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Abstract—The oxidation of 29-79-dichlorofluorescin (DCFH) to the fluorescent 29-79-dichlorofluorescein (DCF) by
horseradish peroxidase (HRP) was investigated by fluorescence, absorption, and electron spin resonance spectroscopy
(ESR). As has been previously reported, HRP/H2O2 oxidized DCFH to the highly fluorescent DCF. However, DCF
fluorescence was still observed when H2O2 was omitted, although its intensity was reduced by 50%. Surprisingly, the
fluorescence increase, in the absence of exogenous H2O2, was still strongly inhibited by catalase, demonstrating that
H2O2 was present and necessary for DCF formation. H2O2 was apparently formed during either chemical or enzymatic
deacetylation of 29-79-dichlorofluorescin diacetate (DCFH-DA), probably by auto-oxidation. Spectrophotometric mea-
surements clearly showed that DCFH could be oxidized either by HRP-compound I or HRP-compound II with the
obligate generation of the DCF semiquinone free radical (DCF•2). Oxidation of DCF•2 to DCF by oxygen would yield
superoxide (O2

•2). ESR spectroscopy in conjunction with the spin trap 5,5-dimethyl-1-pyrrolineN-oxide (DMPO)
revealed the presence of both superoxide and hydroxyl radicals in the DCFH/H2O2/HRP system. Both radicals were also
detected in the absence of added H2O2, although the intensities of the resultant adducts were decreased. This work
demonstrates that DCF fluorescence cannot be used reliably to measure O2

•2 in cells because O2
•2 itself is formed

during the conversion of DCFH to DCF by peroxidases. The disproportionation of superoxide forms H2O2 which, in the
presence of peroxidase activity, will oxidize more DCFH to DCF with self-amplification of the fluorescence. Because
the deacetylation of DCFH-DA, even by esterases, can produce H2O2, the use of this probe to measure H2O2 production
in cells is problematic. © 1999 Elsevier Science Inc.
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INTRODUCTION

Fluorogenic probes have been widely employed to mon-
itor oxidative activity in cells [1]. Fluorometric assays
are based on the use of the chemically reduced, nonfluo-
rescent forms of highly fluorescent dyes such as fluores-
cein and rhodamine that are oxidized to the parent dye
molecule, resulting in a dramatic increase in fluorescence
intensity.

29-79-Dichlorofluorescin (DCFH) is widely used to

measure oxidative stress in cells. When the diacetate
form of DCFH is added to cells, it diffuses across the cell
membrane and is hydrolyzed by intracellular esterases to
liberate DCFH which, upon reaction with oxidizing spe-
cies, forms its 2-electron oxidation product, the highly
fluorescent compound 29-79-dichlorofluorescein (DCF).
The fluorescence intensity can be easily measured and is
the basis of the popular cellular assay for oxidative
stress. The oxidation of DCFH is thought to occur as a
result of the reaction of H2O2 with peroxidase, cyto-
chromec, or Fe21 [2–5]. Peroxynitrite, but not H2O2 or
superoxide free radical, can oxidize DCFH directly [5,6].

Although this assay is extensively used, there are still
controversies regarding its validity. It remains unclear
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which oxidative species is responsible for the oxidation
of DCFH. DCFH oxidation can result from several re-
active intermediates, causing difficulties in the interpre-
tation of the data. Moreover, there is some controversy in
the literature concerning the effect of the addition of
superoxide dismutase (SOD) on oxidative stress in cells
as monitored using the DCFH test. Some studies report
an inhibitory effect by superoxide dismutase [7–20]
whereas almost the same number of studies report no
effect [21–31]. Lebel et al. pointed out the necessity of
using caution in the interpretation of specific reactive
oxygen species involved in the oxidation of DCFH to
DCF in biologic systems and that HRP could oxidize
DCFH directly [2]. In a previous study, we demonstrated
that the photoreduction of DCF (the oxidized, fluorescent
form of DCFH) results in the formation of the DCF
semiquinone free radical (DCF•2) which, under aerobic
conditions, is oxidized by oxygen to the parent dye,
concomitantly forming superoxide radical [32].

In the present work, the reaction of DCFH with horse-
radish peroxidase in the presence or absence of added
H2O2 was investigated to understand better the chemistry
of the DCF assay. We employed the electron spin reso-
nance spectroscopy spin trapping technique to evaluate
free radical formation and measured the fluorescence
developed during the reactions. We also followed the
formation of HRP-compound I and HRP-compound II.

Our results indicate that when DCFH reacts with
HRP-compound I or HRP-compound II, DCFH is oxi-
dized to the semiquinone free radical DCF•2, reducing
the horseradish peroxidase enzyme intermediate
(Scheme 1). Then DCF•2 is air-oxidized to DCF with the
concomitant generation of superoxide radicals.

MATERIALS AND METHODS

Materials

Horseradish peroxidase type VI-A (HRP), porcine
liver esterase, and diethylenetriamine pentaacetic acid
(DTPA) were purchased from Sigma Chemicals Co. (St.
Louis, MO, USA). The spin trap 5,5-dimethyl-1-pyrro-
line N-oxide (DMPO) was also purchased from Sigma,
purified by vacuum distillation at ambient temperature,
and stored at270°C until use. Dimethyl sulfoxide
(DMSO) was purchased from Aldrich (Milwaukee, WI,
USA). Concentrations of horseradish peroxidase were
determined by using the extinction coefficient« 5 102
mM21cm21 at 403 nm [33]. Tris (tris-hydroxymethyl-
aminomethane) and Chelex 100 were purchased from
Bio-Rad Laboratories (Hercules, CA, USA). 29-79-Di-

Fig. 1. Absorption spectra of horseradish peroxidase, HRP-compound
I, and HRP-compound II. HRP was diluted to a final concentration of
1 mM in Tris-HCl buffer and scanned 2 min after mixing (scan 1). Scan
2 was taken immediately after the addition of 16mM H2O2; scan 3 was
taken immediately after the subsequent addition of 2.5mM DCFH. All
spectra were recorded at a rate of 5 nm/s, yielding a complete spectrum
in 50 s. Absorption from 0.04 to 0.15 was presented to better show the
spectral changes.

Fig. 2. Spectral changes during the reaction of DCFH with H2O2 and
horseradish peroxidase. HRP was diluted to a final concentration of 1
mM in Tris-HCl buffer and incubated for 2 min at room temperature.
Scan 0 was taken 1 min after the addition of 5mM DCFH. Scans 1–6
were recorded immediately after the addition of 1.6mM H2O2. All
spectra were recorded at a rate of 5 nm/s, yielding a complete spectrum
every 100 s. Absorption from 0.04 to 0.16 was presented to better show
the spectral changes.
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chlorofluorescin diacetate (also known as 29-79-dichlo-
rodihydrofluorescein diacetate, DCFH-DA) was pur-
chased from Molecular Probes (Eugene, OR, USA).
DCFH was prepared following the method of Cathcart et
al. [34]; DCFH-DA in methanol was chemically hydro-
lyzed at basic pH. This deesterification proceeded in the
dark at room temperature for 30 min; then the mixture
was neutralized with Tris-HCl buffer, pH 7.4. In the
experiments shown in Figs. 1 and 2, the deesterification
solution was added directly to the cuvette to avoid ex-
cessive dilution of the sample. For enzymatic de-esteri-
fication 500mM DCFH-DA in a methanol-buffer solu-
tion reacted with esterase (100 units) in the dark at room
temperature for 1 h at neutral pH. Catalase (from beef
liver, 65,000 U/mg) and superoxide dismutase (SOD)
(from bovine erythrocytes, 5000 U/ml) were purchased
from Boehringer-Mannhein (Indianapolis, IN, USA).
Hydrogen peroxide (30%) was purchased from Fisher
Scientific (Pittsburgh, PA, USA). Stock concentrations
of H2O2 in deionized water were determined by using the
extinction coefficient« 5 43.6 M21cm21 at 240 nm
[35]. High-performance liquid chromatography (HPLC)-
grade water was purchased from JT Baker (Phillipsburg,
NJ, USA).

All the reactions werecarried out in 50 mM Tris buffer
adjusted to pH 7.4 with hydrochloric acid. The Tris-HCl
buffer was treated with Chelex 100 resin to remove
traces of transition metal ions and contained 50mM
DTPA to minimize the possibility of trace-metal cataly-
sis.

DCFH was stored protected from the light. Sample
preparation and experiments were performed in the dark.
All reactions were initiated with the addition of HRP. In
the samples where DCFH was omitted, an equal volume
of methanol/0.01 N NaOH/Tris buffer (1:4:20 v/v/v) was
added.

Electron spin resonance experiments

ESR spectra were recorded using a Bruker ECS-106
spectrometer (Billerica, MA, USA) operating at 9.77
GHz with a modulation frequency of 50 kHz and a
TM110 cavity. Spectra were recorded on an IBM-com-
patible computer interfaced to the spectrometer. The
computer simulations were performed using a program
that is available through the Internet (http://epr.niehs.
nih.gov/). The details of the program were described in a
recent publication [36].

Fig. 3. Fluorescence intensity at 522 nm generated during reaction of DCFH with HRP in the presence or absence of added H2O2. Trace
A represents the fluorescence generated by a reaction mixture containing 10mM DCFH, 32mM H2O2 and 0.2mM HRP. Trace B, same
as A, but with the addition of 50mg/ml SOD. Trace C, the fluorescence generated by a reaction mixture containing 10mM DCFH and
0.2 mM HRP. Trace D, same as trace C, but with the addition of SOD (50mg/ml). Trace E, same as trace A, but with the addition of
150mg/ml catalase. Trace F, same as trace C, but with the addition of 150mg/ml catalase. The instrument settings are reported under
Materials and Methods. arb. units5 arbitrary units.
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Fluorescence spectroscopy

Fluorometric measurements were made with an Aminco-
Bowman spectrophotofluorometer (American Instrument
Co., Silver Spring, MD, USA) . Fluorescence levels were
measured every 2 min for a total of 10 min; the excitation
light was excluded between measurements. Slit settings
were 1.2 nm for excitation and 36 nm for emission. DCF-
fluorescence was excited at 498 nm and the emission was
measured at 522 nm in a quartz cuvette with a 10-mm
light-path.

Horseradish peroxidase, HRP-compound I,
HRP-compound II, visible spectra

All spectral measurements were carried out with an
SLM Aminco DW-2000 UV-Vis spectrophotometer (Ur-
bana, IL, USA) equipped with a dual beam. The samples
were read against a blank containing Tris buffer. In the
experiments (Fig. 2), the reference contained Tris-HCl
buffer, methanol, and 0.01 N NaOH in the same propor-
tions present in the samples.

RESULTS

The visible spectra of resting horseradish peroxidase,
HRP-compound I and HRP-compound II are shown in
Fig. 1. Scan 1 shows the spectrum of a solution of 1mM
HRP; compound I was generated after the addition of 16
mM H2O2 (scan 2). The addition of 2.5mM DCFH
induced the formation of compound II (scan 3). The
higher value of the maximum absorption for compound
II is due to its higher extinction coefficient (« 5 105
mM21cm21 at 420 nm) versus that of compound I (« 5
102 mM21cm21 at 403 nm) [33]. The reaction between
horseradish peroxidase and H2O2 generates HRP-com-
pound I; then DCFH reduces HRP-compound I to HRP-
compound II, with the formation of the DCF•2 semiqui-
none free radical. The absorption spectra are little altered
by the addition of DCFH and its consequent oxidation to
DCF. DCF is characterized by an absorption maximum
at 502 nm. The DCF absorption peak starts around 425
nm, becoming really evident only above 440 nm.

The spectral transformations during the turnover of
horseradish peroxidase in the presence of H2O2 and DCFH
are shown in Fig. 2. HRP was incubated with DCFH (scan
0); then H2O2 was added to the system (scans 1–6). The
consequent formation of compound II is demonstrated by
the appearance of an isobestic point for resting HRP and
compound II at 412 nm [37]. Scans 2–6 show the disap-
pearance of compound II and reformation of native HRP.
The small shifting of the absorption peak of compound II
and the higher value of the HRP maximum absorption in
scans 2–6 are probably due to the presence, in that region,

of the shoulder of the absorption peak of the DCF formed
during the experiment.

The oxidation of the nonfluorescent DCFH to the
fluorescent dye DCF, measured as increased fluorescence
at 522 nm, is shown in Fig. 3. The reaction mixture
consisted of 10mM DCFH, 32 mM H2O2 and 0.2mM
HRP. The excitation light (l 5 498 nm) was excluded
between measurements, and the emission light (l 5 522
nm) recorded every 2 min for a total of 10 min. The level
of fluorescence increased, reaching a maximum at 8 min
(Fig. 3, trace A). The addition of SOD did not have any
effect (Fig. 3, trace B), but the addition of catalase to the
system almost completely prevented the oxidation of
DCFH (Fig. 3, trace E). The omission of HRP com-
pletely prevented the development of fluorescence (data
not shown). When H2O2 was substituted with HPLC-
grade water, the level of fluorescence decreased more
than 50%, but was still easily detectable although vari-
able (Fig. 3, trace C). SOD showed a weak inhibitory
effect (Fig. 3, trace D). Even in the absence of added
H2O2, catalase almost completely inhibited fluorescence
development (Fig. 3, trace F). To work under more
physiologic conditions, the experiment was repeated,
deacetylating DCFH-DA by esterase at neutral pH (Fig.
4). As shown in Fig. 4, fluorescence development was
very similar to that shown in Fig. 3. In this case, the
fluorescence development in the absence of added H2O2

was often stronger, but still variable and was still com-
pletely inhibited by catalase. This demonstrates that
some H2O2 had been formed during either chemical or
enzymatic deacetylation of DCFH-DA, probably from
DCFH auto-oxidation. This result is inconsistent with
DCFH serving directly as a reducing substrate for HRP
as proposed [2]. The addition of 1.4 M DMSO, a well-
known hydroxyl radical scavenger, to the system, did not
have any effect on fluorescence (data not shown), dem-
onstrating that hydroxyl radical does not contribute sig-
nificantly to the peroxidase-catalyzed oxidation of
DCFH. In addition, under our conditions neither catalase
nor superoxide dismutase (with or without hydrogen
peroxide) oxidized DCFH to DCF.

When the recording time was fixed and the H2O2 con-
centration was varied (to evaluate the dose-response rela-
tionship between H2O2 and fluorescence), the level of flu-
orescence increased monotonically with the H2O2

concentration, but the fluorescence intensity increment be-
came smaller for H2O2 concentrations higher than 1mM,
with a plateau reached at around 10mM (data not shown).

The ESR spin trapping technique was employed to in-
vestigate free radical formation during the turnover of
horseradish peroxidase with H2O2 and DCFH. When 10
mM DCFH was incubated with 32mM H2O2 and 0.2mM
HRP in the presence of the spin trap DMPO (200 mM), a
mixture of two radical adducts was detected (Fig. 5). The
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computer simulation employed to obtain the hyperfine cou-
pling constants was superimposed on the experimental
spectrum as a dashed line (Fig. 5, spectrum A). On the basis
of the hyperfine coupling constants, the radical adducts
were assigned as follows: DMPO/•OH (aN 5 15.006 0.08
G andab

H 5 14.706 0.05 G), which accounts for 35% of
the radical concentration, and DMPO/•OOH (aN 5 14.226
0.08 G,ab

H 5 11.166 0.05 G, andaY
H 5 1.276 0.01 G),

which accounts for 65% of the radical concentration. The
hyperfine coupling constants, obtained by averaging the
values resulting from five experiments, were consistent with
previously reported values for these adducts [38,39]. When
DCFH or HRP was omitted, only a very weak signal was
detected (Fig. 6, spectra B and D). The same signal was
obtained from DMPO alone (Fig. 6, spectrum I). The ad-
dition of SOD or catalase completely inhibited the ESR
signal (Fig. 6, spectra E and F), demonstrating the involve-
ment of superoxide and hydrogen peroxide in the formation
of these radical adducts. When oxygen was excluded, a very
weak signal was also detected (Fig. 6, spectrum G). To
obtain lower oxygen concentrations, buffer was bubbled
with nitrogen directly in the ESR flat cell, and each reactant
was added one at a time while still bubbling. When H2O2

was substituted with an equal volume of HPLC-grade wa-
ter, a weak signal was obtained (Fig. 6, spectrum C) that
had the typical characteristics of a DMPO/•OH adduct and

was inhibited by SOD (Fig. 6, spectrum H). Typically, SOD
totally inhibits DMPO/•OOH formation or the formation of
any radical adducts dependent on superoxide formation
such as, in this case, DMPO/•OH, because the reaction rate
of superoxide with DMPO is extremely slow relative to that
with SOD.

Using a higher concentration of horseradish peroxi-
dase and more sensitive ESR conditions, we tried to
identify the signal obtained in the system where H2O2

was omitted. A reaction mixture containing 10mM
DCFH and 1mM HRP in the presence of 200 mM
DMPO gave a mixture of two radical adducts (Fig. 7).
The computer simulation employed to obtain the hyper-
fine coupling constants was superimposed on the exper-
imental spectrum as a dashed line (Fig. 7, spectrum A).
On the basis of the hyperfine coupling constants, the
radical adducts were assigned as follows: DMPO/•OH
( aN5 15.016 0.02 G andab

H 5 14.606 0.02 G), which
accounts for 64% of the radical concentration, and
DMPO/•OOH (aN5 14.366 0.03 G,ab

H 5 11.166 0.05
G, anda Y

H 5 1.286 0.01 G), which accounts for 36%
of the radical concentration. As with the hydrogen per-
oxide-containing system, the hyperfine coupling con-
stants, obtained by averaging the values resulting from
four experiments, were consistent with previously re-
ported values for these radical adducts [38,39]. When

Fig. 4. Fluorescence intensity during reaction of DCFH (enzymatically deacetylated) with horseradish peroxidase in the presence or
absence of added H2O2. Trace A represents the fluorescence generated by a reaction mixture containing 10mM DCFH, 32mM H2O2

and 0.2mM HRP. Trace B, same as trace A, but with the addition of 50mg/ml SOD. Trace C, the fluorescence generated by a reaction
mixture containing 10mM DCFH and 0.2mM HRP. Trace D, same as trace C, but with the addition of SOD (50mg/ml). Trace E, same
as trace A, but with the addition of 150mg/ml catalase. Trace F, same as trace C, but with the addition of 150mg/ml catalase. The
instrument settings are reported under Materials and Methods. arb. units5 arbitrary units.
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DCFH was absent, no signal was detected (Fig. 8, spec-
trum B). When HRP was omitted, the same signal ob-
tained from DMPO alone was detected (Fig. 8, spectrum
C). The fact that, in the absence of HRP, the background
signal from the DMPO impurities was stronger than in
the absence of DCFH (Fig. 6 spectra B, D and Fig. 8,
spectra B, C) is probably due to HRP-catalyzed oxidation
of nitroxide impurities to ESR-silent products. The ad-
dition of SOD completely inhibited the ESR signal (Fig.
8, spectrum D), demonstrating the involvement of super-
oxide. The addition of catalase had either a partial inhib-
itory effect or no effect at all (data not shown). Results
similar to those shown in Figs. 5–8 were obtained when
DCFH-DA hydrolysis was achieved enzymatically (data
not shown).

The addition of DMSO (1.4 M) to both systems, with
or without H2O2, resulted in the conversion of DMPO/
•OH to a carbon-centered radical adduct, presumably
DMPO/•CH3 (data not shown), resulting from the•OH
scavenger activity of DMSO [39]. This result demon-

strates that DMPO/•OH does not come from DMPO/
•OOH reduction to DMPO/•OH by the peroxidase activ-
ity of horseradish peroxidase, but from hydroxyl radical
trapping. DMPO/•OH is much more stable than DMPO/
•OOH with a much longer lifetime; therefore, under
steady state conditions, spin trapping experiments will
over-represent the DMPO/•OH rate of formation relative
to that of DMPO/•OOH.

DISCUSSION

This investigation extends previous studies showing
that when DCFH reacts with horseradish peroxidase in
the presence or absence of added H2O2, the molecule is

Fig. 5. Computer simulation and deconvolution of the ESR spectrum
obtained from the reaction mixture containing DCFH, H2O2 DMPO,
and horseradish peroxidase. Spectrum A is the computer simulation
(dashed line) superimposed on the experimental spectrum obtained
using 10mM DCFH, 32mM H2O2, 200 mM DMPO, and 0.2mM HRP.
Spectra B–C are the individual simulations of each species in the
composite spectrum. The hyperfine coupling constants of each species
are provided under Results. Spectrum B is the simulated spectrum for
DMPO/•OH. Spectrum C is the simulated spectrum for DMPO/•OOH.
Spectrometer conditions were modulation amplitude, 1 G; microwave
power, 20 milliwatts; time constant, 0.328 s; conversion time, 0.655 s;
scan time, 671 s; scan range, 100 G; and receiver gain, 43 105.

Fig. 6. ESR spectra of DMPO radical adducts produced by the reaction
of DCFH with horseradish peroxidase in the presence of H2O2. Spec-
trum A is the ESR spectrum obtained from a reaction mixture contain-
ing 10 mM DCFH, 32 mM H2O2, 200 mM DMPO, and 0.2mM HRP
(the same spectrum as Fig. 5, spectrum A). Spectrum B is the same as
spectrum A, except DCFH was omitted. Spectrum C was obtained
using the conditions of spectrum A, except H2O2 was substituted with
an equal volume of HPLC-grade water. Spectrum D is the same as
spectrum A, but with omission of HRP. Spectrum E is the same as
spectrum A, but with the addition of 50mg/ml SOD. Spectrum F is the
same as spectrum A, but with the addition of 150mg/ml catalase.
Spectrum G is the spectrum obtained using the conditions of spectrum
A, but under anaerobic conditions. Spectrum H is the same as spectrum
C, but with the addition of 50mg/ml SOD. Spectrum I is the spectrum
obtained using buffer and DMPO alone. Spectrometer conditions were
as described in Fig. 5.
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oxidized, producing the fluorescent dye DCF. Visible
spectrophotometry confirms the expected formation of
HRP-compound I and compound II. Unexpectedly, ESR
spin trapping investigations demonstrate the formation of
hydroxyl and superoxide radical adducts. Another unex-
pected finding from the fluorescence measurements is the
inhibiting effect of catalase in all the experiments, even
when no H2O2 is added, providing evidence for hydro-
gen peroxide formation in all systems.

Horseradish peroxidase, upon reacting with H2O2, is
converted to HRP-compound I. HRP-compound I (or
compound II, resulting from the reaction of compound I
with DCFH) oxidizes DCFH to DCF•2 semiquinone free
radical (Scheme 1). DCF•2 is oxidized to the fluorescent
compound DCF by oxygen, with the production of su-
peroxide radical. The entire mechanism is presented in
Scheme 2.

Dismutation of superoxide, spontaneously or by SOD,
will generate hydrogen peroxide, causing amplification
of the peroxidase-catalyzed reaction. Finally, the finding
that SOD partially inhibits fluorescence formation in the

absence of added H2O2 (Figs. 3 and 4) could provide an
explanation for the controversy existing in literature re-
garding the superoxide dismutase effect on the DCFH
test for oxidative stress.

The formation of superoxide (and hydrogen peroxide)
via this mechanism is probably true also for other flu-

Fig. 7. Computer simulation and deconvolution of the ESR spectrum
obtained from the reaction mixture containing DCFH, H2O, DMPO,
and horseradish peroxidase. Spectrum A is the computer simulation
(dashed line) superimposed on the experimental spectrum obtained
using 10mM DCFH, 200 mM DMPO, and 1mM HRP. Spectra B–C
are the individual simulations of each species in the composite spec-
trum. The hyperfine coupling constants of each species are provided
under Results. Spectrum B is the simulated spectrum for DMPO/•OH.
Spectrum C is the simulated spectrum for DMPO/•OOH. Spectrometer
conditions were modulation amplitude, 1 G; microwave power, 40
milliwatts; time constant, 1.31 s; conversion time, 1.31 s; scan time,
1342 s; scan range, 80 G; and receiver gain, 43 105.

Fig. 8. ESR spectra of DMPO radical adducts produced by the reaction
of horseradish peroxidase with DCFH in the presence of H2O. Spec-
trum A is the ESR spectrum obtained from a reaction mixture contain-
ing 10 mM DCFH, 200 mM DMPO, and 1mM HRP (the same
spectrum as Fig. 7, spectrum A). Spectrum B is the same as spectrum
A, except DCFH was omitted. Spectrum C is the same as spectrum A,
except HRP was omitted. Spectrum D is the same as spectrum A, but
with the addition of 50mg/ml SOD. Spectrum E is the spectrum
obtained using buffer and DMPO alone.

879Free radicals from the oxidation of 29-79-dichlorofluorescin



orometric probes with molecular characteristics similar
to DCFH, in particular dihydrorhodamine 123, widely
used as an indicator for respiratory burst activity [40],
hydrogen peroxide [5] peroxynitrite [41,42], and reactive
oxygen species [43,44] production in cells.

This study implies that DCFH cannot be used to
measure superoxide formation in cells because the oxi-
dation of this compound leads to the formation of super-
oxide. In addition, oxidation of DCFH leads to H2O2

production via the disproportionation of this superoxide.
Moreover, enzymatic deacetylation of DCFH-DA must
result in trace H2O2 production, because the HRP-depen-
dent oxidation of DCFH is totally inhibited by catalase
even in the absence of added hydrogen peroxide. Pre-
sumably, deacetylated DCFH auto-oxidizes to form trace
amounts of hydrogen peroxide, implying that the use of
this probe to measure H2O2 production in cells is prob-
lematic. Several issues with regard to DCFH oxidation in
the measurement of intracellular hydrogen peroxide for-
mation must be considered in future work. First, the
oxidation of DCFH to DCF will form superoxide which,
upon disproportionation, generates hydrogen peroxide,
so the assay is inherently autocatalytic. Second, because
DCFH auto-oxidation appears to form trace amounts of
hydrogen peroxide, detection of hydrogen peroxide with
this assay appears to be predestined. Third, although
changes in the rate of DCF formation may result from
corresponding changes in the rate of hydrogen peroxide
formation, potential changes in peroxidase activity are, at
least, of equal importance. Fourth, the oxidation of
DCFH by HRP should be more or less representative of
its oxidation by many mammalian peroxidases and he-
moproteins with peroxidase activity such as methemo-
globin. In fact, the peroxidase activity of prostaglandin H
synthase is known to oxidize DCFH to DCF [45].
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ABBREVIATIONS

DCFH—29-79-dichlorofluorescin
DCFH-DA—29-79-dichlorofluorescin diacetate
DCF—29-79-dichlorofluorescein
DCF•2—DCF semiquinone free radical
DMPO—5,5-dimethyl-1-pyrrolineN-oxide
DMSO—dimethyl sulfoxide
DTPA—diethylenetriamine pentaacetic acid
ESR—electron spin resonance
HRP—horseradish peroxidase
SOD—superoxide dismutase
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