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ABSTRACT

Based on the concept that activated oxygen species are causally
involved in Adriamycin toxicity, endogenous antioxidant defenses are
expected to be important determinants of cellular Adriamycin tolerance.
We have tested this prediction by making use of an oxygen-resistant
variant subline of Chinese hamster ovary cells (OH)'), which is charac

terized by increased levels of glutathione, copper- and zinc-containing
Superoxide disimilase, manganese-containing Superoxide dismutase, cat
atase, and glutathione peroxidase. The levels of antioxidant defenses in
wild-type CHO (CHO*) cells were within the range reported for human

tumor cell lines, except for catalase, which was comparatively high.
Oxygen-tolerant CHO' cells, which contained 4.3-fold more catalase
activity than CHO' cells, were proportionally more resistant to lI.O.,
indicating that catalase activity in wild-type CHO* cells was still limiting
H2Oz tolerance. The Adriamycin sensitivity of CHO* cells was compared
to that of CHO' cells by clonogenic cell survival. After correcting for
differential drug uptake in CHO* and CHOr cells, no significant difference
in Adriamycin sensitivity could be detected. Furthermore, drug-induced
cyanide-resistant oxygen consumption and electron spin resonance data
indicated that both cell strains were equally efficient in reducing Adria
mycin to its semiquinone radical and in generating activated oxygen
species through oxidation-reduction cycling. These results indicate that
Adriamycin tolerance of wild-type CHO cells, as determined by clono
genic cell survival, is not limited by endogenous glutathione, copper- and
zinc-containing Superoxide dismutase, manganese-containing Superoxide
dismutase, catalase, or glutathione peroxidase.

INTRODUCTION

Several groups of investigators have proposed that semiqui
none radical formation and subsequent generation of activated
oxygen species play a dominant role in the cytotoxicity of the
anticancer agent Adriamycin (1-4). The Adriamycin semiqui
none radical, generated by cellular enzymes, can be demon
strated by electron spin resonance under anaerobic conditions
(5). Under aerobic conditions the semiquinone radical donates
its free electron to molecular oxygen, forming the Superoxide
aniÃ³n radical and the original quinone form of the drug (6).
Superoxide thus formed can give rise to H2Ã›2(by dismutation)
and hydroxyl radicals [by the iron-catalyzed Haber-Weiss re
action (7)]. This O2-consuming, "oxidation-reduction-cycling"

process is resistant to cyanide concentrations that completely
inhibit mitochondrial respiration.

If oxygen radical formation is indeed a critical process in
Adriamycin toxicity, one would expect that cellular "antioxi
dant defenses" (i.e., GSH,3 CuZn-SOD, Mn-SOD, catalase,
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and GSH peroxidase) contribute to Adriamycin tolerance. In
support of this, Doroshow et al. (8) recently reported that
MCF7 cells are slightly but significantly protected by exogenous
SOD and catalase, added during Adriamycin treatment. Fur
thermore, Bozzi et al. (9) observed a relationship between the
cytotoxicity of anthracyclines and cellular glutathione-depend-
ent hydrogen peroxide metabolism. Finally, in MCF7 cells
Batist et al. (10) observed increased GSH peroxidase activity in
Adriamycin-resistant sublines.

On the other hand, in several Adriamycin-resistant cell lines
including P388 murine leukemia cells (11) and Cil.('4 human

small cell lung cancer cells (12), no increased levels of cellular
antioxidant defenses could be detected. These observations do
not exclude a protective effect of intracellular antioxidant fac
tors on Adriamycin toxicity, but indicate that an increment of
the antioxidant defense capacity is not an obligatory step in the
development of resistance to Adriamycin.

To obtain more direct information on the possible role of
endogenous antioxidant defenses in cellular Adriamycin toler
ance, we have made use of an oxygen-tolerant variant strain of
CHO cells, recently obtained in our laboratory (13). This strain,
which was selected by long-term adaptation to step-by-step
increased oxygen tensions, and which is able to proliferate under
normally lethal oxygen levels (99% Oil\% Å’h), is character
ized by severalfold-increased antioxidant parameters, i.e., GSH,
CuZn-SOD, Mn-SOD, catalase, and GSH peroxidase (13, 14).
In this paper we investigate the Adriamycin tolerance of this
variant.

MATERIALS AND METHODS

Chemicals and Drugs. All chemicals used were obtained from Sigma
Chemical Company, St. Louis, MO, except for Adriamycin (doxorub-
icin), which was manufactured by Laboratoire Roger Bellon (Neuilly
sur Seine, France; a gift from Bergel Nederland b.v., Heerhugowaard,
The Netherlands), and hydrogen peroxide, which was from E. Merck,
Darmstadt, Federal Republic of Germany. Adriamycin was stored in
physiological salt solution (0.9% NaCl solution) at â€”20Â°Cin the dark.

Cells. The CHO cells used in this study were originally obtained
from Dr. J. W. I. M. Simons, University of Leiden. The oxygen-
tolerant variant substrain (CHOr) recently obtained in our laboratory,
has been characterized by Van der Valk et al. (13, 15). In CHO' cells

specific activities of the following antioxidant enzymes were signifi
cantly increased: CuZn-SOD, 2.5-fold; Mn-SOD, 2.1-fold; catalase,
4.3-fold; GSH-peroxidase, 1.9-fold. We recently found also that the
GSH content of CHO' cells is at least 2- to 4-fold increased (14, 15).

Cellular size and protein contents were the same in the two cell strains,
i.e., approximately 1 pi and 180 pg per cell, respectively (13); as judged
from light-microscopic data, anchored CHO' cells had approximately
a 1.4-fold higher surface/volume ratio than CHOS cells.4

To appreciate the antioxidant capacity of the present CHO strains
in comparison with human tumor cell lines, a table is included sum
marizing the appropriate data from the literature (Table 1).

Culture Methods. CHO' cells were cultured with Ham's F-10 medium

4 H. G. Keizer, unpublished observations.
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(Flow Laboratories, Ltd., Irvine, Scotland) supplemented with 10%
fetal calf scrum and 2 mM glutamina (Ham's F-lOc) under an atmos
phere of 98% O2/2% CO2 in 25-cm2 Falcon tissue culture flasks. CHOS

cells were cultured in the same culture medium, under an atmosphere
of air/2% CO2. Cultures were free from Mycoplasma contamination,
as was checked at monthly intervals with the Hoechst fluorescent
staining technique, using (VI monkey kidney cells as indicators.

Drug Uptake. Cellular Adriamycin uptake was determined as de
scribed by Howell et al. (16). Subconfluent cultures were exposed to
various concentrations of Adriamycin during a fixed period of time,
rinsed twice with cold phosphate-buffered saline (pH 7.3), and harvested
by trypsinization. Cells were pelleted by centrifugation (10 min, 1000
x g) and lysed by addition of 1 ml of H2O, followed by sonication. Two
ml of butanol were added to the lysate followed by vigorous mixing for
1 min on a Vortex mixer to extract the Adriamycin. Phases were
separated by centrifugation (60 min, 5000 x g), after which the Adria
mycin concentration was determined in the butanol phase by fluores
cence spectrometry, using 485 nm and 590 nm as excitation and
emission wavelengths, respectively. A standard concentration curve was
constructed by adding known amounts of Adriamycin to homogenates
of untreated cells and measuring Adriamycin fluorescence after extrac
tion with butanol. Each assay, which required about 5 x IO6cells, was

done in triplicate. Each experiment was carried out 3 times. The results
shown indicate standard deviations based on all three independent
experiments.

Cell Survival: Adriamycin. Adriamycin treatment was carried out in
Ham's F-lOc medium buffered with 25 mM HEPES, on anchored
CHO' and CHOS cells at a cell concentration of approximately 4 x IO4
per cm2. Treatment was at 37Â°Cunder an atmosphere of air/2% CO2.

Cells were trypsinized thereafter, counted with a Coulter Counter, and
seeded at 500 or 5000 cells per tissue culture flask of 25 cm2. After
incubation for 7 to 10 days at 37Â°Cin a humidified atmosphere of 2%

CO2 in air, colonies were fixed with 96% ethanol, stained with Giemsa,
and counted manually. Cloning efficiencies of CHO' and CHOS cells

were 70 and 90%, respectively. All platings were done in triplicate.
Each result was verified in three independent experiments. Results
shown indicate standard deviations for all three experiments.

Cell Survival: H2O2. Exponentially growing cultures (2 to 6 x IO4
cells/cm2) were treated for l h at 37Â°Cwith various concentrations of

H2O2in Medium TCI99 (Gibco, Ltd., Paisley, Scotland) without serum
and seeded for colony development as described above. To eliminate
the effect of differences in cell density during treatment, survival data
were plotted as a function of the amount of H2O2 added per cell, as
prescribed by Spitz et al. (17); as a consequence, results (Fig. 1) are
presented without standard deviations.

Oxygen Consumption. Cellular oxygen consumption was determined
using a Clark-type electrode (Yellow Springs Instruments) with a Beck-

man Model 0260 oxygen analyzer. All measurements were done at
37Â°C.The reaction chamber volume was 0.89 ml; the medium used was
Ham's F-lOc buffered with HEPES. After allowing the medium to
equilibrate for 10 min. approximately 5 x IO6 cells were added, and

oxygen consumption was recorded. After several minutes cyanide (1
mM) was added to inhibit mitochondria! respiration. After an additional
5 min Adriamycin was added from a stock solution of 40 mM 0.9%
NaCl solution, and drug-induced cyanide-resistant respiration was re

corded.
ESR. ESR spectra were recorded using a Varian Model E3 ESR

spectrometer operating at X band and using a 100-kHz field modula
tion. All experiments were performed anaerobically to stabilize the
Adriamycin semiquinone radical. The semiquinone radicals were mon
itored at 20Â°Cunder 25 milliwatts of microwave power. The scanning
conditions were: 10.1-G modulation amplitude; 6.2 x IO5 gain; 6-G/
min scan rate; and I-s time constant. ESR measurements were per
formed in homogenates of CHO' and CHOS cells containing 3 mg of

protein per ml and 5 mM NADPH. The Adriamycin concentration was
1 mM. At this concentration an ESR signal was obtained with an
amplitude of approximately 10 times the background noise. The result
shown is one of two experiments, with essentially identical results.

RESULTS

To allow a meaningful extrapolation from our results ob
tained with CHO cells to the situation in human tumor cells,
the antioxidant capacity of CHO5 and CHO' cells was compared

to that reported for human tumor cell lines in a survey by
Marklund et al. ( 18). As summarized in Table 1, levels of CuZn-
SOD, Mn-SOD, GSHPX activity in wild-type CHO cells were
lower than in the average human neoplastic cell line as reported
by Marklund et al. (18); GSH in CHOS cells was also low, as
compared to HeLa cells. Even though CHOr cells contained

considerably increased levels of these antioxidant factors, their
levels were still within the ranges established for human tumor
cells, with CuZn-SOD being somewhat higher than the highest
activity reported for human cells. Catalase activity was com
paratively high in CHOS cells and still approximately 4-fold
higher in CHO' cells. To check the possibility that the intracel-
lular catatase activity in CHOS cells would be saturating in
detoxifying its substrate, H2O2-induced clonogenic cell death
was compared in CHO5 and CHOr cells. As shown in Fig. 1,
CHOr cells were clearly (about 4-fold) more resistant to H2O2
toxicity than CHO5 cells, indicating that the unusually high
catatase activity was still nonsaturating in CHO5 cells and was

thus limiting the tolerance of these cells to H2O2.
To evaluate Adriamycin toxicity in CHO5 and CHO' cells,

drug-induced clonogenic cell death was studied in relation to
cellular drug uptake. As shown in Fig. 2/4, CHO' cells seemed
to be more sensitive to Adriamycin than CHOS cells as a

function of extracellular drug concentration. However, as
shown in Fig. 2B, CHO' cells accumulated more drug than
CHOS cells over a 1-h period. This may be related to the
observation that CHOr cells, although having the same volume,

are more spread out when attached to a substratum and there
fore have a (approximately 1.4-fold4) higher surface/volume

Table I Endogenous antioxidant defenses in CHO cells and in human neoplastic
cell lines

Enzyme activities are expressed in unhs/mg of protein; glutathione content,
in nmol/mg of protein. In CHO cells, data on CuZn-SOD, Mn-SOD, and GSHPX
activities were calculated from those of Van der Valk et al. ( 13). Catalase activities
are those of Gille et al. (14), and glutathione contents are from Van der Valk el
al. (IS). Data for human neoplastic cell lines were calculated from those listed by
Marklund et al. (18) for the indicated number (n) of tumor cell lines (excluding
the nonneoplastic lines listed in the same study). To allow a direct comparison
between SOD activities in CHO cells and those given by Marklund et al. for
human neoplastic cell lines, activities in CHO cells were converted into activity
units as defined by Marklund et al., as follows. Based on the notion that 1 unit
of CuZn-SOD activity according to Marklund et al. corresponded to 4.1 ng of
bovine CuZn-SOD (18), whereas our unit was equivalent to 3.12 ng (24), we
assumed that 1 unit in our assay conditions corresponds to 0.76 of Marklund's
unit, based on Marklund's notion that his Mn-SOD assay was 10-fold less
sensitive than his CuZn-SOD assay. Whereas in our case this difference was only
5-fold, we assumed that 1 unit of Mn-SOD activity in our assay corresponds to
0.38 unit in Marklund's assay. GSHPX activities, as given by Van der Valk et al.

(13), and catalase activities, given by Gille et al. (14), were assayed according to
Marklund et al. (18), so that these figures are directly comparable with those of
Marklund et al. The data have not been corrected for a difference in sensitivity of
the protein assay method used by Marklund et al., which was approximately 12%
less efficient in detecting cellular protein than the method used by us (18).
According to Gille et al. (14), the antioxidant enzymes in (IK)1 cells are stably
enhanced, irrespective of whether the cells are grown under hyperoxia or nor-
moxia.

CHO CHO' Human neoplastic cell lines"

CuZn-SOD 136 Â±14Â° 341 Â±38 193 Â±62 (range, 72-310; n = 24)
Mn-SOD 1.6 Â±0.3 3.4 Â±1.2 23.4 Â±51 (range, 1.3-230; n = 24)
GSHPX 10.7 Â±0.4 20.0 + 6.3 56.3 Â±62 (range, 0-250; n = 21)
Catalase 989 Â±156 4294 Â±491 139 Â±219 (range, 5.5-920; n = 22)
Glutathione' 17.1 Â±5.9* 74.8 Â±14.3* 81.4 Â±30.1 (n = 1)'

" Calculated from Marklund et al. (18).
* Mean Â±SD.
' Cellular glutathione was for 98% in the reduced form (14, 15).
Ã¤Van der Valk et al. (15).
' Data from Gille et al. (14) from HeLa cells.
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Fig. 1. Clonal survival of CHO' cells (open symbols) and CHO' cells (closed

symbols) as a function of HaOj exposure per cell (cf. RÃ©f.17). Cells were treated
for l h with various doses of H2O; per cell at 37'C, after which clonal survival

was determined. The different symbols indicate separate independent experi
ments.

ratio (13). After correction for differential drug uptake, no
significant difference in Adriamycin cytotoxicity could be de
tected between CHO5 and CHOr cells as a function of intracel-

lular drug dose (Fig. 2C).
It should be pointed out that our CHO cells, which exhibit

an LD50 of 5 to 15 ^M, are about an order of magnitude more
resistant to Adriamycin than most other cell lines described in
the literature. Since this intrinsic resistance might interfere
with the interpretation of our data, we investigated the nature
of this phenomenon. As shown in Fig. 2C, SW1573 human
lung tumor cells, which exhibit a more typical LD50 of 0.5 UM
under similar treatment conditions, apparently have a very
similar intracellular drug concentration as CHO cells at a
comparable level of survival, indicating that the apparent in
trinsic resistance of CHO cells to Adriamycin is due to a
decreased intracellular drug accumulation. A 10-fold-resistant
variant of SW1573 is also presented in Fig. 2C, illustrating that
resistant variants may have in addition to an accumulation
defect also a mechanism of resistance based upon protection
against intracellular Adriamycin, since at LD50 the intracellular
dose is much higher than in the nonresistant SW1573 cells.
However, such a mechanism does not appear to be responsible
for the intrinsic resistance to Adriamycin in CHO cells.

The possibility was considered that a potentially protective
effect of endogenous antioxidant defenses in CHOr cells might

be masked by an increased rate of Adriamycin reduction to the
semiquinone radical and consequently by an increased flux of
endogenous oxygen radicals.

However, as shown in Fig. 3, no difference in cyanide-
resistant respiration between CHOr and CHOS cells was ob
served, indicating that drug-dependent generation of activated
oxygen species was not significantly different in both cell
strains. It should be noted that, in this experiment, suspensions

of cells treated with relatively high drug concentrations were
used; under such conditions no difference in drug accumulation
was observed between CHO5 and CHOr cells.4

As an independent check for the occurrence of bioreductive
Adriamycin activation, Adriamycin semiquinone formation was
measured in cell homogenates by ESR, under anaerobic condi
tions. No difference between CHOr and CHOS cells was ob

served (Fig. 4), confirming that both cell strains were equally
capable of generating the semiquinone radical form of the drug.
Moreover, the magnitude of the ESR signal from CHO cells,
based on the amount of cellular protein, was very similar to
that obtained in separate experiments with several other cell
lines including the human ovarian carcinoma cell lines A2780
and Adriamycin-resistant A2780.4

DISCUSSION

To investigate a possible protective effect of the major cellular
antioxidant defenses against the cytotoxicity of Adriamycin, a
model system was used consisting of wild-type CHO cells
(CHO5) and an oxygen-resistant variant of this cell line (CHOr)
which is characterized by substantially increased levels of CuZn-
superoxide dismutase, Mn-superoxide dismutase, glutathione
peroxidase, catalase, and glutathione. As shown in Table 1 the
activity levels of all antioxidant systems measured were well
within the range observed in human neoplastic cell lines, except
for catalase, which is relatively abundant in CHO cells. Never
theless, as shown in Fig. 1, CHOr cells were severalfold more
resistant to H2O2 than CHO5 cells, indicating that the catalase
level in wild-type CHO cells was still limiting for H2O2 detox
ification. Our results (Fig. 2) demonstrate that CHO5 and CHOr

cells are equally sensitive to killing by intracellular Adriamycin.
This indicates that, at least in CHO cells, intracellular SODs,
catalase, GSH peroxidase, and GSH are not limiting for Adri
amycin tolerance, as determined by clonogenic cell survival. In
view of this conclusion, two points need to be discussed.

(a) Doroshow et al. (8) and Potmesil et al. (19) found a
significant protection by exogenous SOD, catalase, and PZ51
(a drug with GSH peroxidase activity) against Adriamycin-
induced cellular damage when added during drug exposure.
Since cellular drug uptake of macromolecules such as SOD and
catalase is thought to be inefficient, these results may indicate
that part of the cytotoxicity of Adriamycin is due to free radical-
mediated reactions taking place outside or at the cellular sur
face, such as Adriamycin/iron-dependent lipid peroxidation
(20); it is conceivable that intracellular antioxidant defenses
due to their compartmentalization cannot protect against free
radicals acting from outside upon the plasma membrane. Alter
natively, since drug uptake was not investigated, it cannot be
excluded that the protective effects reported were due to de
creased intracellular drug accumulation.

(b) One may ask whether the present results contradict a free
radical-mediated mechanism of Adriamycin toxicity. Although
our results do not support such a mechanism, we think they do
not rule it out either. As suggested by Bachur et al. (1) and
Begleiter (21), oxygen radical damage presumably occurs in a
site-specific way. This implies that cellular antioxidant factors
must be present at the critical target site(s) in order to be
effective. Since antioxidant enzymes are known to be compart
mentalized, it seems possible that Adriamycin target(s) are
unprotected. A similar line of reasoning was followed to explain
the observation that O2-resistant CHOr cells are not cross-
resistant to X-rays (22, 23), the lethality of which is thought to
be mediated mainly by the DNA-damaging effect of OH radi-
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Fig. 3. Adriamycin-induced, cyanide-resistant oxygen consumption of CHO'
and CHO* cells. <> consumption of freshly trypsinized cells was monitored after

addition of 1 mM cyanide followed by the indicated concentrations of Adriamycin,
as described in "Materials and Methods." â€¢,CHO' cells; O, CHO' cells.

cals. Our results are thus in line with the observations of
Marklund et al. (18) who failed to find a correlation between
the intrinsic sensitivities of normal cells, tissues, and neoplastic
cell lines to ionizing radiation and free radical-producing drugs
on the one hand and their antioxidant defense capacity on the
other. In agreement with Meijer et al. (12), we suggest that
increased Adriamycin tolerance may be effectuated more effi
ciently by increased repair of free radical damage than by
preventing this damage from occurring.
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Fig. 4. ESR signal of the Adriamycin semiquinone radical. CHO' and CHO'

cell homogenates containing 3 mg of protein per ml were exposed to 1 mM
Adriamycin in the presence of 5 mM NADPH under anaerobic conditions. ESR
signals were recorded as described in "Materials and Methods." A, CHO'; O,
CHO'.

In summary, our data do not rule out a free radical mecha
nism of Adriamycin cytotoxicity, but demonstrate, at least for
CHO cells, that the major antioxidant defenses are not limiting
for Adriamycin tolerance. Considering that the antioxidant
capacity of CHO cells is relatively low compared to the average
human tumor cell line (except for catatase, which was neverthe
less limiting for I !.â€¢().â€¢tolerance; see Fig. 1), it is plausible that
this conclusion applies to most human tumor cells as well.
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