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Abstract-Multidrug resistance (MDR) is a phenomenon associated with the emergence of simultaneous 
cross-resistance to the cytotoxic action of a wide variety of structurally and functionally unrelated 
aqtineoplastic agents. The present study was undertaken to determine if 8226 human myeloma cells 
possessing the MDR phenotype had an increased ability to resist the intercalating drug doxorubicin 
(DOX) via glutathione-based detoxification systems. Glutathione S-tranferase (GST) was isolated by 
affinity chromatography, and the enzyme activity was assessed using I-chloro-2,4_dinitrobenzene 
(CDNB) and glutathione (GSH) as substrates. There was no difference in overall GST activity between 
the sensitive and resistant cells. Using a cDNA probe (pGTSSl-2) for the human placental, anionic 
GST isoenzyme, no overexpression of mRNA for this isoenzyme was noted in the resistant line. When 
glutathione peroxidase activity (GSH-px) was assessed using either H202 or cumene hydroperoxide as 
substrate, again there was no difference in enzyme activity. Non-protein sulfhydryl (NPSH) levels were 
found to be elevated sig&cantly in the resistant 8226/DOX40 subline (19.2 2 0.1 nmol NPSH/106 cells) 
as compared to the drug-sensitive parental subline 8226/S (11.6 f 1.9 nmol NPSH/106 cells) (P < 0.001). 
In addition, when the 8226/DOX40 cells were cultured in medium without doxorubucin, there was a 
consistent decline in NPSH values reaching a steady state identical to that of the 8226/S cells. However, 
the decrease in NPSH level was not accompanied by a change in the level of doxorubicin resistance as 
assessed by colony-forming assays. Depletion of glutathione by D,L-buthionine-S,R-sulfoximine had no 
effect on doxorubicin sensitivity in either subline. Thus, it appears that GSH-based detoxification 
systems are not causally involved in maintaining the MDR phenotype in 8226 human myeloma cells; 
rather they appear to comprise an epiphenomenon associated with the resistance selection procedure. 

Multidrug resistance (MDR) is a phenomenon 
associated with the emergence of a pattern of cross- 
resistance to the cytotoxic action of a wide variety of 
structurally and functionally unrelated antineoplastic 
agents. These agents are usually derived from natural 
sources and MDR has been observed both in tumor 
cells in vitro and in clinical specimens [l-3]. Fur- 
thermore, we have demonstrated recently the pres- 
ence of P-glycoprotein in patients with drug-resistant 
multiple myeloma and non-Hodgkin’s lymphoma [4]. 
Available evidence suggests that a decrease in drug 
accumulation in the resistant tumor cell population, 
perhaps mediated by the P-glycoprotein, accounts 
for the level of resistance observed in the MDR 
cells. Although in most instances the degree of drug 
accumulation and the level of resistance are corre- 
lated, accumulation alone may not entirely explain 
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the phenomenon of MDR. Indeed, several studies 
have reported the lack of a direct correlation between 
drug accumulation and cytotoxicity [5-71. 

This suggests that other mechanisms, in addition 
to drug accumulation, may play a role in maintaining 
the MDR phenotype. These alternate mechanisms 
could involve: (1) changes in subcellular distribution 
of drug to reduce drug concentrations at critical 
cellular targets, (2) alterations in the target molecule 
itself, (3) differences in repair capabilities, or (4) 
changes in the ability of the resistant cell to detoxify 
the drug. Such mechanisms could operate inde- 
pendently or in concert with the known alterations 
in drug accumulation. 

Recent observations suggest that glutathione 
(GSH)-based detoxification mechanisms may be 
overexpressed in resistant tumors. For example, ele- 
vations in the activities of the enzymes glutathione- 
S-transferase (GST; EC 2.5.1.18) and glutathione 
peroxidase (GSH-px; EC 1.11.1.9) have been 
reported in a human breast carcinoma cell line which 
exhibits the MDR phenotype [8]. Such elevations 
could enable cells to resist antineoplastic agents by 
direct detoxification and elimination before the drug 
can exert a cytotoxic effect on the critical cellular 
target. Indeed, several non-MDR cell lines are 
known to contain increased levels of GSH and its 

787 



788 W. T. BELLAMY etal. 

associated enzymes as an integral component of their 
resistance to antineoplastic agents [g-15]. 

This led us to ask the question: was the elevation 
in non-protein sulfhydryl (NPSH) involved in main- 
taining the level of drug resistance in the 8226/DOX 
line or was it elevated in response to some selective 
pressure encountered in the creation of this line? 
Normally the resistant 8226 cells are maintained in 
the presence of doxorubicin (DOX). If the cells are 
removed from drug, would there be a subsequent 
decline in the NPSH content in these cells and, if so, 
would the level of resistance be altered? Further- 
more, if the increased NPSH content of the resistant 
cells was contributing to the MDR phenotype, then 
there should be a concomitant increase in the sen- 
sitivity of these cells to the cytotoxic action of DOX 
as these levels decline. 

The purpose of the present study was to determine 
if the GSH system, consisting of GSH and the two 
enzymes GST and GSH-px, contributed to the level 
of resistance observed in a DOX-treated 8226 human 
myeloma cell line which exhibits the MDR 
phenotype. 

MATERIALSANDMETHODS 

Cell he. The RPM1 8226 human myeloma cell 
line was obtained from the American Type Culture 
Collection (Rockville, MD). It was originally derived 
from the peripheral blood of a 61-year-old male with 
multiple myeloma [16]. The cells for the current 
study were maintained in suspension culture in RPM1 
1640 medium supplemented with 10% (v/v) fetal 
bovine serum, 1% enicillin (100 units/ml), 1% 
streptomycin (100 pg P ml) and 1% (v/v) L-glutamine 
(“complete medium”) (Grand Island Biological Co., 
Grand Island, NY). Cells were kept at 37” in a 5% 
COT95% air atmosphere and subcultured every 6 
days. 

RPM1 8226 cells were selected for resistance to 
DOX (Adria Laboratories, Columbus, OH) by 
gradually increasing DOX exposure over a period 
of 10 months. These cells display a typical MDR 
phenotype characterized by increased amounts of P- 
glycoprotein and cross-resistance to a wide variety 
of anticancer drugs including vinca alkaloids and 
other anthracyclines [17 

1 
. Two variants of this cell 

line were used. The 8226 DOX6 subline was selected 
for resistance by gradually exposing the cells to 
6 x 10e8M DOX, a concentration six times the 
initial selection concentration (1 x 1Om8 M), whereas 
the 8226/DOX40 cells were selected by gradually 
increasing the drug concentration to 4 x lo-‘M 
DOX. 

Cytotoxicity studies. The in z&o cytotoxic effect 
of DOX on sensitive and resistant 8226 cells was 
studied using colony-forming assays in soft agar [18]. 
The cells were exposed to DOX for 1 hr at 37” in 
complete medium. Following drug exposure, the 
cells were washed twice with cold PBS*, pH 7.4, and 
plated at a density of 2 x lo5 cells/ml onto 35 mm 

* PBS, phosphate-buffered saline, consisted of 137 mM 
NaCI, 2.65 mM KCl, 7.66mM Na2HP04 and 138 mM 
KH2P04. 

tissue culture dishes (Falcon; Becton Dickinson Lab- 
ware, Oxnard, CA) containing 0.3% agar (Difco 
Laboratories, Detroit, MI) in complete RPM1 
medium. Triplicate plates were incuoated under 10% 
CO2 and 90% humidified air to facilitate colony 
formation. Colonies >60pm diameter in size were 
counted by an automated image analyzer (FAS-II 
Omnicon; Baush & Lomb, Rochester, NY) 10-14 
days after plating [19]. The mean lethal dose, D,, 
which is defined as the dose of drug required to 
reduce cell survival to l/e (37%) of the original 
value, as well as the quasithreshold dose, D,, a 
measure of the shoulder of the survival curve, were 
determined for the 8226 cell lines. 

In addition to the clonogenic assays, a calorimetric 
assay utilizing the tetrazolium salt, 3-4,5-dimethyl- 
thiazol-2,5-diphenyl tetrazolium bromide (M’IT) 
was used to assess the cytotoxicity of a 1-hr exposure 
to doxorubicin [20]. Data were expressed as percent 
survival of control cells calculated from the absorb- 
ance (540 nm) corrected for background absorbance. 
The surviving fraction of cells was determined by 
dividing the mean absorbance values of the doxorub- 
icin-treated samples by the mean absorbance values 
of untreated control samples. 

NPSH assay. The NPSH levels in 8226/S, 82261 
DOX6, and 8226/DOX40 were measured according 
to the method of Sedlak and Lindsay [21]. A total 
of 4 x lo6 cells was washed twice with cold PBS, 
pH7.4, and transferred to a microcentrifuge tube 
where they were lysed by sonication (model 250 
Branson Sonifier, Danbury, CT). Protein was pre- 
cipitated with 5% sulfosalicylic acid. The cell lysate 
was centrifuged at 12,000 g for 5 min, and a l-ml 
aliquot of the supernatant fraction was transferred 
to a tube containing 0.2M Tris buffer and 0.02M 
EDTA, pH 8.9. To each tube, 100 ~1 of 0.01 N 5,5’- 
dithiobis(2-nitrobenzoic acid) (DTNB) in absolute 
methanol was added. The contents were mixed, and 
the absorbance was measured at 412nm. The con- 
centration of NPSH in the sample was determined by 
comparing the optical density reading to a standard 
curve constructed using reduced glutathione. NPSH 
levels were measured 5 days post cell passage in all 
instances. 

Depletion of GSH by BSO. D,L-Buthionine-S,R- 
sulfoximine (BSO) (Chemical Dynamics Corp., 
South Plainfield, NJ) was dissolved in sterile PBS, 
pH7.4, immediately prior to use. The cytotoxicity 
of BSO alone in 8226/S and 8226/DOX40 cells was 
determined by the MIT dye assay. 8226 Cells were 
preincubated for 24 hr in RPM1 medium containing 
1 mM BSO prior to doxorubicin cytotoxicity assays 
and NPSH determinations. BSO concentration was 
maintained at 1 mM during doxorubicin exposure. 
Following drug exposure, the cells were washed twice 
with PBS and resuspended in RPM1 medium 
containing 0.1 mM BSO prior to doxorubicin 
cytotoxicity determination using the MIT assay. 

GST isolation. Glutathione-S-transferase enzymes 
were isolated based on the procedure of Mannervik 
and Guthenberg [22] using an affinity column con- 
sisting of S-hexylglutathione coupled to epoxy-acti- 
vated agarose (Sigma Chemical Co., St. Louis, MO). 
Cytosol from 10’ sensitive or 10’ resistant 8226 cells 
was prepared by suspending cells in 5 ml of a hypo- 



tonic lysis buffer containing 10 mM KCl, 1.5 mM 
MgCls, 2 mM phenylmethylsulfonyl fluoride, 10 mM 
Tris-HCl, pH 7.4, and 25” for 45 min. The cells were 
then dounce homogenized by hand (Kontes Co., 
Vineland, NJ). The cell lysates were centrifuged 
at 4000 g for 1 hr at 4” (L8-70 M ultracentrifuge, 
Beckman Instrument Co.). The resulting super- 
natant fraction, cont~n~g the cytosolic fraction, was 
then applied to the affinity column and eluted with 
10 mM Tris-HCI, 1 mM EDTA, pH 7.8. GST iso- 
enzymes were removed from the column with 5 mM 
glutathione in the elution buffer. Enzyme activity 
was measured according to the method of Habig 
et al. [23] using 1 mM 1-chloro-2,Cdinitrobenzene 
(CDNB) and 1 mM GSH as substrates. Protein was 
measured by the method of Lowry et al. [24]. 

Cellular RNA ex 
8226/S and 8226 DOX40 cells using guanidium ? 

ression. RNA was purified from 

isothiocynate and cesium chloride gradient cen- 
trifugation 1251. Dot blot analysis of total RNA was 
performed as described 1261 using a cDNA probe, 
pGTSSl-2 (the gift of Drs W. D. Henner and T. C, 
Shea, Dana Farber Cancer Institute), which hybrid- 
izes to a 322 base pair (bp) region of a human anionic 
glutathione-9transferase isoenzyme. The pGTSSl-2 
probe was oligolabeled with [32P]ATP (50 &!i dATP 
(5 ~1; 3000 Ci/mmol; ICN Radiochemicals, Irvine, 
CA) according to the method of Feinberg and 
Vogelstein [27]. 

DOX 
40 D:x SENS % 00x 

40 “4”o” % 
(DRUG) (DRUG) (1) (3) (5) (6) 

TIME OUT OF DRUG (MONTHS) 

Fig. 1. NPSH levels in 8226 cells. NPSH levels were 
determined spectrophotometricaly using the procedure of 
Sedlak and Lindsay [21]. There was a significant increase 
(P < 0.001, Student’s r-test) in the NPSH content of the 
8~6/DOX# ceils. Doubling times were identical as were 
the cell cycle transit times between the sensitive and resist- 
ant cells. NPSH levels were measured 5 days post-sphtting 
and are presented as the mean + SD of six measurements. 

GSH-px assay. Glutathione peroxidase activity 
was assayed using HzOz or cumene hydroperoxide 
(Aldrich Chemical Co., Milwaukee, WI) as substrate 
by the method of Reddy et al. [28]. 

RESULTS 

NPSH. The ~26/DOX40 contained 19.2 + 
0.1 nmol NPSH/106 cells which was significantly 
higher than in the 8226/S subline (P < 0.001, 
Student’s t-test). NPSH levels in the 8226/DOX6 
subline were not statistically different from the 8226/ 
S line (Table 1). There was no difference in cell size 
or protein content between these three sublines that 
could have accounted for the increased NPSH levels 
observed in the resistant cells. 

Importantly, once the resistant cell line was 
removed from DOX exposure, the NPSH level in 
the 8226fDOX40 line began to fall (Fig. 1). After 3 
months in drug-free medium, NPSH levels reached 

a steady state identical to that found in the 8226/S 
cells. 

BSO b 
the 8226 r 

itself was relatively non-cytotoxic in both 
S and 8226/DOX40 cells. A concentration 

of 1 mM reduced the percent survival from 100% to 
approximately 85% (data not shown). Concen- 
trations of 0.1 mM or less were non-toxic under the 
conditions employed in these studies. Following a 
24-hr exposure to medium ~ntai~ng 1 mM BSO, 
NPSH values in the 8226/DOX40 cells were reduced 
by 94% while those of the drug-sensitive parental 
line were reduced below our detectable limits (Table 
1). 

As demonstrated in Fig. 2, depletion of glutathio- 
ne by BSO had no effect on doxorubicin sensitivity 

Table 1. Non-protein sulfhydryl content in 8226 cells* 

NPSH content (nmol/106 cells) 

Subline -BSO +BSOt 

8226/S 11.6 11.9$ ND5 
8226/DOX6 12.6 + 0.5 
8226/DOX40 19.2 f 0.111 1.15 r 0.8 

* NPSH was measured 5 days post-sphtting by the 
rn~t~~~f i;f$ak and Lindsay [21]. 

t Results are‘means + SD of six experiments. 
F, Not detected. 

10-e 10-0 10-7 10-S 

Doxorubicin Concentration (Molar) 
10-S 

Fig. 2. Cytotoxic effects of doxorubicin on 8226 cells as 
measured by the MTT assay following a l-hr drug exposure 
in u&o. BSO alone had relative1 

/y 
minimal cytotoxic activity 

(<15%). Key: (A-A) 8226 DOX40-6 months in drug- 
free medium; (C&---O) 8226/S + BSO; (M) 8226/ 
S without BSO; (@---C) 8226/DOX40 without BSO; and 
(U) 8226/DOX40 + BSO. Points are the means of 

/( P < 0.001 by t-test comparison to 8226/S. 
six replicates. Note that survival curves for 8226/DOX40 + 
BSO and 8226/DOX40-6 months completely overlapped. 

Role of GSH in MDR 789 
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FRACTION 

Fig. 3. Representative profile for the isolation of GST from 8226 cells using affinity chromatography. 
Sample was applied at pH 7, and the column was eluted with 0.05 Tris buffer, pH 7.8, followed by 0.2 M 
NaCl. GST was removed with 5 mM GSH in Tris buffer. Key: (A----A) protein elution, 280 nm; and 

(O----O) GST activity measured using CDNB and GSH as substrates. 

ANIONIC GST 
8226/S 

8226/DO)(40 

LOVO/R ‘! 
Fig. 4. Dot blot analysis of anionic GST mRNA levels in 8226 myeloma cells. Serial 2-fold dilutions of 
total RNA (10, 5, 2.5, 1.25 and 0.612ng) were applied to a filter. After hybridization with pGTSSi-2 

cDNA probe, the filter was exposed for 36 hr at -80”. 

in the 8226 cells. There was no discernible difference 
among 8226/DOX40 cells maintained in the presence 
of doxorubicin, the same cell line maintained in drug- 
free medium for 6 months, or those in which BSO 
had been utilized to deplete glutathione. These find- 
ings were identical with results obtained using the 
clonogenic assay. In addition, BSO had no effect on 
doxorubicin sensitivity in the 8226/S line. 

GST activity. Glutathione-S-transferases are a 
family of cytosolic enzymes and were isolated from 
sensitive and resistant sublines of 8226 by affinity 
chromatography. When the cytosolic fraction was 
applied to the glutathione affinity column, the vari- 
ous GST isoenzymes were eluted as a single peak of 
activity when assayed with CDNB and GSH (Fig. 
3). In contrast to the findings with NPSH levels, this 
“bulk” GST activity was similar in all three cell lines. 
Thus, there was no correlation between the level of 
DOX-resistance and overall activity in any of the 
8226 cells (Table 2). 

To determine whether the anionic form of GST 
was elevated even though overall enzyme activity 

was equal, further tests were conducted using the 
cDNA probe pGTSSl-2, which is specific for this 
isoenzyme. Very little expression of RNA for this 
isoenzyme was noted in either the drug-sensitive 
or -resistant sublines, and there was no discernible 
difference between them for this message as assessed 
by dot blot analysis (Fig. 4). This was in contrast to 

Table 2. Glutathione-S-transferase activity in 8226 cells 

Subline Fold-resistance 
Enzyme activity* 
(nmol/min/mg) 

8226/S 1 1.26 t 0.141 
8226/DOX6 6 1.27 ct 0.21 
8226/DOX40 40 1.17 c 0.25 

* GST was isolated and purified from 8226 resistant and 
sensitive cells, 5 days post-splitting, by the method of 
Mannervik and Guthenberg [22]. Activity was assessed by 
the method of Habig et al. [23J using 1 mM GSH and 1 mM 
CDNB as substrates. 

i Results are means + SD of four experiments. 
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Table 3. Glutathione peroxidase activity in 8226 cells* 

GSH-px activity (nmol/min/mg) 

791 

GSH-px substrate 8226/S 8226,‘DOX40 

Hydrogen peroxide (0.25 mM) 2.16 + 1.12 2.80 rt 0.88 
Cumene hydroperoxide (1.2 mM) 3.67 + 1.14 3.23 2 0.38 

* GSH-px activity was measured by the method of Reddy et al. [28] using 
H,O, or cumene hydroperoxide as substrate. Results are the means + SD of 
four to five experiments. 

a human colon carcinoma cell line, LOVO, which 
displayed a higher level of expression of this 
isoenzyme. 

GSH-px actiuity. Using 0.25 mM HzOz as the 
substrate, the 8226/DOX40 line possessed 
2.80 zt 0.88 nmol/min/mg GSH- x 
pared to 2.16 + 1.12 nmol/min mg in the 8226/S /p 

activity as com- 

line. Organic peroxidase activity was measured using 
1.2 mM cumene hydropero~de as the substrate. The 
8226~0x40 cells displayed GSH-px activity equiv- 
alent to that of the 8226/S cells using either substrate. 
Again, no correlation was found in the GSH-px 
activity between the sensitive and the MDR-8226 
myeloma cells (Table 3). 

Cytotoxicity. Even when the 8226/DOX40 cells 
were removed from the presence of drug for up to 5 
months, there was no significant change in the level 
of resistance from that of 8226/DOX40 cells main- 
tained in the presence of drug. This can be clearly 
seen from the overlapping survival curves of these 
two cell populations (Fig. 5). In both cell lines, DOX 
produced identical quasithreshold (D,) values of 
1 x lo-’ M. For reference, this compares to a D of 
8 X 10sg M for the drug-sensitive 8226/S line. ‘?he 
mean lethal dose (DJ was 70 nM for 8226/DOX40 
(in drug) versus 63 nM for 8226/DOX40 (out of drug 
for 5 months). For reference, the D, in 8226/S cells 
was 1.5 nM. 

MOLAR CONCENTRATION OF DOXORUBICIN 

i 

. 

-5 
3 

Fig. 5. Effect of doxorubicin on soft agar colony formation 
of sensitive (8226/S), resistant (8226/DOX~), and resist- 
ant cells maintained in drug-free medium for 5 months 
(8~6/DGX~-5 mo) following a l-hour drug exposure in 
vitro. Points are the means of three experiments. Key: (0) 
8226/S; (a) 8226/DOX40; and (A) 8226/DOX40-5 mo. 

DISCUSSION 

Elevations of GSH and GST have been reported 
in several cancer cell lines exhibiting resistance to 
various alkylating agents. Adams et al. [lo] found 
that, following cyclophosphamide treatment in mice, 
there was a depletion of both GSH content and GST 
activity in the bone marrow. There was a subsequent 
rebound of both which correlated with the ability of 
the animals to survive a normally lethal dose of the 
drug [lo]. Wang and Tew [ll] reported increased 
glutathione-S-transferase activity in a Walker 256 rat 
mammary carcinoma cell line which is resistant to 
bifunctional alkylating agents; and Suzukake et al. 
[12] demonstrated that depletion of GSH in mel- 
phalan-resistant L1210 mouse leukemia cells sen- 
sitizes these cells to the cytotoxic action of the drug. 
Although alkylating agents are not commonly associ- 
ated with the cross-resistance patterns seen in MDR, 
they do help illustrate that thiol systems may be 
elevated in response to various anticancer agents. In 
addition, Rice et al. reported elevations in GSH 
levels in CHO cells selected for resistance to DOX 
[14j, but it is not known if these cells displayed the 
MDR phenotype or if the increased GSH levels 
directly contributed to the development of drug 
resistance. 

Batist et al. [8] have described a variant of the 
human breast cancer cell line MCF-7 which also 
possesses the MDR phenotype. The resistant cell 
line which they described was selected by gradually 
increasing exposures to DOX in a manner similar to 
that employed in selecting the 8226 MDR cells. The 
MCF-7 cell line displays a 45-fold increase in GST 
activity, although there is minimal elevation in GSH 
content as compared to their drug-sensitive parental 
line. In contrast, the myeloma cells with MDR do 
not have increased glutathione enzyme activities. 
NPSH levels, of which GSH represents greater than 
95% [29], were elevated significantly in the 8226/ 
DOX40 line as compared to the 8226/S line, and yet 
there was no correlation between the level of drug 
resistance and GST activity in these cells. 82261 
DOX6 cells which were selected using a lower 
concentration of DOX did not possess significantly 
elevated NPSH levels compared to the sensitive 
subline. Hamilton et al. [13] reported findings similar 
to these in a human ovarian carcinoma cell line which 
is K&fold resistant to DOX. They found only a 1.5- 
fold elevation in GSH in the DOX-resistant subline 
as compared to the sensitive cells. This value is 
consistent with the NPSH elevation observed in our 
8226/DOX40 cells. Like the current findings, Ham- 
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ilton et ai. did not observe increases in GSH-px, 
GSH-reductase, or GST enzyme activities in the 
resistant lines. However, depletion of GSH by 
buthionine sulfoximine partially restored drug sen- 
sitivity to the resistant ovarian cancer cell line. This 
indicates that elevated thiols were contributing to 
the DOX resistance in these cells, although BSO did 
not restore drug sensitivity to the level found in the 
parental line nor did it have any effect on vincristine 
cytotoxicity [13]. Depletion of GSH by buthionine 
sulfoximine had no effect on doxorubicin sensitivity 
in either the 8226/S or 8226/DOX40 cell lines. 

There are at least three groups of human GST 
isoenzymes as characterized by isoelectric focusing. 
They are referred to as basic (PI> 7.5), neutral 
(PI- 6.5), or acidic (PI< 5.5) [30], Each isoenzyme 
appears to be coded for by different genes [31,32]. 
By far, the majority of transferases belong to the 
basic class and are found in most adult tissues, 
although there are marked inter-individual dif- 
ferences in the exact isoenzyme patterns. Of interest, 
the anionic forms are predominant in the human 
placenta and are found in most fetal tissues [30}. The 
increase in GST activity observed by Batist et al. [8] 
in resistant MCF-7 cells was due to the over- 
expression of a particular anionic isozyme. In human 
colon tissue the placental GST appears to comprise 
a marker of neoplastic differentiation 1331. In 
addition to increases in the anionic form of GST, 
other isoenzymes may also be differentially 
overexpressed. Buller et al. [9] have demonstrated an 
increase in a basic GST isozyme in nitrogen mustard 
resistant Walker 256 rat mammary carcinoma cells. 

In the present study, total GST enzyme activity, 
using CDNB and GSH as the substrates, was not 
elevated but this assay could not discriminate the 
various isoenzymes of GST. Thus, it was conceivable 
that, although results of the CDNB study did not 
indicate an elevation of GST activity in the resistant 
8226 cells, there may have been a shift in the iso- 
enzyme pattern towards an overexpression of the 
anionic form. However, results obtained with the 
pGTSSl-2 cDNA probe indicated no increase of 
RNA expression for the anionic GST isoenzyme 
compared to the sensitive cells and, thus, support 
the findings of the biochemical assays. Although this 
finding does not necessarily reflect the precise level 
of enzyme activity in the cell, it does indicate that 
there is no increase in the transcription of the mess- 
age for the anionic isoenzyme. Total glutathione 
transferase activity in both the sensitive and resistant 
sublines is extremely low and, in fact, represents 
some of the lowest levels reported in a human tumor 
cell line. These low levels may represent further 
evidence that GST is not playing a major role in 
protecting the 8226 cells from doxorubicin. 

Glutathione transferases, especially anionic forms, 
have been shown to express an organic peroxidase 
activity [8,31]. Such an activity could serve to protect 
the cell .frdti_ oxidative damage by reducing any 
peroxide inetabolites to less reactive alcohols [34]. 
Doxorubicin has been demonstrated to produce oxy- 
gen free radicals and HZ02 as a result of a redox 
cycling of its quinone function [35]. Thus, glutathione 
peroxidase could play a vital role in protecting the 
cell from DOX damage. Using either H,O*, which 

measures selenium-dependent GSH-px activity, or 
cumene hydroperoxide, which measures organic per- 
oxidase activity, there was no difference in GSH-px 
between 8226/DOX40 and 8226/S cells. Similarly, 
Hamilton et al. [13] found no increased GSH-QX 
activity in MDR human ovarian carcinoma cells. 
In contrast, Batist et al. [8] found a substantially 
increased elevation in organic peroxidase activity in 
the DOX-resistant MCF-7 cells. All resistant cell 
lines were selected for resistance to DOX; thus, the 
differences noted may be tissue or tumor specific. Di 
Ilio et a[. 1361 have, in fact, demonstrated that GSH 
and associated enzymes are increased in breast can- 
cer compared to normal breast tissue. 

The 8226/DOX40 cells possessed a significant 
elevation in NPSH levels over the drug-sensitive 
subline, yet there was no concomitant increase in 
either GST activity or GSH-QX activity. In addition, 
the 8226/DOX6 cells did not have significantly elev- 
ated NPSH levels but retained 6-fold resistance to 
the drug. Both colony-forming assays and MTT dye 
assays demonstrated no change in the level of resist- 
ance even when the 8226/DOX40 cells were main- 
tained in DOX-free medium for up to 5 months. 
Thus, the level of resistance is stable in the face of 
declining NPSH levels. Such findings suggest that 
the increased NPSH content in the 8226/DOX40 line 
is an epiphenomenon associated with the resistance 
selection procedure, possibly to an oxidative stress 
placed on these cells by exposure to DOX. 

In summary, the present study has shown that 
glutathione-based detoxification systems were not 
involved in maintaining the level of drug resistance 
observed in the 8226 human myeloma cell lines which 
display multidrug resistance. These findings do not 
rule out the possibility that other pathways which 
were not investigated may be elevated in the resistant 
cells. For example, elevations in superoxide dismu- 
tase, catalase, or DT diaphorase activities may pro- 
tect the cells from oxidative damage from drugs such 
as doxorubicin, and it is possibIe that such enzymes 
may be elevated in the resistant 8226 lines. Although 
the gfutathione system is implicated in maintaining 
the resistance observed in other MDR and non- 
MDR lines, our results show that it is not a universal 
feature of the MDR phenomenon. 
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