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Abstract

We studied the effect of doxorubicin on the production of hydrogen peroxide by PC3 human prostate cancer cells, using a sen-
sitive assay based on aminotriazole-mediated inhibition of catalase. PC3 cells exposed to increasing concentrations of doxorubicin
had an increase in intracellular hydrogen peroxide that was concentration-dependent up to 1 lM doxorubicin. The apparent hydro-
gen peroxide concentration in the PC3 cells was 13 ± 4 pM under basal steady-state conditions and increased to 51 ± 13 pM after
exposure to 1 lM doxorubicin for 30 min. The level of hydrogen peroxide in the medium as measured by Amplex Red did not
increase as a result of doxorubicin treatment. PC3 cells overexpressing catalase were no more resistant to doxorubicin cytotoxicity
as compared to non-transduced wild-type cells; therefore, the exact role of hydrogen peroxide in anthracycline cytotoxicity remains
unproven. This study demonstrates that a specific oxidative event associated with the exposure of PC3 human prostate cancer cells
to anthracyclines results in an increase in intracellular hydrogen peroxide.
� 2005 Elsevier Inc. All rights reserved.
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Reactive oxygen species
There are reports that suggest that anthracycline anti-
cancer drugs may increase the intracellular production
of hydrogen peroxide. The metabolic reductive activa-
tion of doxorubicin to a semiquinone (Eq. 1) stimulates
production of superoxide by the one-electron reduction
of oxygen (Eq. 2) [1]. The dismutation of the resulting
superoxide, spontaneous or catalyzed by superoxide dis-
mutase (SOD)1 enzymes, results in H2O2 (Eq. 3) that
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may be the species mediating doxorubicin cytotoxicity
as shown below:

DoxorubicinðDoxÞ ! Dox semiquinone�� ð1Þ

Dox semiquinone�� þO2 ! DoxþO��
2 ð2Þ

O��
2 þ 2Hþ ! H2O2 ð3Þ
Studies of this issue on malignant cell lines have yield-

ed conflicting results. Ubezio and Civoli [2] employed
the oxidation-sensitive fluorescent probe dichlorofluo-
rescin diacetate to detect reactive oxygen species
(ROS) in cultured human colon cancer cells exposed
to doxorubicin. They concluded that the fluorescence
detected after drug exposure was likely due to H2O2,
since preloading with catalase decreased the fluores-
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cence. Gouaze et al. [3] found that glutathione peroxi-
dase overexpression decreased ROS production by
doxorubicin in cultured T47D breast cancer cells, sug-
gesting that H2O2 might be involved. On the other hand,
investigators using fluorescent probes found no evidence
of H2O2 generation by ovarian carcinoma [4], or mono-
cytic leukemia, unless preincubated with D,L-buthionine-
S,R-sulfoxime to deplete glutathione [5]. In a cell free
system, O�Malley et al. [6] found no evidence for direct
oxidation of an oxidation-sensitive dye by three different
anthracyclines including daunorubicin and doxorubicin
even up to high concentrations of 50 lM.

Studies of non-malignant cells have also been contra-
dictory. For example, Doroshow and Davies [7] studied
beef heart submitochondrial particles and showed that
anthracyclines stimulate the production of superoxide
anion and hydroxyl radical. They also concluded from
the effect of catalase on oxygen consumption, that
H2O2 was being produced. In human red blood cells,
anthracyclines were reported to generate ROS and using
a catalase-aminotriazole trapping method concluded
that this was in part H2O2 [8]. Kotamraju et al. [9] used
myocytes and endothelial cells to show that both gluta-
thione peroxidase mimetic and spin traps inhibit doxo-
rubicin-induced apoptosis, and concluded that it was
mediated by H2O2 generation. Kalivendi et al. [10]
working on bovine aortic endothelial cells exposed to
0.5 lM doxorubicin found a 2- to 3-fold increase in fluo-
rescence that decreased when pretreated with antioxi-
dants. It is not known if this ROS was hydrogen
peroxide. DeAtley et al. [11] using a related dye, dichlo-
rodihydrofluorescein-diacetate (H2DCFDA), detected
ROS after treatment of cardiomyocytes with doxorubi-
cin, and there was a protective effect of antioxidants;
however, no direct evidence was presented that the
ROS detected was H2O2. Corna et al. [12] reported a
2- to 3-fold increase in fluorescence when cardiac myo-
cytes were incubated with 5 lM doxorubicin; further-
more pretreatment with N-acetyl cysteine, a known
ROS scavenger, inhibited the fluorescence. However,
not all studies of non-malignant cells have agreed since
Sawyer et al. [13], using fluorescent dye, found no evi-
dence of H2O2 production by rat cardiac myocytes from
another anthracycline, daunorubicin.

The situation is clouded by the fact that many of the
studies that make conclusions about ROS and H2O2 for-
mation use the oxidation of fluorescent dyes as an indi-
cator. These oxidations do not necessarily indicate a
specific oxidant, e.g., H2O2 [14]. In addition, O�Malley
et al. [6] have shown that the generation of fluorescent
products of some chromogenic probes can occur by their
direct oxidation by redox-active compounds and not
new ROS production. Furthermore, H2O2 is not kineti-
cally competent to directly oxidize these dyes, but does
so via a peroxidase-dependent process [15]. Rota et al.
[16] have shown that dye fluorescence is mediated by
the generation of a dichlorofluorescein radical in the
presence, or even in the absence, of externally added
H2O2, suggesting that application of this probe to mea-
sure cellular H2O2 may be problematic. We set about to
answer the question whether H2O2 is formed when neo-
plastic cells are exposed to anthracycline using PC3
prostate cancer cells. We have utilized three different
analytical methods and two approaches to modulate
catalase in cells to examine the role of H2O2. We chose
doxorubicin as the anthracycline, since it is widely used
in clinical oncology to treat solid tumors and hemato-
logic malignancies and because it stimulates oxidative
events.
Materials and methods

Cell culture

The human prostate cancer cell line, PC3, was ob-
tained from the American Type Culture Collection
(Manassas, VA). The cells were maintained in minimum
essential media supplemented with 10% fetal bovine ser-
um (FBS), L-glutamine (1.5 mM), penicillin (76 U/ml),
and streptomycin (76 lg/ml) (Gibco Invitrogen, Grand
Island, NY) in a humidified atmosphere containing 5%
CO2 at 37 �C. Cells were passed before reaching conflu-
ence by detachment with trypsin/EDTA. Cells used in
the experiments had been passed less than 20 times.

Intracellular hydrogen peroxide production assayed by

aminotriazole-mediated inactivation of catalase method

Production of H2O2 can be estimated using a sensi-
tive assay based on aminotriazole inhibition of catalase
(EC1.11.1.6, H2O2: H2O2 oxidoreductase) [17,18]. Brief-
ly, PC3 cells at 40–90% confluence in 100 mm
(7854 mm2) tissue culture plates were placed in full med-
ia containing 10% FBS with 0–20 mM 3-aminotriazole
(Sigma, St Louis, MO) at 37 �C. Dishes were rinsed
two times at specified time points with ice-cold 50 mM
phosphate buffered saline (PBS), pH 7.4 and then
scrape-harvested into 1.0 ml of the same buffer, centri-
fuged at 300g, then 100–250 ll of 50 mM phosphate
buffer pH 7 was added to the pellets and frozen at
�20 �C. H2O2 concentration was calculated by kinetic
analysis of the rate of decrease of catalase activity [18].
For catalase activity assays, the cell pellets were thawed
rapidly [19] and then sonicated three times at 3 min per
cycle in a Bransonic sonicator (Bransonic, Danbury,
CT). Protein concentrations were estimated using 10 ll
of the cell homogenates [20] using bovine serum albumin
as a standard. Spectrophotometric catalase activities
were run as described [21] using 100–400 lg/ml of
homogenate cellular protein in phosphate buffer, pH
7.0. The assay was initiated by the addition of 500 ll
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of a 30 mM H2O2 stock solution in phosphate buffer,
pH 7.0, and the loss of absorbance at 240 nm at 25 �C
was monitored on a Beckman DU-600 UV–Vis spectro-
photometer (Beckman–Coulter, Fullerton, CA). Initial
catalase activities were calculated by fitting experimental
data to the first order kinetics as described [21] and ex-
pressed as catalase k mU/mg cell protein. Catalase activ-
ity was also determined by native gel electrophoresis
[22]. Gels were imaged and densitometric analyses were
performed with a Digital Imaging and Analysis System
(Alpha Innotech, San Leandro, CA).

Transduction of PC3 cells

The replication-defective recombinant type 5 adeno-
virus containing human catalase DNA was used. Ade-
noviruses, AdCAT and AdLacZ, were constructed at
The University of Iowa�s Gene Transfer Vector Core
by inserting human CAT cDNA or Escherichia coli lacZ
cDNA into the E1 region of an Ad construct which has
a deletion of the entire E1 and partial E3 regions, which
renders the recombinant adenovirus replication-deficient
[23–26]. The cDNAs are under the control of the human
CMV promoter/enhancer.

Catalase transduction

PC3 cells at 10–40% confluence in 100 mm2 tissue cul-
ture plates were incubated for 48 h in the presence of 10–
200 MOI (multiplicity of infectivity) of the AdCAT vec-
tor. The amount of adenovirus to be added to plates was
determined by detaching and counting replicate plates,
and the amount of adenovirus calculated to achieve
the desired MOI per cell based on the plaque forming
units of the adenovirus construct. We tried two different
transduction protocols: serum-free conditions from 1 to
24 h followed by recovery in full media with 10% FBS
for an additional 24–47 h, or continuous adenovirus
exposure for 48 h in full media with 10% FBS. Both
transduction strategies resulted in similar catalase activ-
ity expression levels. Adenovirus MOI up to 200 resulted
in no evidence of toxicity, changes in growth rate, or
clonogenicity.

Extracellular hydrogen peroxide by Amplex Red assay

Extracellular H2O2 was determined using 10-acetyl-
3,7-dihydroxyphenoxazine (Amplex Red reagent)
[27,28] using the reagents and protocols provided in
the Amplex Red Hydrogen Peroxide Assay Kit (Molec-
ular Probes, Eugene, OR). Twenty-four hours prior to
the experiment 25,000 PC3 cells/well were allowed to at-
tach in 48-well culture plates. The next day, the media
were removed and to each well was added 150 lL HBSS
(Hanks� buffered salt solution, Gibco Invitrogen). Two
hundred microliters of the Amplex Red reaction mixture
(100 lM Amplex Red, and 0.2 U/ml horseradish perox-
idase in phosphate buffered saline, pH 7.4) was added to
each well following a short incubation period at 37 �C.
Then appropriate dilutions of doxorubicin or H2O2

standard were added at 50 lL per well in PBS pH 7.4.
Amplex Red conversion to resorufin was measured at
emission of 595 nm (excitation 485 nm) using a Tecan
SPECTRAFlour Plus (Tecan Systems, San Jose, CA)
plate reader. Readings were obtained before drug expo-
sure, immediately after drug/H2O2 additions and at 15,
30, 45, and 60 min while incubating at 37 �C in the plate
reader. Results are reported in resorufin arbitrary fluo-
rescence units.

Fluorescent dye/flow cytometry analysis of ROS
production

Intracellular production of ROS was measured using
the fluorescent dye, 5- (and 6) carboxy-2 0,7 0-dichlorodi-
hydrofluorescein-diacetate (carboxy-H2DCFDA) (C-
400, Molecular Probes, Eugene, OR). Two days prior
to experiments, 7.5 · 105 cells were plated. Cells were
then exposed to increasing concentrations of drug for
30 min. The time was chosen to give sufficient levels of
drug uptake within a time frame in which ROS forma-
tion may be anticipated. The cells were detached with
0.25% trypsin and 0.11% EDTA for 10 min with drug
present, then the cells were washed and resuspended in
a 37 �C 10 mM glucose/HBSS (no phenol red, Ca2+,
or Mg2+) solution. Then 1 · 106 cells were labeled with
carboxy-H2DCFDA for 15 min at 37 �C, placed on
ice, filtered with a 70 lM Cell Strainer (BD Falcon, Bed-
ford, MA), and analyzed using a FACScan flow cytom-
eter (Becton–Dickinson Immunocytometry Systems,
San Jose, CA) (488 nm excitation, 530 nm emission).
The mean geometric fluorescence intensity for 10,000
cells was analyzed for each sample using CellQuest
Pro software(BD Biosciences, San Jose, CA).

As a positive control for carboxy-H2DCFDA ROS
detection, the following experiments were performed.
The cells were detached with a trypsin/EDTA solution
for 10 min and resuspended in 37 �C 10 mM glucose/
HBSS (no phenol red, Ca2+, or Mg2+). Cells (1 · 106)
were labeled with carboxy-H2DCFDA for 15 min, and
then increasing concentrations of H2O2 were added
and incubation continued for an additional 5 min. The
cells were placed on ice, filtered, and analyzed using a
FACScan flow cytometer.

Clonogenic survival

Detached PC3 cells were counted with a Coulter
Model Zf Cell Counter (Coulter Electronics, Hialeah,
FL), and viability verified by hemocytometer in the pres-
ence of trypan blue. To 6-well (935 mm2) tissue culture
plates were added 750 or 1000 viable cells in fresh media.
The cultures were allowed to attach as single cells by



Fig. 1. Inhibition of intracellular catalase activity by 3-aminotriazole
in PC3 cells. PC3 cells were incubated for 2 h with aminotriazole in
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incubating the cultures for 24 h. Clonogenic survival
was then determined by incubating the cells in the pres-
ence of experimental compounds in full media with 10%
FBS. At designated time points the media were re-
moved, the cultures were rinsed with fresh media, and
then new media were added without disturbing the cells.

Statistics

Student�s t test was used for some comparisons. Two-
way analysis of variance that included cell type and drug
concentration was used to analyze the normalized data
of the transduction experiments. Within the analysis,
the weighted least squares method was used to adjust
for the unequal variance among the groupings. Bonfer-
roni�s adjustment was used to control the experiment-
wise error rate among the pairwise comparisons.
MEM media with 10% FBS at 37 �C. Cells were rinsed and scrape-
harvested into 50 mM phosphate buffer, pH 7.0. Catalase activity was
determined by the spectrophotometric catalase assay using 400 lg total
cellular protein. Shown is the mean ± SEM of three experiments. Inset:
in a complementary method, catalase activity was analyzed by activity
gels loaded at 25 lg of PC3 protein per well and stained for catalase
activity by the Prussian blue deposition method. Shown is an inverse
black/white image of a representative gel.
Results

Catalase transduction of PC3 cells

The constitutive level of catalase in the PC3 cell line
was 8.8 ± 0.5 k mU/mg protein (n = 23 independent
determinations) (3.0 ± 0.4 k mU/106 cells, n = 11).
Transduction of PC3 cells increased catalase activity in
a dose-dependent manner between 10 and 100 MOI Ad-
CAT. At 150 and 200 MOI, we observed slight decreases
in catalase activity as compared to at 100 MOI. For fur-
ther studies we selected 100 MOI, as it provided maxi-
mal catalase activity of 24.6 ± 1.6 k mU/mg (n = 14)
(7.6 ± 0.9 k mU/106 cells, n = 7) or a 3- to 4-fold in-
crease without affecting cell growth characteristics or
clonogenic efficiency.

Inhibition of PC3 catalase by aminotriazole

We utilized a method for measuring intracellular
H2O2 production based on the reaction of H2O2 with
catalase in the presence of aminotriazole [29]. The meth-
od is specific, since only H2O2 converts catalase to com-
pound I, and compound I reacts with aminotriazole
forming an irreversibly inactive catalase [29]. Therefore,
by measuring the extent of catalase inhibition by amino-
triazole, one can kinetically estimate the intracellular
steady-state concentration of H2O2. We first confirmed
the effect of aminotriazole concentration on PC3 cellular
endogenous catalase activity in our system. As can be
seen in Fig. 1, there was a concentration-dependent inhi-
bition of catalase activity. With 5 mM aminotriazole
there was approximately 50% inhibition of catalase
activity, while with 10 mM aminotriazole the enzyme
had been inhibited by 75%. Fig. 1 (inset) shows the inhi-
bition as determined by catalase activity gel assays, and
this confirms the spectrophotometric assay. We used this
data to choose the aminotriazole concentrations in sub-
sequent studies.

Effect of doxorubicin on intracellular hydrogen peroxide
generation

We next used the aminotriazole inhibition of catalase
method to determine the effect of doxorubicin on intra-
cellular H2O2 production in PC3 cells overexpressing
catalase. We chose to use catalase overexpressing (ade-
novirus-mediated) cells for these studies, to increase
the range of catalase activity that can be followed over
time in the presence of aminotriazole and to increase
the likelihood of detecting H2O2. At 15 min there was
a higher intracellular [H2O2] in those cells exposed to
1 lM doxorubicin (22.1 ± 6.0 pM) as compared to those
not exposed (9.7 ± 2.7 pM, n = 5, p = 0.04, paired t

test). Both the spectrophotometric and catalase activity
gel assays demonstrated this trend, and we used this
time point (15 min) for the doxorubicin concentration
study. At later time points up to 120 min, the rate of cat-
alase inhibition became non-linear.

We next studied the drug concentration-dependence
on H2O2 production. PC3 cells overexpressing catalase
were incubated for 15 min with increasing concentra-
tions of doxorubicin in the presence of aminotriazole
and the intracellular H2O2 determined. Although our
method determines the flux of H2O2 through catalase
inhibition, this is indicative of H2O2 concentration. As
can be seen in Fig. 2, there was a significant increase
in the steady-state level of intracellular H2O2 up to



Fig. 2. Effect of doxorubicin on intracellular H2O2 concentration in
PC3 cells. PC3 cells overexpressing catalase (transduced with catalase
100 MOI) were incubated with doxorubicin for 15 min in the presence
of aminotriazole. Aminotriazole-mediated inhibition of catalase activ-
ity was used to estimate intracellular H2O2. Shown is the mean and
SEM of three independent experiments.

Fig. 3. Detection of intracellular H2O2 in PC3 cells treated with
extracellular H2O2. H2O2 was added to the medium in the presence of
aminotriazole for 15 min. Cellular H2O2 concentration was determined
by the aminotriazole-mediated inhibition of catalase assay. Five
separate, closely agreeing experiments with PC3 cells were combined.
Three of these used PC3 cells transduced with AdCAT (100 MOI, 48 h)
and two without catalase transduction.
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1 lM doxorubicin concentration, above which the H2O2

level plateaued. This increase was confirmed by H2O2

concentrations as determined by catalase activity gel as-
says, but the absolute values of H2O2 were lower.

In the next series of experiments, we examined
whether extracellular H2O2 may contribute to catalase
inhibition in PC3 cells. For this purpose, increasing con-
centrations of H2O2 (0–1 mM) were added to a medium
containing aminotriazole and cells, then after a 15 min
incubation, catalase activity was determined. Extracellu-
lar H2O2 decreased cellular catalase activity in a dose-
dependent manner (6% at 5 lM, 11% at 10 lM, 12%
at 50 lM, 46% at 100 lM, 52% at 250 lM, and 70% at
1000 lM H2O2). We also determined the level of intra-
cellular H2O2 as a function of H2O2 added to the medi-
um (Fig. 3). There was a linear positive relationship;
however, the concentrations were six-orders of magni-
tude lower inside the cell as compared to those in the
medium. This demonstrates that H2O2 can be detected
by our cellular PC3 assay system even when the incre-
ment in intracellular concentrations is small.

Lack of increase in extracellular hydrogen peroxide by

doxorubicin, as determined using Amplex Red assay

We next determined if extracellular H2O2 accumu-
lates in the media of cells after exposure to doxorubicin.
Any H2O2 produced intracellularly that diffuses out of
the cells or produced locally at the plasma membrane
would be detected by using the highly sensitive Amplex
Red assay. Fig. 4A shows the standard curve and illus-
trates that the assay is sensitive in the low nm range
for H2O2. Fig. 4B shows the results of studies with wild
PC3 cells treated with increasing concentrations of
doxorubicin. Although fluorescence could be detected
in the media of untreated cells, indicating the natural
production of H2O2 (basal level), incubations with the
drug yielded a less intense fluorescence, suggesting that
doxorubicin not only failed to stimulate H2O2 produc-
tion, but that it rather suppressed the natural produc-
tion of H2O2. Identical studies on PC3 cells
overexpressing catalase and cells exposed to aminotria-
zole gave similar results (Fig. 4B).

Because the low fluorescence observed in the presence
of doxorubicin could be due to quenching of resorufin-
excited singlet state by the drug, we attempted to exam-
ine this effect in a cell-free system. Using resorufin
(500 nM), we found no evidence of fluorescence quench-
ing by 1 lM doxorubicin (the highest concentration of
the drug used in our cell work) alone, or in the presence
of H2O2 and horseradish peroxidase (not shown). Fur-
thermore, in time-course experiments using PC3 cells
treated with Amplex Red, the addition of doxorubicin
(1 lM) at eight time intervals between 0 and 60 min
showed no quenching of fluorescence from in situ gener-
ated resorufin even when monitored for 60 min after the
addition of doxorubicin. These experiments make
quenching artifact and oxidation of resorufin to a non-
fluorescing product (likely to occur in the presence of
an excess of H2O2), unlikely explanations for the decline
in fluorescence in Fig. 4B.

Lack of effect of doxorubicin on intracellular oxidation-

sensitive dye fluorescence

We next examined the effect of doxorubicin on car-
boxy-H2DCFDA fluorescence of PC3 cells exposed to
increasing concentrations of doxorubicin. The fluores-



Fig. 4. (A) H2O2 standard curve for the 10-acetyl-3,7-dihydroxyphe-
noxazine (Amplex Red) hydrogen peroxide assay. (B) Doxorubicin
does not increase extracellular H2O2 as measured by Amplex Red
hydrogen peroxide assay. Amplex Red was added to PC3 cells (labeled
wild) in 48-well plates, and after 5 min, doxorubicin was added and
fluorescence at 485 nm excitation and 595 nm emission were read at
various times. The corrected fluorescence at 60 min is presented
(readings at 15, 30, and 45 min gave proportionally lower fluorescence,
but the same pattern was observed). Also shown are studies on PC3
cells preincubated with 10 mM aminotriazole for 2 h to inhibit
constitutive catalase, and PC3 cells transduced with replication-
defective recombinant type-5 adenovirus containing human catalase
DNA (100 MOI). Values are corrected for doxorubicin autofluores-
cence by subtracting fluorescence units measured 1 min after the
addition of doxorubicin. This autofluorescence became significant only
at higher concentrations of doxorubicin. Amplex Red-derived fluores-
cence is in arbitrary units. Inset shows the lower concentrations.

Fig. 5. (A) Doxorubicin had no effect on carboxy-H2DCFDA
fluorescence of human prostate cancer cells. PC3 prostate cancer cells
(7.5 · 105) were exposed to increasing concentrations of doxorubicin
for 30 min, and 0.25% trypsin and 0.11% EDTA were added during the
last 10 min to detach the cells. Carboxy-H2DCFDA was then added
for 15 min, fluorescence read on a FACScan flow cytometer (488 nm
excitation, 530 nm emission) and corrected for fluorescence contribu-
tions by doxorubicin. Shown is geometric mean fluorescence, and
values are the mean and SEM of four separate experiments. There was
no significant difference by one-way ANOVA (p = 0.3). (B) Carboxy-
H2DCFDA fluorescence increases as PC3 cells are exposed to
externally applied H2O2. PC3 cells were detached, exposed to
carboxy-H2DCFDA for 15 min, and then the desired H2O2 concen-
trations for 5 min. Carboxy-H2DCFDA fluorescence was measured by
flow cytometry. Shown is geometric mean fluorescence, and the data
represents the means (±SEM) for three independent determinations.
The H2O2 concentrations were significantly different (p < 0.0001) by
one-way analysis of variance.
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cence at the various concentrations of doxorubicin
(Fig. 5A) was not significantly different by one-way AN-
OVA (p = 0.322). When cells were trypsinized and then
exposed to doxorubicin, reverse order of addition as
depicted in Fig. 5A, similar results were observed. These
negative results may be the consequence of low sensitiv-
ity of the probe and also of relatively high background
fluorescence.

Doxorubicin alone fluoresces at concentrations above
5 lM. To control for this fluorescence, PC3 cells ex-
posed to 5 and 10 lM doxorubicin in the absence of car-
boxy-H2DCFDA, were analyzed and the fluorescence
contribution of the drug subtracted from the samples
containing carboxy-H2DCFDA.

Detectable effect of external H2O2 on intracellular

oxidation-sensitive dye fluorescence

To validate our method for the detection of intracel-
lular ROS by the carboxy-H2DCFDA fluorescence as-



Fig. 7. Effect of aminotriazole on clonogenic survival of PC3 cells
exposed to doxorubicin. PC3 cells, which had been trypsinized,
counted, and allowed to reattach as single cells, were treated with
aminotriazole for 2 h, then doxorubicin 100 nM was added. After an
additional 1 h, the drug-containing media were removed, cells rinsed,
and new media were added. Cultures were incubated for 7–10 days
before fixation, staining, and counting. Survival was determined from
viable colonies and expressed as percent relative to no-treatment
controls. The value for control cells not exposed to doxorubicin or
aminotriazole was 100%. Values are the mean percents (±SEM) from
three independent experiments.
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say, we exposed PC3 cells to external H2O2. With
increasing concentrations of externally applied H2O2

(0–1 mM), we detected increased cell fluorescence from
the dye (Fig. 5B). By one-way ANOVA, the changes
in fluorescence were significant (p < 0.0001). This dem-
onstrates that extracellular H2O2 induces increments in
intracellular H2O2 level, and that these increments can
be detected by the probe. There was no difference be-
tween determinations when the order of addition of
H2O2 and carboxy-H2DCFDA was reversed. Others
have reported similar results with external H2O2. For
example, Lorenz et al. [30] added 100 lM H2O2 to
astroglial cell cultures and found increased probe
fluorescence.

Lack of effect of catalase modulation (both

overexpression and inhibition) on doxorubicin toxicity by

clonogenic survival

If H2O2 were to be generated in response to doxoru-
bicin exposure and if it mediates in part the toxicity of
the drug, then overexpression of catalase should de-
crease drug toxicity. PC3 cells transduced with catalase
were exposed to doxorubicin at 0–1000 nM for 1 h.
Fig. 6 shows that there was no difference in clonogenic
survival between control PC3 cells and PC3 cells trans-
duced with catalase (100 MOI), since both had 50% sur-
vival around 150 nM doxorubicin. Both the control and
transduced PC3 cells had similar clonogenic efficiencies.
Fig. 6. Clonogenic survival of catalase transduced cells treated with
doxorubicin. PC3 cells were transduced for 24 h with 100 MOI
AdCAT. Cells were then detached, counted, and incubated for 24 h
to recover and reattach as single cells. Cells were then exposed to
doxorubicin for 1 h at 37 �C. The media and drug were removed,
rinsed with fresh media, and incubated for 7–10 days in fresh media.
Clonogenic survival was determined from fixed and stained culture
plates. Clonogenic survival is expressed as a percentage of respective
control not exposed to doxorubicin. Values are the mean survival
(±SEM) from three independent experiments. Transduction of PC3
cells with 100 MOI AdCAT did not affect cloning efficiency of cells not
exposed to doxorubicin (transduced cells 14.3 ± 3.1% vs. wild cells
17.8 ± 6.1%).
We next carried out the converse experiment and
studied the effect of catalase inhibition on doxorubicin
sensitivity. PC3 cells were exposed to varied concentra-
tions of aminotriazole, similar to those used in Fig. 3,
resulting in catalase activity levels ranging from 30 to
100% of the initial endogenous catalase activity. Fig. 7
shows that inhibition of catalase activity by aminotria-
zole at increasing concentrations had no appreciable ef-
fect on sensitivity of PC3 cells to doxorubicin in a
clonogenic survival assay.
Discussion

Using a sensitive assay based on aminotriazole-med-
iated inhibition of catalase, we were able to detect a 4-
fold increase in the steady-state level of intracellular
H2O2 when human prostate cancer cells were exposed
to the anthracycline doxorubicin. This increase occurred
within 15 min and appeared to be doxorubicin concen-
tration-dependent up to about 1 lM. We could not
determine whether the increment in intracellular H2O2

concentration was due to the direct generation of
H2O2 as a result of drug metabolism, or a drug-induced
perturbation of cellular redox status causing an appar-
ent increase in intracellular H2O2.

We used a sensitive method for the measurement of
intracellular [H2O2] based on irreversible inhibition of
catalase by aminotriazole [31]. This enzyme catalyzes
the dismutation of H2O2 to innocuous products
(2H2O2 fi O2 + 2H2O). Catalase inhibition by amino-
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triazole requires H2O2 that reacts with the enzyme�s
heme and converts it to catalase compound I. Aminotri-
azole forms a covalent bond with catalase compound I
rendering it inactive. Therefore, the extent of catalase
inhibition in the presence of aminotriazole is dependent
on the initial [H2O2]; since the reaction is typically de-
scribed by a pseudo-first order kinetics, the rate of cata-
lase inhibition by aminotriazole can be used to estimate
[H2O2] within cells. This approach has been used previ-
ously in PC3 cells [32] and other cell systems [18,33] and
is a more specific estimate of cellular [H2O2] than fluo-
rescence-based assays using non-specific dye indicators
such as H2DCFDA. It is known that certain other drugs
increase [H2O2] in isolated rat hepatocytes as measured
by the irreversible inhibition of catalase by aminotria-
zole, e.g., diquat and glycolate [34]. Through the use
of this method, we sought to determine if [H2O2]
increases in cells exposed to anthracyclines.

Generation of H2O2 is a normal physiologic process in
the cytosol and several intracellular organelles [29]. We
estimate that in the PC3 cell, the basal, steady-state level
of H2O2 is 13.1 ± 4.0 pM. Our value is higher than the
4.4 pM intracellular steady-state level reported by Ah-
mad et al. [32] using a similar method. Because catalase
is localized in peroxisomes, changes in catalase activity
due to aminotriazole reflect localized steady-state con-
centrations of H2O2 in or accessible to the peroxisome.
Therefore, the steady-state concentrations at other sub-
cellular sites are probably somewhat higher [35].

We complemented the measurement of cellular H2O2

with determination of [H2O2] in the medium and sur-
prisingly found no drug-induced increment. Amplex
Red provides a sensitive assay for H2O2 [27,28]. Howev-
er, since the indicator enters the cells poorly, it measures
only extracellular H2O2. H2O2 is a small uncharged mol-
ecule, and since it can diffuse readily through organelle
membranes [35], one might anticipate that equilibrium
between intracellular and extracellular concentrations
would be reached, and the measurement of H2O2 in cul-
ture media would reflect intracellular concentration. In
this regard, we showed that externally provided H2O2

could facilitate aminotriazole-dependent inhibition of
catalase intracellularly, suggesting that there is an ex-
change of H2O2 between the environment and the cells.
Therefore, an increase in H2O2 generated intracellularly,
or in proximity to the plasma membrane as a result of
anthracycline exposure, should have been detected by
our Amplex Red method if the peroxide diffuses out of
the cell and reaches sufficient concentrations in the med-
ia. However, the intracellular increment was not paral-
leled by an increase extracellularly. This may be due to
a lack of transmembrane equilibration of H2O2 or more
likely its reaction with intracellular sinks. Alternatively,
the Amplex Red assay may have failed to detect a small
increase due to lack of sensitivity. This seems to be a
highly likely explanation since the intracellular pM lev-
els of H2O2 may not be sufficient to increase extracellu-
lar H2O2 to nM levels necessary for its detection by this
assay. Excess H2O2 in the presence of peroxidase can
quench resorufin fluorescence by forming non-fluores-
cent products [36] (Reszka et al., in preparation); how-
ever, this possibility was excluded by control
experiments. Towne et al.[36] have defined the experi-
mental conditions that can lead to falsely low values.
According to their observations, the possibility of falsely
low values in our experiments is minimized based on the
experimental pH we used, early time points measured,
and the very low concentrations of H2O2 expected. In
our study, the Amplex Red data (Fig. 4B) suggest the
possibility that the naturally present extracellular H2O2

may actually decrease when the cells are exposed to
higher concentrations of doxorubicin. This could be
due to drug cytotoxicity.

Externally added H2O2 has access to peroxisomes in
PC3 cells (Fig. 3); however, the ratio of extracellular
to intracellular H2O2 was determined to be of the order
of 106. This could be because intracellular antioxidants
or other peroxide sinks may remove most of it.

We found that the wild-type human prostate cancer
cell line PC3 contains catalase activity at
8.8 ± 0.5 k mU/mg protein (n = 23). This is similar to
the value reported earlier for PC3 cells of 7 k mU/mg
[37]. Others have reported somewhat higher values
[38]. Therefore, our levels are similar to previous re-
ports, taking into account the kinetic calculations and
small differences in the methods of cell handling. With
catalase transduction (100 MOI), our cells increased
their catalase to about 24.6 ± 1.6 k mU/mg (n = 14),
or almost 3-fold, with no apparent toxic effect.

There was no effect of catalase modulation on doxo-
rubicin sensitivity in cytotoxic assays. We showed both
that the cytotoxicity of doxorubicin is not altered by
overexpression of cellular catalase, or conversely by low-
ering the cellular catalase activity by the addition of an
inhibitor of the catalase. These experiments, which mod-
ulated catalase activity, suggest that catalase alone does
not appear to play a pivotal role in protecting PC3 cells
from doxorubicin exposure, and that the redox event
associated with the drug is more complex. Similarly, it
has been observed that aminotriazole inhibition of cata-
lase did not alter epirubicin-cytotoxicity in a major way
for the M38K mesothelioma cell line [39].

The way by which anthracyclines provide their anti-
neoplastic properties is not totally clarified. The general-
ly discussed mechanisms are based on topoisomerase
inhibition [40], drug intercalation into DNA [41–43]
and membrane interaction [44–46]. Alternatively, oxida-
tive mechanisms of anthracycline cytotoxicity have been
proposed. Some of this latter work have been in cardiac
myocytes, but there is also evidence in neoplastic cells.
Anthracyclines can generate free radicals [1,7,47–49].
Anthracyclines may be reduced by enzymes in mito-
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chondria [7,50] or microsomes [51] to generate anthracy-
cline semiquinone radicals. These semiquinones can then
reduce O2 to O2

�� with concomitant regeneration of the
parent anthracyclines, establishing a redox cycle. Dis-
mutation of O2

�� produces H2O2 by enzymatic and
non-enzymatic means that can cause oxidative damage
to DNA, protein, or lipids and depletion of critical cel-
lular antioxidants. Cellular damage could be by hydrox-
yl radicals generated via Fenton chemistry or the
formation of peroxynitrite (ONOO�) [52]. Our detection
of an increment in H2O2 when cancer cells are exposed
to doxorubicin demonstrates that a specific oxidative
event is associated with anthracycline exposure.
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