCF formation (Fig. 3B), which
reached a steady state after about 10 min (not shown). SIN-
1 releases O,°*~ and NO, the combination of which results
in the rapid generation of ONOO™ [45]. Thus, the authors
who suggest that NO is responsible for increased DCF
formation in cellular systems may not have taken the
formation of ONOO™ into account. For example, Gabriel
et al. [15] proposed that the addition of SIN-1 to DCFH-
loaded dissociated cerebellar granule cells led to an NO-
amplified fluorescence. To assure that SIN-1 actually
released ONOO™ in our cell-free system, we incubated
the suspension with superoxide dismutase, which removes
0,°*" and thereby ONOO™. This decreased the DCF
fluorescence by about 75% (Fig. 3B). Exposure of the
neutrophils to the NO donor SNAP alone increased the
DCF fluorescence by 205% (Fig. 2). As shown by the
background lucigenin-amplified chemiluminiscence in the
cell control (Fig. 2), these cells form a small but detectable
amount of O,°~ also in the absence of any stimulation.
Thus, addition of NO to the cells will combine with O,°~
and form ONOOQO™, a strong inducer of DCFH oxidation.
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Some of the background fluorescence (in the cell con-
trol) observed in Fig. 2 could, in principle, be due to
autooxidation of DCFH, or be caused by intracellular
peroxidases alone. Also, removal of the diacetate groups
of DCFH-DA by cellular esterases may result in trace H,O,
production [35]. However, we suggest that these are quan-
titatively insignificant sources of error in a cellular system,
because the background levels of the DCF fluorescence,
and the luminol- and lucigenin-amplified chemilumines-
cence are almost ameliorated when the neutrophils are
incubated with the NADPH-oxidase inhibitor diphenyle-
neiodonium chloride [46] (not shown). Therefore, we
conclude that the background light emission in our system
(Fig. 2) is due mainly to a small, but detectable production
of reactive species by the NADPH oxidase.

2.2. Specificity of the chemiluminescent probes luminol
and lucigenin

Lucigenin and luminol are used frequently in studies of
ROS production by activated phagocytes. Lucigenin
appears rather specific for O,°*~ [47]. Also ONOO™ was
claimed previously to induce lucigenin-amplified chemi-
luminescence in a cell-free system [26]. However, expo-
sure of the neutrophils in our system to the NO donor
SNAP or FeSO, alone indicates insensitivity of lucigenin
towards oxidation by NO, ONOO™, or *OH (Fig. 2).
Preincubation of the neutrophils with the superoxide dis-
mutase inhibitor DDC led to a small increase of lucigenin
chemiluminescence, indicating that lucigenin is sensitive
towards O,*~ but not towards H,O, or HOCI. This hypoth-
esis was supported by exposure of the neutrophils to the
myeloperoxidase inhibitor SHA in combination with
A1242, or to H,O, alone (Fig. 2), which did not influence
the lucigenin chemiluminescence. To detect O,°*", luci-
genin must be reduced to the lucigenin cation radical. The
validity of lucigenin as a chemiluminescence probe has
been questioned though, because in several in vitro assays
lucigenin may itself act as a source of O,°” via autoox-
idation of the lucigenin cation radical [24,25]. However, it
is suggested that redox cycling of lucigenin is of no
importance [48], in particular, in cellular systems that
produce significant amounts of O,*~ [49].

Enhanced chemiluminescence in the presence of lumi-
nol appears to depend largely on the myeloperoxidase—
H,0,-C1" system in cells [50]. This was confirmed by the
use of neutrophils in our system, since the luminol-ampli-
fied chemiluminescence was decreased by the myeloper-
oxidase inhibitor SHA and by the superoxide dismutase
inhibitor DDC (Fig. 2). The effect of DDC is probably due
to lowered formation of H,0,, and thereby less HOCIL.
However, it is suggested that ONOQO™, but not *OH, also
oxidizes luminol in cellular systems [27,28,51]. Others
have reported that luminol-enhanced chemiluminescence
may be due to the generation of *OH in vivo [30], in
neutrophils in vitro [31], or in a cell-free system [29].

However, as seen in Fig. 2, production of *OH after the
addition of FeSO, or H,0,, or the formation of NO/
ONOO™ by the addition of SNAP did not elevate the
luminol-amplified chemiluminescence in the neutrophils.

3. Conclusion

We suggest that DCFH is sensitive towards oxidation by
ONOO™, H,0, (in combination with cellular peroxidases),
peroxidases alone, and *OH, while it is not suitable for
measurement of NO, HOCI, or O,°~ in biological systems.
Importantly, *OH and ONOO™ may be the only oxidants
that oxidize DCFH within seconds or a few minutes. Small
quantities of these oxidants will rapidly increase DCF
formation, whereas other oxidants may need higher con-
centrations and more time. Also, the simultaneous pre-
sence of cellular peroxidases is necessary for DCFH
oxidation by H,O,; H,O, alone does not oxidize DCFH
into DCF. The increased oxidation of DCFH by HRP in a
cell-free system raises the possibility that the presence of
peroxidases in biological systems exposed to H,O, or other
reactive species may have led to wrong conclusions.

The lucigenin and luminol probes are made chemilu-
minescent by O,°~ and HOCI, respectively, but are not
suitable for detection of NO, ONOO ™, H,O,, or *OH in
cellular systems. Because of their individual unique spe-
cificities, several methods should be combined when deal-
ing with identification of reactive species formed in
biological systems.
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