Experimental Chemotherapy

Chemotherapy

Chemotherapy 2007;53:210-217
DOI: 10.1159/000100812

Received: October 10, 2005
Accepted after revision: February 28, 2006

Published online: March 15, 2007

Sulfasalazine-Induced Reduction of Glutathione
Levels in Breast Cancer Cells: Enhancement
of Growth-Inhibitory Activity of Doxorubicin

Vishal S. Narang® Giovanni M. Pauletti® Peter W. Gout® Donna J. Buckley?

Arthur R. Buckley?®

2College of Pharmacy, University of Cincinnati, Cincinnati, Ohio, USA, and PDepartment of Cancer Endocrinology,

BC Cancer Agency, Vancouver, Canada

Key Words

Doxorubicin - Glutathione - Mammary cancer -
Methotrexate - Multidrug-resistant proteins - Sulfasalazine -
Xc cystine transporter

Abstract

Background: We previously showed that the anti-inflamma-
tory drug, sulfasalazine (salicylazosulfapyridine, SASP), can
arrest proliferation of MCF-7 and MDA-MB-231 mammary
cancer cells by inhibiting uptake of cystine via the x¢ cystine/
glutamate antiporter. Here we examined SASP with regard
to reduction of cellular glutathione (GSH) levels and drug ef-
ficacy-enhancing ability. Methods: GSH levels were mea-
sured spectrophotometrically. Cellular drug retention was
determined with *H-labeled methotrexate, and drug efficacy
with a colony formation assay. Results: Incubation of the
mammary cancer cells with SASP (0.3-0.5 mm) led to reduc-
tion of their GSH content in a time- and concentration-de-
pendent manner. Similar to MK-571, a multidrug resistance-
associated protein inhibitor, SASP increased intracellular
accumulation of methotrexate. Preincubation of cells with
SASP (0.3 mwm) significantly enhanced the potency of the an-
ticancer agent doxorubicin (2.5 nm). Conclusions: SASP-in-
duced reduction of cellular GSH levels can lead to growth
arrest of mammary cancer cells and enhancement of anti-

cancer drug efficacy. Copyright © 2007 S. Karger AG, Basel

Introduction

Drug resistance is a major impediment to successful
chemotherapy of a variety of malignancies, including
breast cancer. While hormone-sensitive breast cancer
may initially respond to endocrine therapy, most treated
tumors return in a hormone-independent form resistant
to further hormonal therapy and many other regimens
[1]. Although the nature of drug resistance in breast can-
cer is likely to be multifactorial, there is evidence for a
major role for multidrug resistance (MDR), an intrinsic
or acquired cross-resistance to multiple, structurally and
functionally unrelated drugs [2, 3]. MDR is often associ-
ated with a decrease in cellular drug accumulation that is
attributed to increased activity of unidirectional ATP-
binding cassette (ABC) transporter proteins involved in
excretion of drugs from cells [4]. Such transporters in-
clude multidrug resistance-associated proteins, MRP1-
MRP7, which exhibit high affinity toward anionic mole-
culesincluding theanticancer agent, methotrexate (MTX),
and neutral drugs conjugated to acidic ligands such as glu-
tathione (GSH) [3, 5, 6]. This compound, a tripeptide thi-
ol best known as a cellular antioxidant, also has a major
role in drug resistance, as it is involved in drug detoxifica-
tion and elimination [7]. GSH can combine with antican-
cer drugs to form less toxic and more water-soluble GSH
conjugates (a reaction catalyzed by GSH S-transferases),
which can then be exported from cells by multidrug-re-
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sistant proteins (MRPs) [8]. There is increasing evidence
that depletion of GSH in cancer cells can inhibit drug ef-
flux capability of MRPs, leading to increased intracellular
accumulation of drugs and reversal of drug resistance [9-
11]. Recent studies indicate that GSH induces a confor-
mational change at a site within MRP1 that is indispens-
able for interaction of this efflux protein with its substrates
[12]. GSH therefore appears to play a critical role in MDR,
and it is recognized that GSH depletion can enhance ther-
apeutic efficacy of anticancer agents and could provide a
new strategy urgently needed in cancer therapy [8, 13].

The x¢ cystine/glutamate antiporter is a plasma mem-
brane transporter that mediates cellular uptake of the
amino acid, cystine [14]. Intracellularly, cystine is reduced
to cysteine, which is an immediate precursor of GSH (i.e.
v-glutamyl-cysteine-glycine). The x¢ transporter plays an
important role in cancer cells that depend on uptake of
cystine from their microenvironment for growth [15-17].
Its activity should also enhance GSH production and
hence MDR [18, 19]. We have previously proposed that
malignant progression of breast cancers, as well as lym-
phomas, is associated with acquisition of the x¢ transport-
er and increased reliance on its mediation of cystine
uptake [15, 17]. We also showed, for the first time, that
sulfasalazine (salicylazosulfapyridine, SASP), an anti-in-
flammatory drug used against inflammatory bowel dis-
ease and rheumatoid arthritis, is a potent inhibitor of x¢-
mediated cystine uptake [16], and that it can markedly
inhibit proliferation of human breast carcinoma cells at
relatively low concentrations (0.2-0.5 mm) via cystine
starvation [17]. Since availability of reduced cystine is a
rate-limiting step for synthesis of GSH, which has a short
half-life [7], SASP-induced cystine starvation could read-
ily lead to a decline in GSH levels and possibly to lower
MDR. In the present study we examined this possibility
using MCF-7 and MDA-MB-231 human breast cancer
cells. It was found that SASP treatment can indeed lead to
a marked reduction in the GSH levels of the cells and can
enhance the intracellular accumulation of MTX and ef-
ficacy of doxorubicin (DOX), a drug important in therapy
of metastatic breast cancer [1].

Materials and Methods

Materials

The human breast carcinoma cell lines, MCF-7 (estrogen recep-
tor positive) and MDA-MB-231 (estrogen receptor negative, high-
ly invasive), were obtained from the American Type Culture Col-
lection (Manassas, Va., USA). They were maintained at 37°C in
modified essential Dul-becco’s medium containing 10% fetal bo-
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vine serum, penicillin (50 units/ml) and streptomycin (50 g/ml),
as previously described [17]. Culture media and fetal bovine serum
were obtained from Life Technologies (Carlsbad, Calif., USA). Tri-
tium-labeled MTX (CH-MTX) was obtained from Amersham (Pis-
cataway, N.J., USA). The MRP antagonist, MK-571, was purchased
from Biomol (Plymouth, Pa., USA). Unless otherwise noted, all
other reagents were of molecular biological grade and obtained
from Sigma (St. Louis, Mo., USA).

GSH Assay

Cells (1 x 10°), incubated with SASP for up to 72 h, were son-
icated with 0.3% metaphosphoric acid and 1 mM thiourea. Reduc-
tion of Ellman’s reagent DTNB [5,5"-dithiobis(2-nitrobenzoic acid)
to TNB in the presence of GSH reductase, an NADPH utilizing
enzyme, was monitored spectrophotometrically at 412 nm [20]. A
blank containing all reagents but no sample was included to deter-
mine nonspecific reduction of DTNB. A GSH standard curve
(r? > 0.99) was used to calculate the total intracellular GSH con-
tent.

Intracellular MTX Accumulation

MDA-MB-231 cells (1 X 10%/well) were allowed to adhere in
12-well plates for 24 h. The culture medium was then aspirated and
the cells washed twice with uptake buffer: 25 mm HEPES/Tris (pH
7.5), 140 mm N-methyl-p-glucamine, 5.4 mm KCI, 1.8 mm CaCl,, 0.8
mM MgSO, and 5 mm glucose. Cells were then preincubated in up-
take medium (1,000 1) with SASP or MK-571 for 30 min prior to
addition of >H-MTX (250 nu; in uptake buffer). Intracellular accu-
mulation of *H-MTX was determined after 120 min by scintillation
counting. Total protein was determined using Bradford reagent.

Colony Formation Assay

Approximately 600 cells were allowed to adhere in 35-mm Petri
dishes overnight. In experiments in which SASP and DOX were
combined, cells were first incubated with SASP for 72 h, and im-
mediately following removal of SASP exposed to DOX for another
24 h. The culture medium was then changed to fresh, drug-free
medium and the cells allowed to form colonies for 8-10 days. A
cluster of 50 cells was defined as a colony. Colonies were stained
with crystal violet and counted using software Gel Expert (Nucleo-
tech, San Mateo, Calif., USA). To determine the concentrations of
the individual drugs that suppressed cell proliferation by 50%
(ICs), parallel cultures were incubated with SASP and DOX alone
for 72 and 24 h, respectively.

Data Analysis

Results are presented from experiments replicated at least two
times. Where applicable, data are presented as means = SEM. Sta-
tistically significant differences among treatment groups were eval-
uated by ANOVA followed by the Student’s Newman Keul’s post-
hoc test for multiple comparisons.

Results

Reduction of Intracellular GSH Content by SASP
GSH exists either in the reduced (GSH) or oxidized
form (GSSG). Under steady-state conditions the kinetics
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Fig. 1. Effect of SASP on GSH content in breast carcinoma cells. Data are presented as means * SEM of triplicate
samples obtained from experiments replicated at least two times. CTL represents cells cultured in the absence of
SASP. a, b Concentration-dependent reduction of total GSH content by SASP determined after 24 h of incuba-
tion. ¢, d Time-dependent reduction of total GSH content by 0.5 and 0.3 mm SASP in MCF-7 and MDA-MB-231
cells, respectively. * p < 0.05,° p < 0.01 vs. CTL.

favor maintenance of cellular GSH in its reduced state
(GSH > 99%) [20]. The effect of SASP on total intracel-
lular GSH levels of MCF-7 and MDA-MB-231 cells was
first determined using a range of SASP concentrations (0-
1 mm) and a 24-hour incubation time. In both cases SASP
reduced the GSH levels in a concentration-dependent
manner, with maximal reductions of about 50% obtained
with 0.5 and 0.3 mm SASP for MCF-7 and MDA-MB-231
cells, respectively (fig. 1a, b). In time-course experiments,
MCF-7 and MDA-MB-231 cells were incubated with 0.5
and 0.3 mm SASP, respectively, for intervals of up to 72 h.
SASP induced maximal reduction of total GSH (~50%)
within 12-24 h (fig. 1¢, d). A similar time- and concentra-
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tion-dependent decrease in GSSG content of SASP-treat-
ed cultures was also observed (data not shown). The
steady-state levels of GSH were substantially higher in
MDA-MB-231 than in MCF-7 cells. This is consistent
with a much greater expression of the x_-transporter ob-
served for MDA-MB-231 cells [17].

The SASP-induced reduction in cellular GSH content
was likely due to an intracellular cysteine deficiency cre-
ated by inhibition by SASP of xc-mediated cystine uptake
[16]. This was investigated using 2-mercaptoethanol (2-
ME) which at ~60 M allows cellular uptake of cystine via
the leucine transporter in the form of a 2-ME-cysteine
mixed disulfide [21]. MCF-7 and MDA-MB-231 cells
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Fig. 3. Effect of SASP and MK-571 on accumulation of "H-MTX in MDA-MB-231 cells. a Effect of SASP, MK-571,
and SASP + MK-571 on cell-associated *H-MTX in MDA-MB-231 cultures. Cells were preincubated with 0.3 mm
SASP, 50 um MK-571, or SASP + MK-571 for 30 min. Cell-associated radioactivity was determined after 120 min
of incubation with *H-MTX (250 nm). CTL represents uptake of *H-MTX in the absence of SASP or MK-571.
b Effect of increasing concentrations of SASP on amount of cell-associated "H-MTX. Cells were preincubated with
SASP for 30 min followed by a 120-min incubation with *H-MTX (250 nm). * p < 0.05,® p < 0.01, € p < 0.001 vs.

CTL.

were incubated with 0.5 and 0.3 mm SASP, respectively, in
the absence and presence of 60 pm 2-ME. As shown in
tigure 2, SASP alone substantially reduced the intracellu-
lar GSH content of both cell lines (>50%). However, when
2-ME was present in addition to SASP, the GSH levels
were of the same order, or higher, than those in control
cells. This shows that the SASP-induced reduction in in-
tracellular GSH levels was due to inhibition of the x:
transporter leading to intracellular cysteine deficiency.

Sulfasalazine and Drug Resistance

Effect of SASP and MK-571 on Intracellular MTX

Accumulation

The efficacy of drugs can be enhanced by preventing
their extrusion from target cells. The effect of SASP on
retention of MTX by MDA-MB-231 cells was determined
using intracellular accumulation of SH-MTX, a well-char-
acterized MRP substrate [5], as an index. In addition, the
effect of MK-571, a highly potent and specific MRP1 and
MRP2 antagonist [22], was evaluated. Utilizing gene-spe-
cific primers, expression of MRP1 and MRP2 mRNA in
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Fig. 4. Effects of SASP and DOX on colony formation in MCF-7 (a, b) and MDA-MB-231 (c, d) cultures. a, ¢ Ef-
fect of DOX alone. Cells were incubated with increasing concentrations of DOX for 24 h. The drug was then re-
moved and fresh medium added. Colonies >50 cells/colony that formed after 8-10 days were counted. b, d Effect
of SASP and DOX. MCF-7 and MDA-MB-231 cells were preincubated with 0.5 and 0.3 mm SASP, respectively, for
72 h. The drug was then removed and the cells further cultured with DOX for 24 h. The drug was replaced with
fresh medium and colonies that formed after 8-10 days in fresh medium were enumerated. For comparison, ef-
fects on colony formation of 0.5 and 0.3 mm SASP alone are shown. CTL represents cells cultured in the absence
of SASP and DOX. * p < 0.01 vs. 0 nM DOX, ® p < 0.01 vs. CTL, ©p < 0.001 vs. 2.5 nM DOX, ¢ p < 0.01 vs. SASP
alone, ¢ p <0.01 vs. 5 nm DOX; NS = Nonsignificant.

MDA-MB-231 cells was confirmed by semiquantitative
RT-PCR (data not shown). SASP (0.3 mm) significantly
enhanced accumulation of *H-MTX (p< 0.01; fig. 3a).
Importantly, this enhancing effect of SASP was compa-
rable to that of MK-571 (50 pm). Also, SASP and MK-571
in combination further increased *H-MTX accumulation
in an additive manner. In a companion experiment, SASP
enhanced MTX accumulation in a concentration-depen-
dent fashion (fig. 3b).

Effect of SASP and DOX on Colony Formation
DOX, a member of the anthracycline class of antibiot-
ics, is actively used in breast cancer therapy. However, its
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routine application is hampered by toxic side effects and
emergence of MDR following repetitive administrations
[1]. Broader use of DOX would be facilitated by improv-
ing both its potency and dosage regimen, possibly by re-
duction of intracellular GSH levels in target cells [10].
With this in mind it was investigated whether pretreat-
ment with SASP could enhance the inhibitory effect of
DOX on the colony formation of MCF-7 and MDA-MB-
231 breast carcinoma cells.

The growth-inhibitory effects of DOX (0-10 nm) on
the two cell lines are shown in figure 4a and 4c. IC54s of
~5 and 10 nMm DOX were established for MCF-7 and
MDA-MB-231 cells, respectively. In a parallel experiment,
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the ICgys for SASP were found to be 0.5 mm for MCF-7
and 0.3 mm for MDA-MB-231 cells (fig. 4b, d). The in-
hibitory effects of SASP could in large part be prevented
by addition of 2-ME (60 M) indicating that the SASP-
treated cultures had become deficient in cysteine and
GSH (data not shown). The effects of pretreatment of cells
with SASP followed by treatment with DOX are shown in
figure 4b and 4d. While in the MDA-MB-231 cultures
SASP alone (0.3 mm) inhibited colony formation by 50%,
further treatment with DOX (2.5 nm) inhibited colony
formation by an additional 25%. The inhibition obtained
with the two drugs (75%) was significantly higher (p <
0.001) than the null effect observed in MDA-MB-231 cul-
tures treated with 2.5 nMm DOX as a single agent (fig. 4c, d).
In contrast, the degree of inhibition in MCF-7 cultures by
0.5 mMm SASP alone (50%) or by 5 nm DOX alone (50%)
was only modestly increased to 75% by combining the
drugs (fig. 4a,b). This observation suggests that the SASP-
DOX combination was superior in arresting colony for-
mation in MDA-MB-231 than in MCF-7 cultures.

Discussion

Development of new, effective strategies for therapy of
refractive cancers remains a most important task in the
field of oncology, and many different approaches have
been initiated, including nutrient starvation of target cells
[23]. Asparaginase treatment, aimed at depletion in the
body of the amino acid, asparagine, has been used for de-
cades in combination chemotherapy of acute lymphocyt-
icleukemia of children [24]. As previously reported by us,
SASP-induced cystine starvation can be used to markedly
inhibit the proliferation of MCF-7 and MDA-MB-231 hu-
man breast cancer cells [17]. In the present study we found
that SASP treatment led to substantial decreases in the
GSH content of these mammary cancer cells in a time-
and concentration-dependent manner (fig. 1). A maxi-
mal reduction in GSH content (50-60%) occurred within
24 h at the same SASP concentrations (0.3-0.5 mMm) used
to markedly inhibit cell population growth [17]. The re-
duction in cellular GSH content stemmed from inhibition
of xc-mediated cystine uptake, since it was completely
prevented by cystine supplied to the cells via 60 pm 2-ME
(fig. 2). GSH is known to act as a growth regulator, with
GSH deficiency leading to growth arrest [25]. It therefore
appears that the predominant mechanism by which SASP
suppressed the proliferation of the breast cancer cells in-
volved reduction of their GSH levels with a consequent
decrease in their resistance to oxidative stress. Incubation
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with SASP exceeding 24 h did not result in further reduc-
tion of intracellular GSH levels (data not shown). This
could be due to intracellular production of cysteine, via
the methionine transsulfuration pathway [26], maintain-
ing threshold levels of GSH adequate for survival but in-
sufficient for replication.

Potential for use of SASP as an inhibitor of drug efflux
was indicated by the finding that it significantly enhanced
accumulation of MTX in MRP-expressing MDA-MB-231
cells (fig. 3). An increase in intracellular MTX accumula-
tion similar to that obtained with 50 um MK-571, a potent
MRP inhibitor [22], was reached with 0.3 mm SASP, a pa-
tient-tolerated concentration [27, 28]. Although the pre-
cise mechanism underlying the action of SASP was not
investigated, a plausible explanation would be provided
by the strong interaction reported between SASP and
MRP [29] that could interfere with extrusion of MTX.
This would also explain the essentially additive effects of
SASP and MK-571 on cellular MTX accumulation when
these drugs were used in combination (fig. 3a). The SASP-
induced reduction in cellular GSH levels during the 2.5-
hour assay was marginal (fig. 1) and probably too low to
interfere with the extrusion of MTX. It therefore appears
that the SASP-induced increase in MTX accumulation
stemmed from an SASP-MRP interaction interfering with
the extrusion of MTX.

A potential role for SASP as a drug efficacy enhancer
was further investigated by evaluating its use in combina-
tion with DOX, one of the more valuable antineoplastic
drugs currently used in breast cancer therapy [1]. As
found with the highly malignant MDA-MB-231 cell line,
pretreatment with 0.3 mm SASP significantly enhanced
the growth-inhibitory activity of 2.5 nm DOX (fig. 4). This
was likely due to SASP-induced deficiency in GSH, since
a similar drug efficacy enhancement was achieved for
DOX via reduction of GSH levels in target tumor cells by
pL-buthionine-(S,R)-sulfoximine, a potent inhibitor of
GSH synthesis [10]. GSH has a critical role in GSH con-
jugation of drugs for their detoxification and elimination
[7] and, as recently reported, in enabling interaction of
MRP with its substrates [12]. A decrease in GSH levels
would attenuate detoxification of DOX, decrease its efflux
and lead to its intracellular accumulation, thereby en-
hancing its cytotoxic action. In addition, the reduction in
GSH levels would decrease the resistance of the cells to
oxidative stress generated by DOX and eventually lead to
cell death. The difference in effective concentrations of
SASP (0.3 mm) and DOX (2.5 nm) likely reflects differ-
ences in the mechanisms of action and target affinities of
these drugs. Supporting evidence for drug efficacy-en-
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hancing properties of SASP comes from a study showing
similar enhancement by SASP of cisplatin cytotoxicity in
human small cell lung cancer cell cultures [30]. More re-
cently Muerkoster et al. [31] showed that SASP may be
used as a sensitizer of human pancreatic cancer cells by
pretreating them with 0.5 mm SASP, a sensitizing ability
linked to inhibition of NFkB activation. SASP is known
to inhibit activation of this anti-apoptotic transcription
factor, but at concentrations =0.5 mm [31, 32], i.e. con-
centrations exceeding SASP levels that inhibit cystine up-
take via the x¢ cystine transporter, i.e. 0.1-0.5mm [16, 17],
or as low as 0.05 mum in our recent studies with pancreatic
cancer cell cultures [33]. In the study by Muerkaster et al.
[31] the effect of SASP on GSH levels in the pancreatic
cells was not determined and, on the basis of the present-
ed data, it cannot be excluded that the sensitizing prop-
erty of SASP in these cells stemmed, at least in part, from
adecrease in intracellular GSH levels. In the present study,
the observed drug efficacy-enhancing activity of SASP is
not likely due to inhibition of NFkB activation since, as
previously reported, SASP at 0.3 mm did not inhibit acti-
vation of the transcription factor in MDA-MB-231 cells
[17].

The SASP-DOX combination was comparatively less
effective in MCF-7 cultures. Differences among cell lines
in GSH-recycling abilities that could rapidly compensate
for SASP-induced GSH deficiencies may possibly explain
the differences in the sensitizing effects of SASP in the two
cell lines. Nonetheless, the observation further underlines
the relative differences in the degree of reliance of the cell
lines on the supply of cystine via the x¢ antiporter.

The ICss for SASP observed in the present study are
in the mm range and as such usually not considered phar-
macologically effective. However, SASP plasma levels in
the range of 0.08-0.5 mm have been reported for patients
treated with SASP for severe inflammatory diseases [27,
28]. Moreover, experimental in vivo studies have shown
that SASP can be effective as a sensitizing agent in mice
carrying human pancreatic cancer xenografts [31], or as
a single agent, inhibiting growth of rat lymphoma trans-
plants [16, 34] and, very recently, growth of primary hu-
man glioma xenografts [35]. In view of this, SASP could
be useful in a clinical setting, both as an anticancer thera-
peutic and as a drug efficacy-enhancing agent, for therapy
of mammary and other cancers depending on the x¢ cys-
tine transporter for growth and/or drug resistance. Al-
though the present study utilized DOX as an example for
underlining the potential utility of SASP as a sensitizing
agent in combination chemotherapy, it is likely that SASP
can be used in combination with a multitude of cytotoxic

216 Chemotherapy 2007;53:210-217

agents whose actions are adversely affected by intracellu-
lar GSH content and MRP activity. While oral administra-
tion of SASP would lead to its degradation by intestinal
bacteria to sulfapyridine and 5-aminosalicylic acid, and
hence to loss of xc-inhibitory activity [16], this problem
could likely be reduced by oral administration of SASP in
combination with antibiotics, reported to diminish bacte-
rial cleavage of the drug [36]. The fact that SASP is a rela-
tively nontoxic, inexpensive and FDA-approved drug
should facilitate its clinical use as a new anticancer
agent.

Support for our original proposal that SASP may be
useful as an anticancer agent by inhibiting cellular cystine
uptake via the x¢ cystine transporter [16] has recently
come from the study by Chung et al. [35] in which SASP-
induced inhibition of cystine uptake led to disruption of
the growth of primary human brain tumor xenografts in
mice. Also, the x¢ cystine/glutamate antiporter is recently
attracting increasing amounts of interest as a mediator of
GSH-based drug resistance [37].
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