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ABSTRACT

We found that Adriamycin increased the pentose phosphate shunt
activity in both Adriamycin-sensitive (WT) and Adriamycin-resistant
(ADRR) human breast cancer MCF-7 cells. In contrast, hydrogen per
oxide and eumene hydroperoxide markedly stimulated pentose-shunt
activity in ADR" but only moderately increased the activity in WT cells.
Furthermore, the altered oxidation-reduction regulation is associated with
changes intrinsic to the key enzymes of the pentose-shunt pathway,
glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydro-
genase and with glutathione peroxidase. We found the \'â€žâ€ž,values for

glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydro
genase were 50- and 4-fold lower, respectively, in ADR" than WT cells
and the Kâ€žof NADP* were 10-fold lower in ADR" than WT. The
activity of glutathione reductase in ADR" is 42% of that in WT. In spite

of these changes, the response of the cells to both hydrogen peroxide and
organic peroxide is not limited by either the capacity of the pentose shunt
or glutathione reductase, but is determined by the activity of glutathione
peroxidase and a glutathione transferase which possess peroxidase activ
ity. The kinetic properties of the glucose-6-phosphate dehydrogenase in
ADR" may, however, seriously limit the activity of cytochrome P-450

reductase, a major enzyme of Adriantycin conversion to a free radical.

INTRODUCTION

Adriamycin, one of the anthracyciines, is widely used in
chemotherapy against a wide range of human tumors. Although
Adriamycin and daunomycin are two of the most active anti-
cancer drugs, there is no clear consensus as to the cytotoxic
mechanism of these drugs. The drugs bind to DNA and cell
membranes, and these interactions have been proposed as a
basis for cytotoxicity. On the other hand, both drugs undergo
complex oxidation and reduction reactions which yield a range
of reactive products that are potentially cytotoxic. These include
Superoxide, hydrogen peroxide, and hydroxyl radical, as well as
drug radicals and the drug quinone methide. Recently, Duro-
siÂ«>\v( 1) and Sinha (2, 3) have reported that the formation of
oxygen radicals from the drugs may be directly related to their
cytotoxic effect on MCF-7 human tumor cells. Both Doroshow
and Sinha (1-3) found that radical scavengers decreased the
cytotoxicity of these drugs for MCF-7. These observations
suggest that free radical formation may play an important role
in the antitumor action of anthracyciines. In order to further
test this hypothesis, we have selected and characterized an
Adriamycin-resistant subline (ADRR) from the MCF-7 human
breast cancer cell line (WT) (4, 5). The resistant cell line ADRR
is approximately 200-fold more resistant to Adriamycin than
the WT, and the resistance has been stable for over a year in
the absence of drug. The resistance is associated with multiple
homogeneously staining regions characteristic of gene amplifi-
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cation. Over 50 different amplified DNA sequences have been
isolated from this resistant cell line (6) through the use of the
in gel Si nuclease digestion technique of Roninson (7). In
addition to these karyotypic and genetic changes, the ADRR

has exhibited biochemical changes which are consistent with
drug free radical formation as the cytotoxic event. In the WT,
Adriamycin exposure results in abundant hydroxyl radical for
mation. In contrast, ADR" forms no detectable hydroxyl radi

cals, even at drug concentrations 10 times that lethal to this
resistant cell line (2, 3). This decreased hydroxyl radical for
mation is associated with a marked (45-fold) increase in gluta
thione transferase activity and a more modest increase in glu
tathione peroxidase activity. In our laboratory, Batist et al. (5)
have purified the dominant glutathione transferase in ADRR to

homogeneity and have shown that it contains organic peroxi
dase activity. Since every mechanism by which Adriamycin
causes hydroxyl radical formation requires the availability of
peroxide, the increased activity of this enzyme as well as that
of glutathione peroxidase may decrease hydroxyl radical for
mation through enhanced peroxide clearance.

Cytochrome P-450 reductase, a major enzyme in the conver
sion of Adriamycin to a free radical, is an NADPH-dependent
flavin reductase. In addition, both glutathione transferase and
glutathione peroxidase also require NADPH to keep glutathi
one in its reduced, active form. Thus, NADPH is important to
both drug-free radical formation and detoxification of the re
sultant reactive oxygen species. The formation of NADPH is
tightly regulated by the activity of the pentose phosphate shunt
(Fig. 1), and alteration in the activity of this pathway is a
commonly used index of cellular oxidant stress (8, 9). In addi
tion, Henderson and coworkers have shown that Adriamycin
free-radical formation stimulates pentose phosphate shunt ac
tivity in RBC (10) and in the heart (11). Rush and Alberts (12)
showed that the organic peroxide, terf-butylhydroperoxide,
stimulated pentose phosphate shunt activity in freshly isolated
rat hepatocytes. For these reasons, we have examined the
regulation of pentose-shunt activity in both Adriamycin-sensi
tive and -resistant cell lines. The results indicate marked alter
ations in the regulation of this pathway by exogenous peroxides.
The oxidation-reduction response to peroxides was markedly
higher in ADR" than in Adriamycin-sensitive WT. Further
more, we found that the key enzyme of the pentose-shunt
pathway, glucose-6-phosphate dehydrogenase, was significantly
decreased in ADRR.

MATERIALS AND METHODS

Materials. Hydrogen peroxide, eumene hydroperoxide, glucose-6-
phosphate, 6-phosphogluconate, NADP*, NADPH, oxidized glutathi

one, flavin adenine dinucleotide, glutathione reductase, and glucose-6-
phosphate dehydrogenase were purchased from Sigma. [l-MC]Glucose
and [6-14C]glucosewere purchased from Amersham Corp., and hyamine

was purchased from New England Nuclear.
Cells. Human breast cancer cell line MCF-7 WT and an Adriamycin-

resistant MCF-7 clone, ADR", were plated at an initial concentration
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Fig. 1. The pemose phosphate-shunt pathway coupled with glutathione cycle.
5-P, S-phosphate; PRPP, 5'-phosphoribosyl-I-pyrophosphate; GSH-PX, gluta

thione peroxidase.

of 3 to 4 x IO5cells/25-cm2 plastic tissue culture flask and grown for

3 or 4 days in RPMI 1640 medium (Biofluids) supplemented with 10%
fetal bovine serum and 2 m\i L-glutamine at 37*C in a humid atmos
phere containing 5% CO... The ADR" cell line was maintained in

continuous exposure to 10 Â¿iMAdriamycin for five passages, and the
cells were subsequently passaged in drug-free medium at least 4 times
prior to experimental use. For the experiments, ADRR cells in the

fourth to 15th passage without drug were replicate plated. Flasks
without cells but otherwise identically treated served as blanks.

Pentose Phosphate Activity. Pentose phosphate activity was assessed
using the oxidation of I u( labeled glucose by a method previously
described (13). In brief, 25-cm2-flask monolayer cells were incubated
with 2 ml of Earle's balanced salt solution. The concentration of glucose
was 2.5 mM, and 2 pCi of [l-MC]gIucose/assay were used. The flasks

were gassed with 95% air and 5% CO2 and sealed with a serum stopper
containing a plastic center well. Following a I-h incubation, 0.3 ml of
6 N sulfuric acid were injected into the incubation mixture to stop the
reaction, and 0.3 ml of hyamine were placed within the center well.
Evolved "CO.. was trapped in hyamine with an equilibration period of

45 min at room temperature. The radioactivity contained in hyamine
was measured by liquid scintillation spectrometry.

Enzyme Assays. Glucose-6-phosphate dehydrogenase and 6-phos-
phogluconate dehydrogenase activities were assayed by spectrophoto-
metric measurement of the rate of appearance of NADPH at 340 nm
(14). The glutathione reducÃaseactivity was measured with and without
added FAD1 by following the rate of NADPH decrease at 340 nm by

the spectrophotometric method (15). Protein determination was mea
sured by the method of Lowry et al. (16).

Computer Simulations. The computer simulations of pentose-shunt
response to oxidative stress were done using the Stella program (High
Performance Systems, Inc., Manchester, VT) on a Macintosh Plus
computer. NADPH was assumed to be a competitive inhibitor of
NADPH* utilization by G6PD. The equation used was that of typical

competitive inhibition.

Â»= VÂ«,x |NADP*1/ATâ€žx NADPH)/ATil + NADP*

1The abbreviations used are: FAD, flavin adenine dinucleotide; G6PD, glu-
cose-6-phosphate dehydrogenase; GSH, reduced glutathione; 6PGD, 6-phospho-
gluconate dehydrogenase; G6P, glucose-6-phosphate; GSSG, oxidized glutathi
one: GR. glutathione reducÃase.

0.0

[Adriamycin] mM
Fig. 2. Effect of Adriamycin on the pentose-shunt activity in intact human

breast cancer cells. Monolayer cells of WT and ADR" at late log stage (Day 4)
were incubated as described in "Materials and Methods." Two nCi of |1-UC]-

glucose, 2.5 HIMglucose, and Adriamycin at various concentrations were added
to the medium. The duration of incubation was 60 min. Reaction was stopped by
addition of 0.3 ml of 6 N I I..S(>.,into the flask. Evolved "COÂ¡was trapped in
hyamine. The radioactivity contained in hyamine was measured by liquid scintil
lation spectrometry. Adriamycin at various concentrations was added to the
medium, and the duration of incubation was 60 min. Values for WT (D) and
ADR* (*) cells are shown. Points, mean of at least three determinations; ears,

SE.

The sum of NADPH plus NADP* was set at 800 JIM,the concentration

measured in the two cell lines. The initial size of the NADPH and
NADP* was set at 400 ^M each. The rate of oxidation was set at a

fixed value. The progress of the reaction was simulated through nu
merical integration using the Runge-Kutta method. When equilibrium
was attained, the concentrations of NADP+ and NADPH were re

corded. This process was repeated for the range of oxidation rates
shown in Fig. 6 with the enzyme kinetic properties set for first the wild
type and then the drug-resistant cell line.

RESULTS

Stimulation of the Pentose Phosphate Shunt by Adriamycin.
We found the control levels of pentose-shunt activity in ADR"

and WT cells were 25.31 Â±1.51 and 29.93 Â±4.1 nmol/h/mg
protein (mean Â±SE), respectively. These values for pentose-
shunt activity are very high compared to those reported for
other mammalian tumor cell lines. Breast tissue is known to
possess higher pentose-shunt activity than most normal tissue,
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[Cumene Hydroperoxide] mM
Fig. 3. .I, effect of hydrogen peroxide on pentose-shunt activity in intact WT

and ADRR cells. The incubation conditions are as described in "Materials and
Methods" and in the legend for Fig. 2. Hydrogen peroxide at various concentra
tions was added to the medium, and the duration of incubation was 60 min.
Values for WT (D) and ADR" (*) cells are shown. Points, mean of at least three
determinations; bars, SE. B, effect of eumene hydroperoxide on pentose-shunt
activity in intact WT and ADR" cells. Details as in A.

presumably to support the synthesis of milk fat (17). The key
enzyme of pentose phosphate shunt, G6PD, may be associated
with intraductal proliferation. It has also been suggested that
malignant epithelial cells exhibit a higher level of activity of
G6PD than do normal cells (18-22). The pentose shunt in
MCF-7 may therefore merely reflect the properties of its tissue
of origin and malignancy. In spite of the already elevated
activity of the pentose shunt in both cell lines, Adriamycin
addition caused a marked enhancement of "CO, production

(Fig. 2). In addition, the relative responsiveness to Adriamycin
in the two cell lines was nearly identical.

Stimulation of the Pentose Phosphate Shunt by Peroxides.
Since the production of NADPH through the pentose phos
phate shunt can be utilized for both activation of Adriamycin
to a free radical and reduction of peroxides to less toxic prod
ucts, we next examined the responsiveness of both cells to
peroxide addition. We found that hydrogen peroxide (H2O2)
increased the pentose-shunt activity in ADRR to a much greater
magnitude than in WT cells (Fig. 3A). In intact MCF-7 cells,
incubated in Earle's balanced salt solution with glucose (2.5

HIM), the addition of H2O2 (1.0 mM) increased pentose-shunt
activity from 25.31 Â±1.51 to 122.50 Â±8.61 (mean Â±SE) in
ADRR but only from 29.93 Â±4.10 to 30.25 Â±2.95 nmol/h/mg
protein in WT cells (Table 1). As with H2O2, eumene hydro-
peroxide stimulated the shunt activity in ADRR to a greater
degree than in WT (Fig. 3Ã„). In ADRR the pentose shunt

increased from 25.31 Â±1.51 to 151.77 Â±5.59 nmol/h/mg
protein (mean Â±SE) but only from 29.93 Â±4.10 to 57.46 Â±
7.31 nmol/h/mg protein in WT cells (Table 1). The peroxide-
mediated effect increased with increasing H2O2 or eumene
hydroperoxide concentration (Fig. 3, A and B) and incubation
time (data not shown). When hydrogen peroxide and eumene
hydroperoxide were added together at saturating concentration
in the incubation mixture, the shunt activity did not increase
further in either ADRR or WT cells (Fig. 4). Both hydrogen
peroxide and eumene hydroperoxide perturb the oxidation-
reduction state of the pentose shunt through a common mech
anism, the glutathione cycle, through the activity of glutathione
transferase and glutathione peroxidase. This results in rapid
oxidation of intracellular GSH and NADPH and increased
NADP* which can be expected to stimulate the pentose shunt

(Fig. 1). Our results are thus consistent with the increased
activities of glutathione transferase and glutathione peroxidase
in ADRR, but do not rule out increased activity on the part of

the pentose phosphate shunt itself.
Glucose-6-phosphate Dehydrogenase, 6-Phosphogluconate

Dehydrogenase, and Glutathione Reductase Activities in WT and
ADRR. The differential oxidation-reduction regulation of the
pentose shunt in WT and ADRR cells prompted us to examine

the activities of the key enzymes in the pathway, G6PD and
6PGD. We measured G6PD and 6PGD activities under Vmax
conditions in cell lysates and found that the G6PD and 6PGD
activities in ADRR were both lower than in WT; a 50-fold
decrease in G6PD and 2-fold changes in 6PGD were observed
in ADRR and WT cells, respectively. The Vmaxactivities of
G6PD in WT and ADRR are 625.89 Â±40.66 and 14.8 Â±1.86

nmol/min/mg protein (mean Â±SE), respectively, and the
6PGD Vmaxactivities are 28.24 Â±1.021 and 13.1 Â±0.116
nmol/min/mg protein (mean Â±SE) in WT and ADRR, respec

tively. We further examined the kinetic properties of G6PD
and found that the Km for substrate G6P was identical (WT =
0.074 HIM,ADR" = 0.076 mM). In contrast, ADRR has a lOx
lower Km for NADP+ than WT: the Km values for NADP+ in
WT and ADRR are 57 and 5.8 /Â¿M,respectively. The enzyme
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Table 1 Effect of peroxides on pentose-shunt activity in WT and ADR* cells
Human breast tumor cells, WT and ADR", were incubated as described in the

legend for Fig. 2. The duration of incubation with [l-MC)glucose was 60 min. The

concentration of glucose was 2.5 m\i.

300

Incubated control
Hydrogen peroxide (1.0 HIM)
Cumene hydroperoxide (1.0 IHM)WT29.93

Â±4.10Â°

30.25 Â±2.95
57.46 Â±7.31ADR"25.31

Â±1.51
122.50Â±8.61
151.77Â±5.59"

Mean Â±SE of at least three determinations.

150

100

0.5 mM

0.5 mM HA

HA

-WT- -Adr"-

Fig. 4. Effect of hydrogen peroxide (H2O2) and eumene hydroperoxide on
pentose-shunt activity in intact human breast cancer cells. The incubation condi
tions are as described in "Materials and Methods" and in the legend for Fig. 2.

The concentrations of hydrogen peroxide and eumene hydroperoxide were 0.5
and 1.0 mM as indicated. The duration of incubation was 60 min. CONT, control.

which couples the glutathione cycle to the pentose shunt is
glutathione reducÃase. We examined the enzyme activity in
both cell lysates and found a moderate decrease in ADRR

compared to WT, 3.48 Â±0.13 and 8.93 Â±1.3 nmol/min/mg
protein, respectively. We measured glutathione reducÃaseactiv
ity with and without FAD, the coenzyme for the enzyme, and
found essentially similar activities in the presence and absence
of FAD in both cells. Thus availability of the flavin cofactor
did not limit the activity of their enzyme in either cell.

These results are surprising in that, while ADRR exhibits

diminished G6PD and glutathione reducÃaseactivily compared
lo WT, Ihe response of Ihis cell line lo peroxide challenge is
significanlly enhanced. This suggesls lhal Ihe changes seen in
aclivily of these two enzymes do noi limit the capacily of ADRR

lo supply electrons for peroxide reduction. In order lo lesi this
hypothesis, we have examined the response of both cell lines to
mÃ©thylÃ¨neblue.

Stimulation of the Penlose Phosphate Shunt by MÃ©thylÃ¨ne
Blue. Melhylene blue oxidizes GSH wilhoul Ihe need of per-
oxidase (23) and Ihus provides a means of lesting the capacity
of each line lo reduce GSSG wilhout the intermediacy of
glutathione peroxidase. Our results showed an equal response
of the pentose shunl lo melhylene blue in bolh cells (Fig. 5).
This clearly shows lhal, in ADR", Ihe drop in Vmaxfor G6PD

does noi aller Ihe capacily of Ihis cell line lo respond lo
oxidalive slress. Il is inleresling lo noie lhal, in bolh cell lines,
ihe response of Ihe penlose shunl lo melhylene blue is consid
erably in excess of Ihe response lo eilher eumene hydroperoxide
or hydrogen peroxide. Furthermore, while WT exhibils a pen-
lose shunl response lo eumene hydroperoxide and hydrogen
peroxide of less lhan 80 nmol/h/mg protein, this cell line
exhibited a maximal response to mÃ©thylÃ¨neblue of 200 nmol/
h/mg protein. Thus ihe response of bolh cell lines, bul especially

o.o 0.4 O.5 O.6

[MÃ©thylÃ¨neBlue] mM
Fig. 5. Effect of mÃ©thylÃ¨neblue on the pentose-shunt activity in intact human

breast cancer cells. The incubation conditions are as described in "Materials and
Methods" and in the legend for Fig. 2. MÃ©thylÃ¨neblue at various concentrations

was added to the medium, and the duration of incubation was 60 min. Values for
WT (D) and ADR" (Â»)cells are shown. Points, mean of at least three determi

nations; bars, SE.

WT, lo peroxide is limited by ihe peroxidase aclivily, noi ihe
capacily lo reduce GSSG.

DISCUSSION

Drug resislance in lumor cells involves Iwo biochemical
mechanisms: (a) decreased accumulalion of the drug (24, 25)
and (b) changes in the enzymes which activate or deloxify Ihe
drug (26-28). In our laboralory, Sinha et al. (2,3) reported lhal
ADRR cells have lower drug accumulalion and lower free-

radical formalion lhan WT cells. Batist et al. (5) further dem
onstrated thai Ihe free-radical deloxificalion enzymes, glutathi-
one Iransferase and glulalhione peroxidase, were markedly
increased al 45x and 12x higher, respeclively, in ADRR lhan
WT. Our results suggested lhal ADR" may exhibil al leasl Iwo

independenl biochemical changes which enhance ils resislance
lo Ihe cyloloxicily of Adriamycin: increase in glulalhione per
oxidase aclivity (Site 1) and an altered responsiveness on Ihe
part of Ihe penlose shunl (Site 2).

We found lhal G6PD, 6PGD, and GR acliviiies are decreased
in ADRR compared wilh WT; however, ihe response of Ihe
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pentose shunt to Adriamycin and mÃ©thylÃ¨neblue were similar
in the two cell lines. Our findings suggested that, in both cell
lines, the capacity of the pentose shunt exceeds the demands of
the glutathione cycle. There is evidence that strongly suggests
that the activity of the pentose shunt is in excess in most
mammalian cells, (a) Under most conditions, feedback inhibi
tion by NADPH results in only a small fraction of the total
capacity of G6PD being utilized. Thus, in mammalian cells, the
pentose-shunt activity is regulated by the ratio of [NADPH]/
[NADP'J rather than the Vra,, activity of G6PD (24-31). (b) In

tumor cells, the G6PD activity is markedly elevated compared
to normal cells (18-22). (c) Even in G6PD-deficient subjects,
the pentose-shunt activity is not altered compared with normals
except under severe oxidative stress (32).

We found the response of the pentose shunt to Adriamycin
was similar in the two cell lines. In spite of this similarity, the
utilization of the NADPH produced by the pentose shunt must
be quite different in the two cell lines. In the WT MCF-7 cells,
the abundant production of hydroxyl radicals, the low glutathi
one peroxidase activity, and the lack of response of the pentose
shunt to peroxide addition all suggest that the pentose-shunt
stimulation seen in this cell line following Adriamycin addition
reflects utilization of NADPH for Adriamycin free-radical for
mation. In ADRR, the activity of those enzymes shown to reduce
Adriamycin to a free radical, xanthine oxidase, cytochrome P-
450 reducÃase,and cytochrome Â¿>5reducÃase,is similar to thai
seen in ihe WT cells (4, 5). In this contexl, the absence of
deteclable hydroxyl radical formation, increased glutathione
peroxidase activity, and enhanced responsiveness of the pentose
shunl lo peroxide addilion all suggest a significant proportion
of ihe increase in pentose shunl following Adriamycin addilion
and reflecl utili/ut ion of NADPH for peroxide detoxification.

Adriamycin free-radical formation in MCF-7 has been shown
to be NADPH dependent (2,3). The major NADPH-dependent
enzyme known lo reduce Adriamycin is cylochrome P-450
reducÃase.This enzyme and cylochrome P-450 ilself are appar-
enlly extraordinarily sensitive to inhibilion by NADP+ (33-35).

Thus, il is theoretically possible for a cell to modulate cyto
chrome P-450 reducÃaseactivity by increasing NADP+. There

is evidence thai this may indeed be significant. The activation
of the carcinogen benzo(a)pyrene, a cytochrome P-450-media-

600

500

400

300

200

100

20 40 60 100

NADPH Oxidation, MM,min

Fig. 6. Computer simulation of the impact of the altered kinetic properties of
G6PD seen in ADR" on NADP* pool size at various rates of oxidation. See
"Materials and Methods" for details of the computer simulation. Values for WT
(â€¢)and ADP" (D) cells are shown.

ted event, is much lower in G6PD-deficient erylhrocyles and
lymphocytes compared lo normals (36). This activation is ap
parently not limited by NADPH availability, but rather the
inhibition by NADP+ (34, 35). The total NADPH plus NADP+

pool in mosl cells is in excess of 500 MM,while for cytochrome
P-450 reducÃase,Ihe K, for NADP+ and the Km for NADPH
are both below 10 MM. Because the G6PD in ADRR exhibits
both an altered Vmaxand Km for NADP+, it is difficult to see
intuitiv elv how ihese changes would aller ihe NADPH/NADP*

ralio in a cell. In order lo further clarify ihis point, we have
developed a computer simulation of the pentose phosphate
shunl using ihe kinetic properties of Ihe G6PD in each cell line.
Fig. 6 shows Ihe effecl of a range of oxidalion rates on the
NADP+ concentration for enzymes with the kinetic properties

of G6PD from the iwo cell lines. Il is apparenl lhat, as the rate
of NADPH oxidalion increased, NADP+ would accumulale lo
a much greater extent in ADR". These results have led us to
propose thai Ihe altered G6PD seen in ADR" is of advantage
lo ADRR because, during Adriamycin-induced oxidalive stress,
the accumulation of NAD!' leads to inactivation of cyto
chrome P-450 reducÃase.We are currently studying the role of
NADP* as a regulator of Adriamycin free-radical formalion in

Ihis cell line.
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