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SHORT COMMUNICATIONS 

Reversal of melphalan resistance in vivo and in vitro by modulation of 
glutathione metabolism 

(Received 4 April 1990; accepted 25 January 1991) 

Alterations in drug uptake and efflux [1], intracellular 
glutathione (GSH) [2], metallothionein levels [3], activity 
of drug-metabolizing enzymes [4], and efficiency of DNA 
repair mechanisms [5] have been proposed to contribute 
towards melphalan and other alkylating drug resistance. 
GSH because of its highly nucleophilic nature forms 
conjugation products with melphalan by a reaction catalyzed 
by glutathione S-transferases (GSTs) [6]. Tumor cells 
resistant to alkylating agents may exhibit elevated GSH 
and/or GST levels [2, 7-10]. GSH depletion by a variety 
of mechanisms has been shown to enhance the cytotoxicity 
of melphalan in drug-sensitive and -resistant cells in vitro 
[11, 12], suggesting that the inherent cellular GSH level is 
an important determinant of therapeutic response. 
However, there are very few reports of reversing alkylating 
drug resistance by GSH depletion in vivo [13, 14]. 

We have reported recently the development and 
characterization of melphalan resistance, Mel R, in the 
human plasma cell line, HS-Sultan [10]. Tumors formed in 
nude mice by this Mel a cell line are resistant to the effects 
of melphalan in vivo. Melphalan resistance in these cells 
was initially associated with elevated GST activity of the 
:r type without concomitant changes in GSH levels. In this 
report we have studied the effect of GSH depletion by 
buthionine sulfoximine (BSO), an inhibitor of ~,-glutamyl 
cysteine synthetase [15], in reversing melphalan resistance 
in vitro and in vivo. 

Methods 

Melphalan-sensitive (MelS), -resistant (Mel R) and -re- 
vertant (Mel m') HS-Sultan human myeloma cells were 
maintained in culture and as xenografts in nude mice as 
described previously [10]. 

Groups of five mice, each implanted with Mel R tumors 
bilaterally treated with and withut BSO, were either killed 
to determine GSH levels, or served as controls, or received 

a single dose of melphalan. L-BSO was administered in 
four i.p. doses of 2.5 mmol/kg 12 hr apart along with a 
20 mM oral solution of L-BSO in drinking water during a 
36-hr period. Six hours after the final injection of BSO, 
melphalan treatment groups received a single i.p. dose of 
10 mg/kg melphalan. Tumor growth was measured and 
data were plotted as the mean relative tumor volume 
(RTV) after the start of melphalan treatment as described 
previously [19]. 

Mel R cells pretreated with 0, 10 or 50t~M D,L-BSO at 
5 x 105cells/mL x 24hr  were incubated with 2/~g/mL 
melphalan for I hr at 37 °. After washing the drug out, 
trypan blue excluding cells were counted for measurement 
of cell survival after 7 days of incubation. We have 
determined previously for these cells that cell survival using 
this method is equivalent to the colony, forming assay. 
GSH, GST and protein estimations on tissue and cell 
extracts were performed according to the methods of 
Beutler [16], Habig et al. [17], and Bradford [18], 
respectively. One unit of GST activity is defined as the 
amount required to catalyze the conjugation of I nanomole 
of GSH to the electrophilic substrate per minute at 25 °. 
Western blotting using antibodies against GST :r was 
performed as described previously [10]. 

Results and Discussion 

Table 1 indicates that, as reported previously [10], Mel R 
tumors exhibited 1.8-fold higher GST activity towards both 
1-chloro-2,4-dinitrobenzene (CDNB) and ethacrynic acid, 
compared to the Mel s tumors. The Mel Rev tumors had 
intermediate values. Western blot analysis (data not shown) 
of cytosolic protein from Mel s, Mel ~ and Mel Re~ cells using 
antibodies against GST ~r was consistent with data in Table 
1. With passage of time and repeated treatment with 
melphalan to maintain drug resistance, the GSH content 
of Mei a cells was noted to be significantly higher than that 

Table 1. GSH levels and GST activities in Mel s, Mel R and Mel Roy cells and tumors 

GSH content GST activity 
(nmol/mg protein) (nmol/mg protein) 

Cells Tumors CDNB Ethacrynic acid 

Mel s 62.23 ± 10.51 (5) 20.20 - 14.00 (3) 95.90 - 14.00 (3) 31.25 + 1.00 (3) 
Mel Rev 83.13 - 4.16 (5) 141.90 - 6.00 (3) 44.5 ± 0.40 (3) 
Mel R 100.03 - 5.50 (5) 28.42 -+ 8.42 (4) 180.8 ± 1.00 (3) 57.0 ± 3.00 (3) 

Values are means - SD; the number of determinations is given in parentheses. Statistics were 
performed using Student's one-tailed t-test. For GSH levels in cells, the differences between Mel s 
vs Mel Rcv, Mel s vs Mel R, and Mel Rev vs Mel a were significant at P < 0.0025, P < 0.00005 and 
P < 0.005, respectively. For GSH levels of tumors, the differences were not significant, P = 0.1. The 
P values of the GST activity with respect to CDNB between Mel s vs Mel Rcv, Mel s vs Mel a, and 
Mel Rev vs Mel R were P < 0.025, P < 0.01 and P < 0.01, respectively. For ethacrynic acid, all P values 
were significant at P < 0.005. 
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Fig. 1. Effect of BSO on GST activity, GSH levels and 
melphalan cytotoxicity in vitro. Cytosolic extracts of control 
and BSO treated Mel R cells were used for measurement of 
GST activity towards CDNB (panel A) and GSH levels 
(panel B). Values are means +- SD, N = 3. The decrease 
in GSH was significant at P < 0.005 using Student's t-test 
for both 10 and 50 #iV[ BSO treated compared to control 
cells and P < 0.025 between 10 and 50 #M BSO. The level 
of cell killing between melphalan alone (2 #g/mL) and 
melphalan + BSO was significant, P < 0.0001 (panel C). 

of Mel s cells (Table 1). The Mel Rev cells exhibited 
intermediate values. However, the GSH content between 
Mel s and Mel R tumors (Table 1) showed much variability 
and the differences were not significant. In addition, the 
GSH content of the tumor cells was lower than that of the 
cells. These differences may be due to tumor cell 
heterogeneity in viva. The Mel R cells in vitro exhibited a 
concentration-dependent depletion of GSH in response to 
BSO (Fig 1B), with a 50% depletion in cells treated with 
10#M BSO and a 75% depletion in cells treated with 
50 #M BSO. BSO treatment alone of Mel R cells had no 
significant effect on cell survival (Fig. 1C) or GST activity 
(Fig. 1A). 
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Fig. 2. Effect of BSO treatment on melphalan-induced 
tumor regression in viva. Mean relative tumor volume 
(RTV) as a function of days after melphalan treatment is 
shown in control (O), BSO treated (Q), meiphalan treated 
(A),  and BSO + melphalan treated (&) mice. L-BSO was 
administered in four i.p. doses of 2.5 mmol/kg 12 hr apart 
along with a 20 mM oral solution of L-BSO in drinking 
water during a 36-hr period. Six hours after the final 
injection of BSO, melphalan treatment groups received a 
single i.p. dose of 10 mg/kg melphalan. Values are means 
- SD, N = 8-10 tumors. The differences at day 11 between 
control mice and melphalan only and melphalan + BSO 
treated mice were statistically significant at P < 0.005 using 
Student's t-test. In addition, the differences between 
melphalan and melphalan + BSO treated mice were 

significant at P < 0.005. 

The survival of Mel a cells treated with 2 #g/mL melphalan 
varied between 20 and 40% in different experiments (Fig. 
1C) and was lower than the previously reported value of 
80% [10]. This is related to the instability of melphalan 
resistance requiring periodic melphalan treatment in viva 
and in vitro. Mel R cells that were pretreated with 10 or 
50 #M BSO showed only 2% survival in the presence of 
melphalan (Fig. 1C). There was no increase in the level of 
cell killing by melphalan between 10 and 50#M BSO 
treated cells even though 50 #M BSO treated cells exhibited 
a greater reduction of GSH levels suggesting a potential 
limitation of the effects of GSH depletion. 

L-BSO pretreatment of nude mice bearing Mel R tumors 
resulted in a 63 and 72% depletion of GSH in the liver 
and Mel R tumors, respectively. GSH-depleted Mel R tumors 
showed a rapid and almost complete regression by day 15 
to melphalan in comparison to tumors whose GSH was not 
depleted (Fig. 2). This tumor regression was followed by 
a rapid relapse, suggesting incomplete sensitization to 
melphalan by GSH depletion in all tumor cells, or existence 
of a subpopulation of cells with a GSH/GST-independent 
mechanism of melphalan resistance. 

These and other studies from the literature demonstrate 
that both GSH and GST levels may be important in the 
modulation of melphalan cytotoxicity [8-14]. Our earlier 
studies using the HS-Sultan myeloma cells have shown that 
the development of melphalan resistance in these cells is 
associated initially with the induction of a :r class GST 
isoenzyme [10]. In the present report, we have demonstrated 
that Mel R ceils which have reverted to a melphalan-sensitive 
state, Mel Roy, are associated with a decrease in the levels 
of the induced GST ~r to levels between those in resistant 
and sensitive cells (Table 1). This supports our hypothesis 
that the increased GST Jr levels may contribute towards 
Mel R in these cells by increasing the efficiency of its 
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conjugation to GSH [6]. However, as discussed below, it 
is difficult to separate the effects of GST from GSH 
since the two processes are intimately linked in drug 
detoxification. 

During the course of the present studies we reinvestigated 
the levels of GSH in Mel s, Mel R, and Mel Roy cells and 
tumors (Table 1). In contrast to our earlier observations 
[10], a significant increase in GSH levels was observed in 
Mel a ceils in vitro, with Mel Rcv cells exhibiting intermediate 
values. The elevated GSH values may be in response to 
the periodic treatment with melphalan which was necessary 
to maintain drug resistance in vitro, suggesting that 
alterations in GSH/GST in response to drugs is a dynamic 
process. However, the increase in GSH levels was not 
associated with higher levels of Mel R than previously 
observed by us [10]. 

In conclusion, GSH depletion by a variety of mechanisms 
has been shown to enhance the cytotoxicity of melphalan 
in drug-sensitive and -resistant cells in vitro [11-14], 
suggesting that inherent cellular GSH levels are an 
important determinant of therapeutic response. The present 
data indicate that it is possible to overcome melphalan 
resistance in human myeloma cells by GSH depletion 
associated with elevated GST :r acivity and GSH levels. 
This may indicate that the unavailability of GSH 
for enzymatic/non-enzymatic conjugation of melphalan 
renders the cell incapable of efficiently detoxifying 
melphalan. Although experimental evidence indicates that 
GSH depletion does not result in enhanced melphalan host 
toxicity in mice [13], the utility of such approaches should 
be determined by clinical trials. We believe our data 
support the initiation of clinical trials to overcome 
melphalan resistance by manipulating GSH metabolism in 
patients with multiple myeloma as well as other 
malignancies. 
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